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PREI’;ACE

This bulletin is the second in a series of compilations of reports on completed
research done for the Iowa Highway Research Board Project HR-1, “The Loess
and Glacial Till Materials of Iowa; an Investigation of Their Physical and
Chemical Properties and Techniques for Processing Them to Increase Their All-
Weather Stability for Road Construction.” The research, started in 1950, was
done by the Iowa Engineering Experiment Station under its project 283-S. The
project was supported by funds from the Iowa Highway Research Board of the
Towa State Highway Commission.

In Iowa the abundance and wide distribution of loess and glacial till materials
makes them the logical ones with which to start working.

The principal objectives of the project may be summed up as follows:

1. To determine by means of both field and laboratory studies the areal and
stratigraphic variation in the physical and chemical properties of the loess and
glacial till materials of Towa. _ A

2. To develop new equipment and methods for evaluating physical and
chemical properties of soil where needed. : ’

3. To correlate fundamental soil properties with the performance of soils in
the highway structure.

* 4. To develop a scientific approach to the problem of soil stabilization based
on the relationships between the properties of the soils and those of the ad-
mixtures.

5. To determine the manner in which the loess and glacial till materials of

Iowa can be processed for optimum performance as highway embankments,
sub-grades, base courses, and surface courses.

Many of the papers in this bulletin were prepared originally as graduate theses
required by the Department of Civil Engineering for master or doctoral degrees
at Towa State University. Each was then rewritten with the assistance of other
project workers and was submitted to the Iowa Highway Research Board as a
report on a phase of the research. This explains the several authors for each
paper. The research work was all done under Dr. D. T. Davidson as project
leader in charge.

Practically all the papers herein have been published previously. The title
page for each manuscript identifies all authors and gives the place and date
of first publication. No attempt has been made to revise, update, and change
the data; hence some contradictions are evident. The facts and conclusions pre-
sented are those of the authors at the time the manuscript was submitted. Much
of the repetition of material has been eliminated, and the papers have been
arranged by subject matter.

The list of REFERENCES at the end of each manuséript gives only the first, or
original printing, though the paper referred to may have appeared later in
various forms in several publications, and some are included herein. Those
shown as theses in the Iowa State University Library are so indicated because
only in the thesis are all the data shown.
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EXPLORATORY EVALUATIONS OF SOME ORGANIC
CATIONS AS SOIL STABILIZING AGENTS

by
D. T. Davidson, Professor, Civil Engineering
(Highway Research Board Proceedings 29: 531-537. 1949.)

ABSTRACT

In the search for new soil stabilizing agents the eflects of six organic cations
on plastic limit, liquid limit, shrinkage limit, air-dry strength and rate of slaking
of a highly plastic clay subsoil were studied. In all cases the plasticity index and
shrinkage were reduced by the treatments. The air-dry strength .was lowered in
varying degree, which was the only undesirable effect noted. With one exception
resistance to slaking was improved. It is concluded that large organic cations
show proinise as possible stabilizing agents for highly plastic fine-grained soils.

INTRODUCTION , ~
Ever since soil has been used as a material for building roads, engineers have
searched for methods or materials to make it stable under traffic in all kinds
of weather. The goal of this search has been well expressed:”

The alchemists of ancient times sought the philosopher’s stone, which was believed to
have the power to transmute the baser metals into gold. The philosopher’s stone that intrigues
the imagination of the highway engineer is the thing or method that will have the power to
transmute cheaply any kind of soil into a material that will resist abrasion and displacement
under traffic in all kinds of weather, and that will retain these properties indefinitely.

Numerous reports on the ionic-exchange method of altering the engineering
properties of cohesive fine grained soils have been made in the literature®- 2. Most
investigators, however, have been primarily concerned with the inorganic ca-

TasLE [. ENGINEERING ProOpERTIES OF Epina Sussorn
Liquid limit, percent of oven-dry wt. of soil
Plastic limit, percent of oven-dry wt. of soil ..
Plasticity index, percent of oven-dry wt. of soil
Shrinkage, limit, percent of oven-dry wt. of soil
Shrinkage ratio ............... ... .... o
Hygroscopic moisture®, percent of oven-dry -wt. of soil o
Centrifuge moisture equivalent, percent of oven-dry wt. of soil . .. ..
Specific gravity .............. ... .. ... ...
Organic content, percent of oven-dry wt. of soil
pH value ...... ... .. .. .. e
Base exchange capacityt, me. per 100 g. ... ... ... ... .. .. ... . ..
Max. Statndard Proctor dry demsity, p.ct. ... .. ..
Optimum moisture, percent of oven-dry wt. of soil ... ..... . .: - 29.
Max. Modified A. A.S.H.O. dry density, p.cf. ... ... ... . ... 104.4
Optimum moisture, percent oven-dry wt. of soil .......... o 18.6
Textural classification SR R Clay
Revised (1945) Public Roads classification ........... .. Coea. . AST-6 (20)
® After being exposed to air at room temperature (80° F. 4 5°) for fourteen days.

} Determined by the Soils Subsection, Iowa Agricultural Experiment Station, Iowa State
College, Ames, Iowa.
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Fig. 1. Grain size distribution of Edina subsoil.

tions. Very little work has been reported on the use of organic cations. This paper
presents the results of an exploratory investigation to evaluate as soil stabilizing

agents six cationic compounds that furnish large organic cations when dissolved
in water. :

“Materials . .

The six water soluble organic compounds used are available commercially
under the trade names Armac T, Armac 18D, Armac 12D, Rosin Amine-D
Acetate, Amine 220, and Ammonyx T. They are all cationic in character, dis-
sociating in water to furnish, with the exception of Amine 220, large monovalent
cations. Amine 220 furnishes divalent cations. The composition and constants
of each compound are given by the manufacturer® 3. 5. &,

The soil treated with the cationic compounds was Edina subsoil, a dull gray,
highly plastic clay from Wayne County, Iowa. Figure 1 shows its grain-size
distribution curve. A differential-thermal analysis of the minus one micron (0.001
mm.) portion indicated that montmorillonite type clay minerals were pre-

dominant. Additional engineering properties of Edina subsoil are presented in
table I.

EXPERIMENTAL PROCEDURE
Organic cations in amounts less than equivalent to the base exchange capacity

2



of the soil are.rather completely adsorbed in base exchange reactions; and
amounts in excess of the base exchange capacity tend to be adsorbed by a
-different reaction, probably dependent on the action of the van der Waals’
forces*. In the present investigation, organic cations were added in amounts less
than equivalent to the base exchange capacity of Edina subsoil.

Prior to cationic treatment, the air-dry soil was ground by means of a mortar
and pestle to pass the No. 40 sieve and then divided into 1000-g. (oven-dry
weight) samples. Initially each compound was added to three soil samples in
amounts sufficient to satisfy their base exchange capacities to the extent of 1, 10,
and 75 percent of saturation. Later the investigation was extended to include
samples having their base exchange capacities 25 and 50 percent saturated with
“Armac T and Armac 18D, and 5 percent saturated with Rosin Armine D.Acetate.
Table II gives the relationship between percent saturation of base exchange
capacity, and percent by oven-dry weight of soil for each admixture.

The weights of each cationic material required to satisfy the base exchange
capacities of the soil samples to the various percentages of saturation were cal-
culated by means of the equivalent weight of the chemical and the base ex-
change capacity of the soil. A sample calculation for Armac T will illustrate the
procedure. - R
Example—Calculate the weight of Armac T needed to saturate to 75 percent
the base exchange capacity of 1000 grams of Edina subsoil. -

Given: Molecular weight of monovalent Armac T = 822 and the base ex- -

change capacity of Edina subsoil = 40 milliequivalents per 100 g.

Solution:
Gram-molecular wt. of Armac T =322 g,
Equivalent wt. of Armac T =322 -1 =322¢g.

1 milliequivalent of Armac T = 322 mg.
Therefore, 75 percent saturation'of 1000 g. of soil will require 40 X 10 X
0.75 X 322 = 96600 mg. = 96.6 g. of Armac T.

Before being added to the soil, each amount of chemical was dissolved in 1000
"ml. of distilled water. The solutions were immediately added to the soil samples
in large, shallow pans and the mixtures were stirred thoroughly for 10 min. with

TasLe II. RevcatioNsHir BETWEEN PERCENT SATURATION oF Base EXCHANGE
CaraciTY AND PERCeENT BY OvEN Dry WEIGHT OF Soin

Chemical admixture, percent of oven-dry

Chemical weight of soil
admixture, Rosin -
saturation Amine-D Amine  Ammonyx -
b.e.c. ArmacT Armacl8D Armac12D Acetate 220 T
% .
0 0.00 0.00 0.00 0.00 0.00° 0.00, i
1 0.13 0.13 0.10 022 . 007 0.17 RS
5 . 1.07
10 1.29 1.30 0.98 2.15 0.70 1.74
25 3.22 3.26 . L - T
50 6.44 6.52 . . o .. o
75 9.66 9.78 732 " - 16.11 5.25 ' 13.08

- ) i 3




a stiff-bladed spatula. Drying was at room temperature over a period of several
days. When air-dry, the treated samples were ground with 4 mortar and pestle to
- pass the No. 40 sieve.

The tests used to determine the effect of the cationic treatments were: 1.
plastic limit; 2. liquid limit; 3. plasticity index; 4. shrinkage limit; 5. ratio of
shrinkage limit to liquid limit; 6. air-dry strength; 7. rate of slaking. Since most
of these tests were performed in accordance with standard procedures of the
American Society for Testing Materials?, only the non-standard test procedures
will be described. However, the significance of all tests will be briefly covered.

The plastic limit (A.S.T.M.- Designation: 1D424-39) represents the moisture
_content, expressed as percentage of the oven-dry soil weight, of change from
the friable to the plastic consistency. According to the film theory of plasticity,
orientation of particles and their subsequent sliding over each other takes place
at this point; since sufficient water has been added to provide a film around
each particle.

The liquid limit (A.S.T.M. Designation: D 423-39) signifies the moisture con-
tent at which the water films become so thick that cohesion is decreased and
the soil flows under an applied force. '

The plasticity index is the numerical difference between the liquid limit and
the plastic limit. Essentially it is the amount. of -water necessary to thicken the
‘films from the moisture content at which plasticity develops to that at which
flow occurs under an applied force. As its name implies, the plasticity index
is a qualitative measure of soil plasticity. The higher its value, the more plastic
the soil.

The shrinkage limit (A.S.T.M. Demgnatmn D427-39) is the moisture content,
expressed as a percent of the oven-dry soil weight, below which further loss
of moisture by evaporation does not result in a reduction of volume.

The ratio of shrinkage limit to liquid limit, expressed as a percentage, is in-
dictative of the shrinkage properties of a soil®. The larger this ration, the smaller
will be the tendency of a soil to shrink.

The air-dry strength of chemically treated soil specimens may be considered
as a measure of the effect of the admixtures on the cohesive properties of the
soil. The specimens used in this investigation were air-dried shrinkage pats
prepared in circular porcelain milk dishes having a flat bottom and being about
1%-in. in diameter and about ¥-in. high. The pats were molded in accordance
with A.S.T.M. Designation: D427-39 and then air-dried to constant weight at
room temperature, )

The relative strengths of the air-dried pats were determined by loading them
to failure with a soil penetrometer of the type used for measuring penetration
resistance in the standard Proctor density test (A.S.T.M. Designation: D698-
42T). The needle tip having -1/20-sq. in. bearing area was found to be most
suitable for Edina subsoil. The testing procedure consisted of placing a pat on a
smooth steel surface and manually loading it with the penetrometer at a slow
and uniform rate until either the maximum measurable load was applied or the

4 .




pat ruptured (figure 2). A sliding ring on the calibrated portion of the penetro-
meter gave the failure load in pounds. Usually the first break of a full size
specimen divided it into two or more pieces (figure 3) each of which was
large enough to be used for further testing. The average failure load of several
tests on two pats made from the same material, divided by the area of the needle
tip, was recorded as the air-dry strength in pounds per square inch. Since 110
Ib. was the maximum load that could be measured with the penetrometer, pats
that were not ruptured by this load had their strengths recorded as 2200 + Ibs.
per sq. in.

The slaking test is essentially a determination of the rate at which a soil
specimen disintegrates when immersed in water. The rate of slaking depends
upon such factors as the affinity of the soil for water, the amount of expansion
of the soil when wetted, the speed with which the water penetrates the soil,
and the character of the cracking produced by unequal expansion of the
sample. This test may be used to determine the effectiveness of different ad-
mixtures as water-proofing agents for a given soil.

The slaking specimens used were air-dried shrinkage pats similar to those used
for measuring air-dry strength. Prior to immersion, the pats were placed on
copper wire rings whose diameters were % of an inch smaller than the bottom
diameters of the soil pats supported on them (figure 4). The testing procedure
consisted of immersing the pats in distilled water and observing the time in

Fig. 2. Soil penetrometer
used to load and rup-
ture air dried shrink-
age pat.

Fig. 3. First break of an
air dried shrinkage
pat.

Fig. 4. Slating pats ready
for immersion.



minutes for each pat to drop through its supporting ring. The recorded slaking
time was the average of two tests. Pats that did not disintegrate sufficiently to
drop through their rings were kept immersed for 7 days. The slaking time of
these pats was recorded as “didn’t fail”. The water was at room temperature
throughout the tests, and the depth over the pats was maintained at 1-in.

RESULTS
The curves in figure 5 indicate the manner in which admixtures of the six
cationic compounds increased the plastic limit. Figure 6 shows the eftfect of the
same admixtures in decreasing the liquid limit. The numerical difference be-

45
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—» ARMAC 18D

—0-ARMAC 12D i
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30
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o
20 ‘ I
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Fig. 5. Effect of cationic compounds on plastic limit.
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tween the two limits is the plasticity index, and figure 7 illustrates how it was
decreased. ,

The relative effectiveness of the cationic materials in raising the shrinkage
limit is shown in figure 8. Figure 9 illustrates the manner in which the ratio of .
shrinkage limit to liquid limit was increased.

Table III shows how air-dry strength was reduced by the cationic admixtures.
Table IV indicates the effect of the admixtures on slaking time,

Discussion ) .

‘The plasticity index of Edina subsoil was lowered by all cationic treatments.

Since the plasticity index is a qualitative measure of soil plasticity, it may be

80
—o—-ARMAC T
- ARMAC 8D
—B—-ARMAC 12D
70

“5&— ROSIN AMINE - D AGETATE
—e— AMINE 220
_O—~AMMONYX T

7/

-
o

|
)l(

LIQUID LIMIT, % DRY.WT. MIXTURE
S
y

30

0o 20 o 60 - 80
CHEMICAL ADMIXTURE,
9, SATURATION BASE EXCHANGE CAPACITY
Fig. 6. Effect of cationic compounds on liquid limit.
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concluded that all admixtures were effective in reducing this property. Likewise

all treatments reduced shrinkage, as indicated by an increase of both the shrink-

© age limit and the ratio of shrinkage limit to liquid limit. The rate of reduction of

~:  plasticity and shrinkage varied with the type of cationic compound and the per-

cent saturation of the soil’'s base exchange capacity; but, in the case of each com=

o pound, the sharpest reduction was caused by the initial 10 ‘percent saturation.
Rosin Amine-D acetate was especmlly effective in lowering both properties.

—o— ARMAC T -
— ARMAC 18D
-0- ARMAC 12D o
-~ ROSIN AMINE - D ACETATE
" —e AMINE 220
- AMMONYX T

mand

'PLASTICITY, INDEX, % DRY WT. MIXTURE

////// |
i

oL 1 v ]
0 - 20 40 . 60 80
AR ' L * ‘CHEMICAL ADMIXTURE, - -
T % SATURATION BASE EXCHANGE CAPAGITY
P Fig. 7. Eﬂ:e.s'ct of -cationic compounds on plastlc1ty index. '
. 8




. . . . AR o ‘l',
~ L . - 4 . .

Admixtures of all compounds caused a. reduchon of Edina subsoil’s alr-drv L
strength by decreasing its' cohesive properties. With ‘the exception' of Rosin |
Amine-D Acetate, the loss was not great for admixtures up to 10 percent satura- .
tion of the base exchange capacity. Rosin Amine-D Acetate in dosages larger
“than 5 percent caused very great loss of strength. For Armac T and Armac 18D, .
the loss was only gradual up to 25 percent saturation. All 75 pércent treatments °
greatly reduced air-dry strength. Armac T admixtures caused the least loss of
* strength. For example, 10 percent Rosin Amine-D Acetate caused almost as great

- a reduction. as 75 percent Armac T. :

. “ ' Ten percent saturation of Edina subsoil’s base exchange’ capacity w1th all
compounds except Ammonyx T greatly 1mproved its resistance to disintegration
during the slakmg test. Ammonyx T had practically no beneficial eﬂect on the -

50 | B
—O-ARM_AC T ~ . .
— ARMACGC 18D A

-O- ARMAC 12D ' '
40— - ROSIN AMlNE 0 ACETATE <

-e— AMINE 220 - /
~0- AMMONYX T / -

SHRINKAGE LIMIT, % DRY WT. MIXTURE

0 ‘ R
S . e 20 40 60 80
S ' o A " 'CHEMICAL ADMIXTURE, ,
R . " 9 SATURATION BASE EXCHANGE CAPACITY
Fig. 8. Effect.of cationic compounds on erinl'(age’lim'it.

9v




rate of dlsmtegrauon Five percent Rosin Amme D Acetate was very beneficial,
In general, admixtures larger than 10 percent did not appreciably increase slak-

not. prevent pats from dropping through their supporting rings; and in some

. cases the slaking time was less than for the untreated pats. This was probably

due to the very low air-dry strength of the 75 percent saturated pats that failed.
Observation of these pats' during disintegration revealed that the 1nd1v1dual
piéces that broke off were not wetted by the water.

100 I B
| —-o-ARMACT !
- ARMAG 18D
~D- ARMAC 12D
80— —2- ROSIN AMINE - D ACETATE
" —e— AMINE 220
~- AMMONYX T

o0
o

=il

H
®)

RATIO SHRINKAGE LIMIT TO LIQUID LIMIT, %
T10 SAR |
O

o .

0 20 40 60 _ 80
CHEMICAL ADMIXTURE, .
% SATURATION BASE EXCHANGE CAPACITY

_Fig. 9. Effect of cationic compounds on ratio of shrmkage limit to
A HqUid limit. '
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CONCLUSION

This investigation, while only of an exploratory nature, indicates that large
organic cations have considerable promise as stabilizing agents for highly plastic
 fine-grained soils. Reduction of air-dry strength was the only undesirable prop-
erty change caused by the cations studied. All other modifications were decided-
ly beneficial from the standpoint of all-weather stability.

Of the six cationic compounds investigated, Armac T and Rosin Amine-D
Acetate showed the most promise. Both should receive further study.

TasLe III. Errect or CaTioNic COMPOUNDS ON
Amr Dry STRENGTH

Chemical Air-dry Strength, psi .
admixture, Rosin
saturation P Amine-D  "Amine  Ammonyx
b.e.c. ArmacT Ammac 18D Armac 12D Acetate 220 T
%
0 22004 22004- 2200+ 2200+ 22004 22004
% 22004 22004 22004- %%88—1— 2200+ 22004
. . L 22004 . .
10 2200+ 2040 - 2120 420 2200-- 2040
25 2120 1960
50 1000 720 - . . .
75 400 40 350 10 160 120

TasLE IV. Errect or CaTionic COMPOUNDS
ON SrLAKING TIME

Chemical Slaking time, minutes
admixture, Rosin
saturation Amine-D Amine Ammonyx
b.e.c. Armac T Armac 18D Armacl2D Acetate 220 T
%
0 4.5 4.5 4.5 4.5 4.5 4.5
1 7.0 6.5 11.0 369.0 6.5 5.7
-5 . .. Didn’t . .
fail
10 Didn’t Didn’t Didn’t Didn’t Didn’t 35
‘ fail fail fail fail . fail
25 Didn’t Didnt - .. ..
fail fail
50 Didn’t Didn’t
fail fail .
75 Didn’t 32.0 14.5 1.5 2.5 13.0
fail -

11
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AN ORGANIC COMPOUND
~ AS A STABILIZING AGENT
FOR TWO SOIL AGGREGATE MIXTURES

by

D. T. Davidson, Professor, Civil Engineering
J. E. Glab, Captain, Corps of Engineers, U. S. Army

(Highway Research Board Proceedings 29: 53%—543. 1949.)

ABSTRACT

Laboratory investigations at Iowa State University have indicated that certain
organic compounds which furnish large organic cations when dissolved in water
have considerable promise as admixtures to increase the all-weather stability of
soils. An investigation is described in this paper wherein one promising com-
pound was evaluated as a stabilizing agent for two soil-aggregate mixtures
having plasticity indices higher than considered desirable for highway subgrade
material,

The test results indicate that water solutions of the chemical admixtures had
the same qualitative effect on the two soil-aggregate samples. The following
properties were decreased: plasticity, shrinkage, maximum modified AASHO
density and optimum moisture content, and unsoaked California Bearing Ratio.
The soaked CBR of both samples was increased and swelling was reduced.

The need for more research is indicated before any definite rcommendations
can be made regarding the use of water soluble organic compounds for soil

- stabilization purposes. However, the results of this investigation show that ad-
mixtures of the compound evaluated had a beneficial effect on-some-engineering
properties related to the all-weather stability of the soil-aggregate mixtures.

INTRODUCTION

During the last three decades a large number of organic compounds have
been developed which promote or effect lubrication, wetting, detergency, foam-
ing, -emulsification, water repellancy, and other effects associated with the term
surface activity. Many of these surface active agents have a molecular structure
which is essentially oblate, that is, considerably longer than it is wide. Usually
they are dipolar, one end of the oblate structure comprising a hydrocarbon radical
of hydrophobic (water-hating) nature, and the other end is of a hydrophilic
(water-loving ) nature. The cation active or cationic surface active agents are
characterized by the fact that the hydrophobic group forms part of a cation
when the compound is dissolved in water. A typical example of this class is
octadecyl ammonium chloride which dissociates in water according to the
equation :

ClsH37NH;gCI g (CJ \I’IyNH;)"_ —I— Ci)—

Research being carried on at Iowa State University, while only in the ex-

ploratory stage, has indicated that organic cations have considerable promise as
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stabilizing agents for fine-grained soils. The investigation reported herein covers
only one phase of this research. Its purpose was to determine by laboratory
tests the value of a promising cationic surface active agent as an admixture for
two soil-aggregate mixtures having high plasticity indices to bring them within
the limits recommended by the Bureau of Public Roads for highway subgrade
material,

Materials

The two soil aggregate samples will be referred to hereafter as soils A and B.
Soil A was rust red in color and came from a small pit in Prince George’s County,
Maryland, about five and one-half miles south of the District of Columbia line
just off the road to Indian Head, Maryland. Soil B had a brownish color and was
taken from a pit located on U. S. Coast Guard property near the Hybla Valley
Experimental Area in Fairfax County, Virginia.

Both soils met the Iowa State Highway Commission’s gradation 1equuemnuts
for stabilized base course material (figure 1). Table I gives additional properties
of soils A and B as determined by test procedures of the American Association
of State Highway Officials. The modified AASHO density and California Bearing
Ratio tests were performed in accordance with test procedures of the Corps of
Engineers'!. The plasticity index of both soils was considerably higher than
the upper limit of 3 recommended by the Bureau of Public Roads for subgrade
material, It will be noted that the revised Public Roads classification was A-2-
6(0) in the case of each soil.

100

qo

80

R
<

70

% /1
&0

% : V.

PERCENT FINER By DRY WEIGHT
3
AN
X

%’/ O Soil
® Soif

&

20

10 =

=t

~oo0/ «0f of /.0 0.0

EQUIVALENT SPHERICAL DIAMETER, millimeters
Fig. 1. Grain-size distribution curves for soils A and B.
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Figure 2 shows the differential-thermal analysis curves for the colloid portions
(minus 0.001 mm. ) of soils A and B. Numerous reports on this method of deter-
mining the mineralogical constitution of clay samples have been made in the
literature®. In comparing the curves in figure 2 with the characteristic curves for
the pure clay minerals® ®, it was concluded that the colloid portion of both

soils contained predominantly kaolinite type clay minerals.

The cationic surface active agent selected for evaluation as an admixture was

TaBLE I. ProperTIES OF SoiLs A anp B

Properties Soil A Soil B
- Liquid limit, percent dry wt. soil ... . ... 32.6 29.4
Plastic limit, percent dry wt. soil .... 19.9 17.6
Plasticity index, percent dry wt. soil .... 12.7 11.8°
Shrinkage limit, percent dry wt. soil . 14.9 16.6
Shrinkage ratio .. . ... ... ... 1.77 1.84
Hygroscopic m01sture percent dxy
wt.soill . .. . . . 0oL, 1.06- ~ 1.01
Specitic gravxty (mlnus 'No. 40 sieve soil)  2.68 2.68
pH value ... .. . ... 5.3 5.1
Modlﬁed AASHO dry den51ty, pef .. ... 139.5 141.3
Optimum moisture content, percent -
dry wt.osoil ... ... 0.0 L. 8.8 7.0

California Bearmg R’ltlo percent std.
crushed rock:

Unsoaked ........... D .. 95% 144% .

Soaked o 57% 601
Revised (1945) "Public Roads

classificaion . .. ....... .. ... .. ... A-2-6(0) A-2-6(0)

° After having been stored in cloth bags for over one month
and then exposed to air at room temperature for 10 days.

{ At 0.1 inch penetration (1).

1 At 0.2 inch penetration (1).
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Fig. 2. Differential-thermal analys1s curves for colloid portion of -
soils A and B.
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a fatty acid amine acetate made from the fatty acids derived from beef tallow..

Of the six cationic compounds 1nvest1gated in 1948, this material appeared: to
" be one of the most promising. for usé in soil stabilization work. The chemical

" structure may be written as RNH;Ac, where the R grouping represents the long

_carbon chain grouping found in the original fatty acid. When dissolved in water
it dissociates according to the equation
RNH;Ac - (RNH3)+ + (Ac)—

to furnish large fatty amine cations. These cations are “used in mdustry for the

purpose of causing certain types of water-loving surfaces to become water-

repelling and oil-loving. The compound has been found to be very e{fectlve as
.a germicide, fungicide, and algacide. .

The compound discussed is' currently available in caxload quantities on fwm

one_to three weeks’ notice. According to the price list of October 21,7 1949, this

chemleal is listed at 32 cents per pound in carload lots f.o.b. Chicago, Illinois.

The manufacturer has indicated that a new plant for the manufacture of chem-

icals will soon be opened and that prices will be lowered considerably as soon

" as increased production makes such action possible. As and if demand increases,
urnidoubtedly the output will be increased; since the compound is a by-product
of the packing industry, the potential for its manufacture is in good supply.

*.Also others in the packing industry can make a similar chemical; and without
doubt they will do so if there is a demand.

EXPERIMENTAL PROCEDURE

"The iﬁveetigaﬁon was carried out in three parts. The first part consisted of

determining the effect.of %, 1, and 3 percent admixtures of the chemical by dry
weight of the minus No. 40 sieve soil on the Atterburg plasticity and shrinkage
~ values of soil A. The plasticity index (PI) data was then used to find the percent-
age of chemical needed to reduce the PI to 3. The objective of the second part.of
the investigation was to determine the effect of this single admixture on the
. modified AASHO density, optimum moisture content, and California Bearing
Ratio of soil A. In the third and last part, the same series of tests were per-

formed on soil B containing only the percentage of the chemlcal needed to re-

duce the PI of soil A to 3.

In preparing samples for the plasticity and shllnkage tests, the cationic ad-
mixtures were made to the minus No. 40 sieve soil. I the case of the density
.. and CBR tests, the minus %-in: sieve samples were treated with the compound

“by percentage of the dry wewht of the minus.No. 40 sieve fraction. _
Before adding to the air-dry soil, each admixture dissolved in an amount of

distilled water equal~in weight to the sample to be treated. The solutions were

immediately added to, the soil samples and the mixtures stirred thoroughly in
large shallow pans with a stiff-bladed spatula.”Drying was carried. out at room
temperature over a period of several days. When air-dry the treated samples
were ground with mortar and pestle to pass through either the No. 40 or h—m
sieve, dependmg on the tests to be performed w1th the samples
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RESULTS

The curve in figure 3a indicates the manner in which the cationic admixtures
increased the plastic limit of soil A. Figure 3b shows the effect of the same
admixtures in decreasing the liquid limit. The numerical difference between
the two limits is the plasticity index, and figure 3c illustrates how it was de-
creased. The general trend of the data on the three graphs agrees with the

PLASTIC LIMIT, %
DRY WTe MIXTURE -
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results obtained previously (figure 3)*. From figure 3c it is apparent that the plas-
ticity index reduction for Soil A between 0 and 1 percent admixture was almost .
twice as great as between 1 and 3 percent. However, approximately 3 percent ad-
mixture was needed to reduce the PI value to 3.

Table II compares the effect of 3 percent cationic admixtures on the plasticity
values of soils A and B. It will be noted that this percentage of the chemical
also reduced the PI of soil B to slightly less than 3. In terms of the revised
Public Roads classification system, treatment with 3 percent admixture reduced
the plasticity of both soils sufficiently to change their classification from A-2-6(0)
to A-1-b. Soils classifying in this Jatter gloup are considered desirable for sub-
grade usel®.

The reduction of plasticity by. the cationic material can perhaps be explained
on the basis of the effect of large organic cations on the adsorptive capacity of the
clay surface for water. When cations of the type used in this investigation are ad-
sorbed by the clay in base exchange reaction with the basic nitrogen atom of
the molecule closely held to the mineral surface and with the hydrophobic part
of the molecule arrayed on the surface or directed outward from the surface,
considerable areas are formed on the mineral that are not wetted by watert.
Since the plasticity index may be considered the amount of water necessary
to thicken the surface films from plastic limit consistency to liquid limit con-
sistency, it would necessarily be decreased by the exclusion of water from large
large areas of the surface concerned.

The effect of the admixtures in decreasing the shrinkage of soil A is illustrated
by the shrinkage limit and shrinkage ratio curves in figure 4. The data indicate
that admixtures up to 1 percent increased the shrinkage limit and decreased
the shrinkage ratio at a much greater rate than those above 1 percert. Table
IIT compares the shrinkage values of soils A and B after treatment with 3 per-
cent chemical. Apparently 3 percent had a shghtly greater effect upon soil A
than upon soil B.

The decrease in shrinkage due to ads01pt10n of large mgamc cations on the
clay surface of the soil can probably be ascribed to disrupted water films. As
water evaporates from a soil, capillary tension acts like a taut skin on the
surface of the soil mass and gradually draws the particles closer together until
the shrinkage limit is reached. At this moisture content the resistance of the
soil to further compression supposedly equals the force exerted by evaporating

TasLe II. ErFrEcT OF CATIONIC ADMIXTURES ON PLASTICITY
VavLues or SomLs A Anp B

., Cationic Liquid Limit, Plastic Limit, Plasticity Index,
Admixture, percent dry percent dry percent dry
 percent . wt. mixture wt. mixture wt. mixture
dry wt.
minus No. 40 Soil A Soil B Soil A Soil B Soil A Soil B
sieve soil
32.6 294 19.9 17.6 12.7 11.8
% 29.5 20.5 9.0
1 27.9 21.8 6.6
3 27.5 25.7 24.6 23.1 29 _ 2.6
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moisture, The creation of water repellant areas on the clay surface and the
destruction of the structure of the hexagonal network of water molecules
on the remainder of the surface”, would tend to weaken the force of evaporat-
ing moisture. These surface changes would result in less shrinkage of the soil.

Figure 5 illustrates the effect of 3 percent admixture on the maximum dry
density and optimum moisture content of soils A and B as determined by the
modified AASHO method. The slightly reduced values of these properties agree
with previous findings!2. A possible explanation may be that the creation -of

TasLe III. EFFECT OF CATIONIC ADMIXTURES ON SHRINKAGE
VALUES OF sorLs A AND B

Cationic .
Admixture, Shrinkage Limit, per- Shrinkage
percent cent dry wt. mixture Ratio
dry wt.
minus No. 40 Soil A Soil B Soil A Soil B,
sieve soil
0 14.9 16.6 1.77 1.84
% 20.5 1.63 _
1 23.5 1.55
3 25.1 24.9 1.46 1.61
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Fig. 4. Effect of cationic admixtures on shrinkage limit and shrinkage
ratio of soil A,
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water repellant areas on the clay surface by the adsorbed cations reduced the
efficiency of the clay particles as lubricating agents. )

Figures 6 and 7 show the results of California Bearing Ratio tests on natural and
treated specimens of soils A and B, réspectively. It will be noted that CBR
values are compared at 0.1-in. penetration for soil A specimens and at 0.2-in.
penetration for soil B specimeéns. This conforms with instructions of the Corps
of Engineers which state that the CBR value at 0.2-in. penetration will be used
for design purposes when it is lower than the value at 0.1-in. penetration''.

The data of figures 6 and 7 indicate that the unsoaked California Bearing
Ratios of soils A and B were decreased by treatment with 3 percent admixture.
The soaked CBR value of both soils, however, was increased by the cationic
treatment. Since the soaked CBR is customarily. used in pavement design,
it may be concluded the 8 percent treatments had a favorable effect on the
stability of soils A and B. The soaked CBR of 75 percent for treated soil A
shows it to be a good to excellent base material, while a corresponding value of
91 percent for treated soil B indicates it to be excellent for use as a highway
base course. .

The effect of the cationic admixture in reducing the swelling characteristics
of the two soils is indicated by the fact that the amount of swell for specimens
soaked four days under a ten pound surcharge was reduced from 4.51 to 0.83:
percent in soil A and from 4.32 to 0.80 percent in soil B.

The reduction of the California Bearing Ratios of the unsoaked specimens by-
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ﬁeatment with 3 percent admlxture can perhaps be. explained on the bas15 of

the work of Grim .and Cuthbert?, who found that the development of cohesion =

"in clay bodies is contingent upon the-formation of 'continuous films ‘of ‘water
-on the surfaces of the individual clay particles. Such. films would not be con-
tinuous upon the surfaces of clay particles ‘containing' adsorbed organic cations
of the type furmshed by the catioric compound The higher CBR. values of -
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. the soaked specimens contammg the compound are attrlbuted to the water-

-proofing ability of the cations?. . i \

No ‘tests were performed in- this lnvestlgatlon to determmc the permanency’
of the substituted organic cations. A previous laboratory experiment! with_the
- fatty acid amine acetate had indicated that repeated washing of treated soil with

~distilled water had little, if any, effect on engineering properties.-

. _O— Unsoaked - Soil B* O%Ak/m/"xfufek
3000 |- —@®— Soaked- Soi/B + 0% -

— O~ — Unrsoaked- Sail B+ 3% T
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o . ol oz o3 04 - 05

' PEA/ET/?AT/ON, /nches - .
- Fig.. 7. CB. R. test curves for soil B treated ‘with 0% and-3% cationic
. material. - . _
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Another indication of the permanency of this type of soil treatment is that
large substituted ammonium cations. of the NH3;R+, NH,R;+, and NR.+ types .
were very strongly adsorbed on the surfaces of montmorillonite type clay min-
‘erals®. These cations could be replaced by other organic cations of approximate-
1y the same size, but they-were not exchanged by hydrogen (H+) whlch is very -
effectlve in replacmg small inorganic cations. - -

CONCLUSIONS
‘In evaluatmg the results of this investigation onlv one method of adding the

fatty acid amine acetate, to the soils was used. Accordingly, all experimental o

findings and conclusions drawn therefrom apply- only for t'hls mixing procedure,
Further studyof this phase of the subject is needed. - : -

. The following are some of the conclusions drawn from the experlmentdl data:
" 1. Cationic' admixtures reduced the plasticity index of 5011 A by lowenng its
liquid limit and raising its plastic limit.

2. The admixtures reduced the shrmkage of soil A as indicated by an increase
in its shrinkage limit and a - decrease in its shrinkage ratio.

8. While all percentages of the chemical reduced plast1c1ty and shrlnkage the '
-rate of reduction decreased as the percent admixture was increased. '
4. The qualitative effect.of 3 percent admixture on the Atterburg plastlclty

and shrinkage values of soils A and B was similar. .

5. Treatment of soils A and B with 3 percent admixture reduced their plas-
ticity indices to slightly less than 3 and changed ‘the. rev1sed Pubhc Roads‘_
classification of both from A-2-6(0) to A-1-b.

. 6. The maximum dry density and optimum moisture content of both soils .
as determined by the modified AASHO method were shghtly lowered by 8
percent admixture. .

7. The unsoaked California Bearmg Bat1os of soils A and B were. ‘decreased.
by tredtment with 3 percent of the chemical.

. 8. The soaked California Bearing Ratio of both soils was 1nc1eased by the
- 3 percent treatment. )

9. Treatment with 3 percent admixture reduced the swell of soils A and B.

Much more research is necessary-before any concrete recommendations. can .
be made regarding the use of the fatty acid amine actate as a stabilizing agent
for highway subgrade and base course materials. However, the work done so
far indicates that it has considerable promise as an admixture to improve the all- .
weather stability of soﬂ-aggregate mixtures such as those used in_ this 1nvest1ga- :
tion, :
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BY TREATMENT WITH ORGANIC CATIONS
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_Turgut Demiret, Graduate Assistant
E. A. Rosauer, Associate, Engineering Experiment Station

(Proceedings, Ninth National Clay Conference. 1960.)

ABSTRACT

The amount of moisture in a soil and its orientation to individual 5011 particles
may be influenced by small additions of organic cationic. compounds. Clay part-
icles .adsorb these cations, and because of their hydrophobic nature, a water-
proofing effect occurs. Thermodynamlc con51derat10m are presented fo explain °
‘the strength retention of treated soils. ‘

IN TRODUCTION

The mechamcal ‘properties of a soil vary substantially as a function of the
water content. Addition of chemicals to a soil markedly inflluence the amount’
of water and the manner in which it is associated with soil particles. Organic
.compounds, for example, can decrease the water permeablhty of a soil used for
lining a reservoir or an irrigation canal. Some success has been obtained in im-

- proving soil structure by the addition of certain organic chemicals. Such additives

also reduce the plasticity of a soil, partly by 1ncreasmg the size of the soil ag- -
gregates. : — :

From an engineering standpomt the . most important influence la1ge organic
compounds have on soils is that of strength retention. A soil which is compacted
has a certain amount of strength, or resistance to a load or force. If the com- *
pacted soil is immersed in water, the. strength is greatly reduced and may be- -
come zero. However, if a soil is first treated with small additions of an organic
cationic compound, then compacted and ‘immersed in water, the strength is not

reduced as drastically. It becomes obvious then that the organic compound E

influences the water absorption of a soil.

Two other phenomena occur when organic cationic chermcals are added to
soil. As the amount of chemical added to the soil is increased, the strength of
the specimen after immersion i1l water is increased, but above a certain optimum
amount of the chemical, the strength is rapidly reduced. And secondly, the
strength of an air dried treated soil is lower than that of an air dried untreated
soil, that is, if specimens are not immersed in water prior to testmg '

So it appears that organic cationic compounds have a two-fold influence on
. soil moisture: the amount of water absorbed by a treated soil from its environ-
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ment and the manner in whlch Wate1 is associated with or oriented to soil
particles.

CHARACTERISTICS OF LARGE ORGANIC,CATIONIC CHEMICALS'

These chemicals fall under the general heading of amines, and have large
hydrocarbon radicals with 8 to 22 carbon atoms. As might be expected, not all
of them are soluble in water. Frequently, the organic complex is so treated as
to produce a soluble salt such as an organic chloride. These salts are distin-
guished by having a positively charged cationic end and a negatively charged
anionic end. The resultant cations formed have both a hydrophilic nature due
to the net positive charge of the amine group and a hydrophobic nature due
to the large hydrocarbon radical.

Experiments have indicated that a very intimate mixing of chemical and soil
provide for maximum effect. Therefore, the amount of organic chemical added
depends on cost, solubility, ease of mixing, and needed and obtained effective-
ness. If the additive can be added in a water solution or dispersion, effective-
ness is increased, and usually less than 1% by weight of the dry soil is required.

In laboratory experiments a concentrated stock solution or dispersion of the
chemical is prepared and then added to the soil to give the desired ratio of
chemical to dry soil. Sufficient water is then added to provide optnnum moisture
for compaction of the particular soil. .

If field conditions are such that the soil is very wet, the organic chermcal

may be added in the most concentrated form which will still enable field
machinery, such as spray bars, to function properly. The procedure then is to
allow the soil, chemical, and water mixture to dry back to optimum moisture
prior to compaction.

Regardless of field or laboratory conditions or the type of machinery available
the salient fact is that moisture serves the double purpose of acting as a carrier
for the organic cations and of providing ‘the optimum moisture for maximum
compaction. The latter is by nature inter-dependent on the soil type and
mineralogy. The amount of compaction in turn depends on the engineering re-
quirements- of the soil.:

Generally—and this by no means describes the limits—soils treated with or-
ganic cationic compounds are used for lower pavement components where
stability requirements cannot be met by untreated soils. It was stated that soils
treated with organic compounds exhibit lower dry strengths than those which
are untreated. This strength is, however, still above the minimum desirable.

It is under adverse but normal environmental conditions that the treated soil

shows more strength retention than the untreated soil.
The stability of a soil may be considered as a happy marriage of strength and

durability, both measured in terms of resistance to a decrease when subjected:

to adverse conditions, It is important, therefore, that a minimum stability be
maintained by such additives.
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THE INFLUENCE OF ORGANIC CATIONS ON SOIL MOISTURE

Orientation of Water Dipoles

Dry soils are generally hard because the moisture still present is oriented
as a thin dipolar film linking soil particles. If water is added to the soil, the
film thickens, dipoles are disorganized, and the hardness or strength disappears.

When organic cations are added to a soil, the negative swrface charge of clay
particles is balanced by the cationic end of the chemical, the clay tends to
flocculate and has less ability to take up water.

In addition, the particle surfaces are partially coated with a thin film of a
dilute solution of the organic cationic compound which exposes its hydrophobic
end. Thus, the soil particles are essentially waterproofed. Excessive additions of
organic cations (i.e. above the optimum percentage for the soil) will more
completely coat soil particles and destroy the bonding action of the water.
+This in part explains why strength is reduced if organic cations are added above
the optimum amount.

The importance of orientation of soil moisture to soil particles is clearly in-
dicated in the following experiment: A set of treated soil specimens was com-’
pacted and then allowed to air dry. An identical set of treated specimens was
compacted and then allowed to age or cure in a moist atmosphere. Both sets
of specimens were immersed in water before testing. The moist cured specimens -
had less strength than the air dried specimens. Drying, therefore, is instrumental
in obtaining a better arrangement of water films on soil particles. And since
immersed strengths of chemically treated soils are higher than those of un-
treated soils, it may be possible that the organic cationic chemical so influences
the arrangement of water films as to stabilize the bonding action of these films.

Because of the strong field associated with inorganic cations, water dipoles
are oriented with respect to the cation and the clay particle. The affinity for
water in this system is relatively great: therefore, additional water can enter
and cause disorganization of the oriented dipoles. Organic cations, however, set
up a weaker electric field, thus inducing less orientation of water dipoles; the
affinity for water is weak, and additional water is not pulled into the system.
Therefore, organic cations stabilize the bonding action of the weakly onented
water dipoles already present. A

Preliminary X-ray analyses of soils treated with organic cations indicate that
the above conclusion is valid. A sample of a Wyoming bentonite (sodium ben-
tonite) was treated with a dilute dispersion of an organic cation, Arquad 2HT.
An untreated sample wetted with distilled water served as a control. The data’
are presented in table L.

TapLE I. Tue ErFecr oF ArQuap 2HT ox THE BasaLl Spacines oF A WyoMING BENTONITE

Moisture condition Basal spacings in Angstroms
Treated Untreated
Air dried .. .. ..., ... 11.9 11.0
Mmsture chamber for 94 hrs. . ... 15.5 59 . 155 59
re-wetted .......... 20 63 20 v. weak 68
Moisture chamber for 5 days ... 18.0 . 18.8
re-wetted .......... 19.6 19.6  v.weak 88




In manual re-wetting of the specimens it was observed that the untreated
sample re-wetted readily, but the treated specimen strongly resisted the addition
of water until sufficient mechanical energy was applied to form a paste. The
effect of aging or curing in a moist atmosphere on the basal spacing is seen in
the slight increase from about 11 A to about 18 A. X-ray analysis of the re-
wetted specimens after 5 days of moist curing shows that the treated sample
has expanded to a basal spacing of 19.6. A. But the untreated sample shows two
basal spacings: a very weak spacing at 19.64, indicative of limited water ad-
sorption, and a very strong spacing at about 88 A, indicative of free water
adsorption. This indicates that after 5 days of moist curing the organic cation
strongly inhibits the swelling properties of this clay. A moist-cure period ‘of 24
hours is not sufficient to inhibit expansion of the treated clay. Therefore, the
length of .curing is important in obtaining maximum effectiveness of the organic
cation by supplying the necessary moisture for effective orientation of water
dipoles.

It is significant that after 5 days the untreated specnnen shows a very weak
spacing at 19.6 A which is similar to the stable spacing of the treated sample.
This shows that water will expand the clay lattice, but that this lattice spacing is
an unstable one inasmuch as addition of water will cause a shift to a higher.
spacing. This effectively demonstrates the ability of the organic cation to sta-
bilize the bonding action of weakly oriented water dipoles.

Surface Tension

Organic cations also reduce the surface tension in a soil water mix. This re-
duction has two pronounced effects on the soil: the cohesion is reduced- and
the surface free energy is reduced. The lowered cohesion results in the observed
decrease in dry strength of treated soils, as well as in lowered plasticity. From
the observed slight increase in internal friction and the decrease in cohesion,
it follows that the shearing strength decreases.

In -any reaction there is a change in the free energy of the system. In the
system under consideration this is influenced by the chemical potential and the
surface energy; the latter in turn is influenced by the surface area. The free
energy strives for a minimum. In the following considerations the influence
of any change in the surface area is neglected. '

Since clay particles adsorb organic cations, an equilibrium takes place between
the clay surface and its liquid film (Donnan membrane equilibrium). Since the
surface tension of this film is reduced by the presence of these cations, the clay
micelles have a lower surface energy than in the presence of pure water.

Leaching tests performed on treated soils indicate that organic cations are
strongly held by the clay surface; therefore, it may be concluded that the ion

“exchange is in favor of the clay surface, and that the bulk of the micelle liquid
contains very low concentrations of the orgamc cation.

Changes in concentration of the chemical in the low range have a more pro-
nounced effect on the surface tension of water than changes in concentration

28



in the high range (figure 1). Therefore, when clay micelles expose a surface
which essentially is a dilute solution of the chemical, and if water is absorbed
from the environment, the surface free energy of the system increases, again
assuming the surface area to be constant. ’

Since organic chemicals have both polar hydrophilic groups and non-polar
hydrophilic groups, their solvation energy is low, and the chemical potential at
a certain activity (which is a function of concentration) may be considered
low. If the negative of the free energy change is small compared with the
increase in surface free energy, the system would defeat absorption of excess
water, since this would cause an increase in the total free energy.

In applying these considerations to a soil specimen which has been treated
with an organic cation the following conditions are indicated. As the specimen
is cured or air dried, water leaves the system. The concéntration of the cation
increases, the concentration of water decreases, and the surface tension in-
creases (figure 1). However, since the surface energy strives for a minimum,
the increase in energy is slight and equilibrium is maintained. This is true only
in the very low concentration range. If the concentration of chemical is greatly
increased (by oven drying, for example) the change in surface tension upon
addition of water is practically zero. If placed in a humid atmosphere, the

80—
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Surface Tension, dynesy/cm.

0 005 0.1
Arquad 2HT, %

Fig. 1. Data by courtesy of the Armour Industrial Chemical Company. Arquad
2HT is a typical organic cationic chemical, specifically a quaternary
ammonium chloride.
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system can readily take up moisture due to the chemical potential and the
absence of a great surface energy change.

Excessively dried, treated soils should, therefore, readily take up moisture
from the environment, but air dried specimens should adsorb only a limited
amount. Experimental evidence substantiates this.

CONCLUSIONS

Organic cationic chemicals influence the amount of water adsorbed by a
treated soil as well as the bonding action of water dipoles. X-ray diffraction
analysis shows that this bonding action is stabilized by the presence of organic
cations after proper curing. These chemicals also reduce the surface tension
in a soil, water mix, resulting in a waterproofing condition. These two concepts
explain why immersed strengths of treated soils are higher than those of un-
treated soils, and why treated soils require a period of curing before definite
strength properties are exhibited.
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OF SOME ORGANIC CATIONIC CHEMICALS
AS STABILIZING AGENTS FOR IOWA LOESS

by

J. M. Hoover, Assistant Professor, Civil Engineering
D. T. Davidson, Professor, Civil Engineering

(Highway Research Board Bulletin 129: 922-25. 1956)

ABSTRACT

A number of organic cationic chemicals were used as stabilizing agents for
Jowa loess, which ranges texturally from silty loam to silty clay. An unconfined
compression test is used for rating the chemicals. In this test, the principal
criteria of stability are compressive strength, moisture absorption, and swelling
after 24 hours immersion in water. The effects of the chemicals on air dry
strength and shrinkage during air drying are also considered in evaluating the
benefits to stability.

Though of a preliminary nature, the investigation demonstrates the superiority
of several of the nineteen cationic chemicals used. Chemicals designated by the
trade names Arquad 2HT, Arquad 2S, Armeen Residue, Armac T, Crude Amine,
and Armeen Residue Arquad are cousidered particularly worthy of further
study. These chemicals in amounts ranging from 0.08 to less than 1.0 percent by
dry weight of the soil substantially improve the stability of loess. Used in such
amounts, the cost of the chemicals per square vard of base course six inches
thick ranges from about $0.14 to $1.13, which is economically feasible for high-
way construction. L

Conventional highway construction equipment and procedures could be used
for the processing of soil with organic cationic chemicals. The most practical
method of applying the chemicals to the soil is as solutions or dispersions in
water; a solution or dispersion would be added to the soil in the amount
necessary for compaction to near standard Proctor density. In the concentrations
used, the viscosity of the solution or dispersion is low enough to permit spraying.
Field experimentation will be necessary to evaluate more fully the effectiveness
of the chemicals.

INTRODUCTION

Soil stabilization research in progress in the Iowa Engineering Experiment
Station since 1950 is directed towards finding economical ways of stabilizing
the more common soil materials of Iowa for road construction purposes. Studies:
to 1956 have been primarily concerned with loess, which is the surficial deposit
over approximately two-thirds of the-state. Organic cationic chemicals are
among the many compounds that have been screened as possible stabilizing
-agents for Jowa loess. ;

The term organic cationic chemical denotes a chemical, organic in nature,
which dissociates in water to produce organic cations which may have ex-
ceedingly complex structures. Compared with the inorganic cations such as
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caleium, magnesium, hydrogen, or sodium, the organic cations are large, hence
large organic cations. A characteristic of organic cations is that one or more
organic radicals of hydrophobic (water hating) nature are part of the cation.
When incorporated in the soil in amounts less than the cation exchange capacity,
the organic cations are adsorbed rather completely to the clay surfaces of the
soil in cation exchange reactions, replacing smaller, inorganic cations that are
present, The adsorbed organic cations may be visualized as being oriented in
such a way that the hydrophobic part of the cation is arrayed on the clay sur-
face or directed outward from the surface. Considerable areas are thus formed
on the involved clay surfaces that are not wetted by water. The more completely
the clay surfaces are covered by adsorbed organic cations, the more hvdro-
phobic the clay becomes. ’

Iowa Engineering Exeperiment Station studies of large organic cations as

soil stabilizing agents date back to 1947. Results with fine grained soils and
with soil aggregate mixtures which have been reported” 8 9. t7. 24 indicate that
large organic cations have considerable promise as soil stabilizing agents. Small
amounts of organic cations, sufficient only to saturate partially the cation ex-
change capacities of the soils, were very effective in decreasing the soil’'s water
absorption, swelling, plasticity, and shrinkage properties. Reduction of air dry
strength was the only undesirable property change noted, but this was more
.than compensated for by the increase in immersed strength,

Among the organic cationic chemicals investigated in the earlier fowa studies,
a long chain fatty amine acetate known as Armac T was considered most promis-
ing. The quantitative effect of Armac T on soil properties related to all-weather
stability was found to be a function of at least three variables: amount of clay,
types of clay minerals, and kinds of exchangeable inorganic cations. An amount
of Armac T equivalent to 10 to 25 percent of the soil's cation exchange capacity
was judged to give near optimum results when both dry and immersed strength
were used as criteria for stability. Treatment of two soil-aggregate mixtures
with an amount of Armac T equal to 3 percent of the dry soil weight reduced
the plasticity indices from 12.7 and 11.8 to less than 3 and changed the engineer-
ing classification of both soils from A-2-6(0) to A-1-b; the four day soaked CBR
values were increased from 60 percent and 57 percent to 91 percent and 73
percent. ' )

After the Iowa work started Armac T was used as the control chemical in a
comparison of several organic compounds as stabilizing agents for a Pennsyl-
vania clay loam?3. Armac T gave the best strength preserving qualities of the
chemicals tested; with a 2 percent admixture based on the soil weight, over 60
percent of the natural compacted soil strength was retained after a four-day
soaking period. ’

The number of organic cationic chemicals that can be produced is large. and

it seemed probable that Armac T, while promising, did not represent the best
possible organic cationic chemical for soil stabilization purposes. Therefore in
the loess stabilization research a number of additional chemicals were selected,




. primarily on the basis of recommendations by the manufacturer, for a pre-
liminary-type evaluation. The most promising chemicals of previgus studies,
including Armac T, were included for comparison. The principal objectives of
the investigation were: (1) to rate thé chemicals according to their promise
as soil stabilizing agents, and (2) to determine if one or more of them would
warrant further and more detailed study.

Soils . '

Loess' of Wisconsin geological age is one of the most abundant and widely
distributed soil materials in Iowa. The Iowa Engineering Experiment Station
has been engaged in engineering and geological property studies of Towa loess
since 1950, and several reports on this work have been presented!0 1112 13.16,
20,22 The loess ranges texturally from silty loam to silty clay.

Two samples of C-horizon loess were used in the evaluation of the organic
cationic chemicals; soil A was chosen to represent the friable, calcareous loess,
soil B to represent the plastic, leached loess (table I). X-ray analysis of the
minus 2 micron clay material of the two soils indicate: for soil A, montmorillonite
is abundant, with about one-third as much illite, possibly a trace of kaolinite,
and about 10 percent quartz; and for soil B, montmorillonite is predominant,
with very little illite, no kaolinite, and about 10 percent quartz, Attention is
directed to the difference in cation exchange capacity of the two soils; soil B
has almost twice the exchange capacity of soil A. The predominant cations
associated with the clay in both soils are calcium (Cat+t).

Chemicals _
The amines and quaternary ammonium salts constitute the largest groups of

Tasre I. PROPERTIES OF WHOLE WISCONSIN LOESS SAMPLES

; Soil Soil
. Propertles‘ A B
Physical © Liquid limit, % 30.8 51.9
properties Plastic limit, % 24.6 18.5
Plasticity index, % 8.2 33.4
Shrinkage limit, % 22.3 19.1
Specific gravity, 25°C/4°C 2.71 2.792
Standard Proctor density test: ‘
Max. dry density, Ibs/ft3 108.4 104.3
Opt. Moist. content, % 18.0 19.1
‘Chemical Organic matter, % 0.17 0.837
properties Carbonates, %CaCO, 10.2 0.5
Oxidation oxidized oxidized
pH 8.7 6.7
Cat1on exchange capacity, m.e./100g. 13.4 24.4
Exchangeable cations, m.e./100g.
Na 1.5 1.3
K 1.6 1.3
Ca 10.8 21.8
Textural Sand, % 14 04
composition®  Silt, % 78.8 60.2 )
Clay: Finer than 5,u, % 19.8 394
Finer than 24, % 16.0 33.0

Engmeermg classification (AASHO) - A—4(8) A-7-6(18)
" ® Sand — 2.0 to 0.074 mm, silt — 0.074 to 0.005 mm, clay — finer than 0.005 mm
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organic cationic chemicals, and most of the chemicals studied are of these
groups (table II). The chemicals are listed by their trade names as a matter of
convenience, since more descriptive designations are space consuming, and for
the average civil engineer difficult to understand. Available information on the
chemistry of the chemicals is given in Appendix A. Vinsol NVX and Pulverized
Vinsol are not considered to be cationic; they were included for comparison
‘with the cationic materials and because they have been investigated as soil
stabilizers by other investigators®!. The major criteria for the selection of the
chemicals were present or future availability and cost, and probable effective-
ness as soil stabilizing agents. The chemicals designated as available in pilot
plant or. experimental quantities could, according to the manufacturers, be
produced in commercial quantities if a demand existed.

Preparation of chemicals. It was determined by experimentation and cor-
respondence with the manufacturers that the most practical way of adding the
chemicals to soil was either as a solution or dispersion in distilled water, or as
a powder, depending on the chemical nature of the material used. The chemicals
are grouped in table II according to the procedure followed in preparing them,
in the physical state indicated, for addition to the soil. Details of the procedure
for each group are given in Appendix B. The concentrations of chemical in
water solution or dispersion prepared for the first two chemicals tested were
¥, 1, 3, 5, 7, and 9 percent by weight. The completion of these tests indicated

TaBLE II. CHEMICALS EVALUATED, GROUPED ACCORDING TO PROCEDURE
FOR PREPARING THEM FOR ADDITION TO SOIL

Physical state of Availability 1954-55 price, dollars

Group Chemical chemical for mixing from per lb. in car
: with soil manufacturer load quantities
A Armac T Solution in water =~ Commercial 0.30
Arquad 2HT Dispersion in water Commercial 0.36
Arquad 28 Dispersion in water Commercial 0.43
Armeen Residue Arquad Dispersion in water Experimental 0.23 (estimated)

Rosin Amine D Citrate in
Pine Qil and Emulsifier Emulsion in water Experimental
N (8-aminopropyl) Rosin

Amine D Diacetate Solution in water Experimental -
Vinsol NVX Solution in water =~ Commercial 0.0615
B Duomeen T Solution in water =~ Commercial 0.37
: Ethomeen T/12 Solution in water Pilot Plant 0.49
Ethomeen T/15 Solution in water = Commercial 0.47
Fthoduomeen T/13 Solution in water =~ Commercial . 045
Crude Amine Solution in water = Commercial 0.18
Armine Residue ] Solution in water = Commercial 0.09
C Rosin Amine D Acetate Solution in water =~ Commercial 0.18
Monoethanol Rosin .
Amine D Acetate Solution in water =~ Commercial 0.25
Polyrad 0200 Acetate “Solution in water Experimental -
Polyrad 0500 Acetate Solution in water Experimental
Polyrad 1100 Acetate Solution in water Experimental .
Polyrad 2000 Solution in water = Commercial 0.36
D Rosin Amine D Citrate Powder Experimental ..
Pulverized Vinsol Powder Commercial 0.04
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that optimum results might be expected from % to 3 percent concentrations;
thereafter, concentrations of %, 1, 3, and 7 percent were prepared of the other
chemicals. Since the specific gravities of the chemicals were very close to that
of water, solutions were prepared on a weight basis without adjustments for
variations in specific gravity.

PRELIMINARY EVALUATION

An unconfined compression test of 2 in. diameter by 2 in. high cylindrical
-specimens molded to near standard Proctor density was used for rating the
chemical treatments. In this test the principal criteria of stability of specimens
are compressive strength, moisture absorption, and swelling after 24 hours com-
plete immersion in water. The effect of the chemical treatment on air dry
strength and shrinkage during air drying may also be considered in evaluating
the benefits to stability. '

This method of evaluation was selected because the nature of the investiga-
tion called for a simple and quick, yet sufficiently severe, method of comparing
a large number of chemical treatments.” Other tests will be used for further
evaluation of the chemicals considered most promising as soil stabilizing agents.
Mixing

Mixing was done in a Model K4-B Kitchen Aid mixer. Twelve hundred grams
of air dry soil passing the No. 10 sieve, enough for preparing six specimens,
was placed in the mixing bowl, and, for a given concentration of chemical in
water solution or dispersion, an amount necessary for compaction to standard
Proctor density was added; the exact amount added depended on the optimum
and hygroscopic moisture contents of the soil, and on allowances-for evaporation
but was the same amount for the concentrations of each chemical used. Mixing
was done at No. 2 speed for about two minutes.

The two chemicals used in powder form were added to the air dry soil in
amounts equivalent to the additives of chemical in water solution or dispersion, -
and then were dry mixed with the soil; next, enough distilled water was added
to bring the mixture to optimum standard Proctor moisture content plus 0.5
percent for evaporation; mixing was then continued as in the preceding para-
graph.,

The amount of chemical mixed with the soil may be expressed in three ways:
percent concentration of chemical in the water added for compaction to standard
Proctor density; second, percent of oven-dry weight of soil; and third, percent
saturation of the cation exchange capacity of the whole soil. In the relationships
between these different ways of expressing the amount of chemical additive,
given in tables IIL, IV, V, and VI, it will be noted that none of the treatments
in the latter two tables was equivalent to 50 percent saturation of the cation ex-

change capacity of either soil, and the percent saturation with most treatments
was much less than 50 percent. An example of the calculation of the percent
saturation of cation exchange capacity has been given? 8.
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R Moldmg . L

e - Six2in, dlameter by 2 in. high specimens were ‘molded with a drop—hammer', R
s ' - type molding apparatus for each combmatlon of soil and chemical evaluated®. - '
R ’ " Approximately 200 grams of soil- chemical mixture’ was placed in the cylindrical -

. . .-mold.in one layer and compacted to near standard Proctor density by. ten

T :blows of the 5 pound hammer dropping from a height of 12 inches. Immediately

"sT.+ after molding, each specimen was weighed and the height measured.. After the

third of the six specimens was molded, a representatlve sample of the mixture

was, taken from the mixing bowl for a’'moisture content deteirmination; it was

. found to be unnecessary to correct the moisture de’cermmatlon for the amount
e T of chenucal present in the sample.

- : v

e " TaBLE III. ,RELATIONSHIP BETWEEN CHEMICAL CONCENTRATION IN WATER’
T ) : AND PERCENT DRY WEIGHT OF SOIL FOR A AND B. AND GrROUP I CHEMICALS
. . . /

S

Soil A ) ) -Soil B - )
ngilfxllt%a}le - Amoimt of chemical® added *to soil for water concentrationst -shown. below.
o % 1% 8% 5% (7% 9% - - %% 1% 8% 5% 1% 9% ‘ A
Armac T 0.08 .016 049 082 114 1.47.. 0.08 015 045 076 1,06 1.36
: Duomeen T 0.08 0.16- 0.49 082 114 147 ° 0.08 0.15 045 0 76 1.06 1.36
k Ethomeen T/12 0.08 0.16 0.49 y,114 0.08 0.15 045 1.06 ...
B ' Ethomeen T/15  0.08 0.15 046 ... 1.08 008 0.15 045 ... 1.06
- " Ethoduomeen T/13 0.08 0.15 046 ... 1.08 0.08 0.15 0.45 . Loe’ ~
N ' . Arquad 2HT 0.08 0.16.049 . 1.14 .. .0.08 015 045 . . 1.06- P
L7 Arquad 28 0.08 0.16 0.49 0.82 [ 0.08 015 045 076 ...
St Crude Amine 008 0.15 046 ... 108 0.08 0.15 045 .. 1.06-
R . Armeen Residue 0.08 - 0.15 047 -1.08 0.08 0. 15 045 ... 1.06 5
ST Armieen Residue - : oL
. Arquad 0.08 0.16 0.48 0.95§ ° 0.08 045 0.90§ ...

~ *® Percent dry welght of soil.
-t Percent by weight of total solution.
- § Dashes indicate that specimens were not molded. : .
§ 6% chemical concentration in water. . b

- ' . .z .~ ’ J R
TaBLE IV. RELATIONSHIP BETWEEN CHEMICAL -CONCENTRATION IN WATER AND.
PERCENT DRY WEIGHT OF SOIL FOR SOILS A AND, B anp croup II cHEMICALS |

Soil A

: -Soil B -
Amount of chemical® added to soil for

Cheémical
admixture water concentrationst shown *below
: B% 1% 3% 7% %% 1% 3% 7%
T RADA o 0.08 0.16 049 1.14 0.08 0.15 0.45 1.06.
' Monoethanol RADA 0.08 0.16 049 1.14 0.08 0.15 045 1.06
P 0200 A 0.08 0.16. 046 1.08 0.09 . 0,17 051 1.19°
P 0500 A 0.08 0.16 0.46 1.08 0.09 0.17 051 1.19
. P 1100 A _ ©0.08 016 046 1.08 0.09 0.17 051 119
P 2000 - - 0.08 016 046 1.08 0.09 0.17 0.51 1.19
RAD Citrate 0.07 015 045 1.04 0.08 0.17 0.50 " 1.16
RAD Cit. Solution in L ] . > ‘ - N
Pine Qil-and Emulslfler 0.07 015 0.45 1.04 0.08 0.17 050 1.16°
‘N (8-aminopropyl) RA T - .
Diacetate - ‘007 015 045 1.04 - 0.08 015 045 1.05
Vinsol NVX 0.07 -0.15 0.45 1.04 .0.08 "0.17 050 1.16
Pulverized Vinsol 0.07 - 1.04 0.17, 0.50° 1 16

- ® Percent dry weight of soil.
" 1 Percent by weight of total solution.

- N v
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Curing . .

The effectiveness of organic cationic chemicals as soil stabilizers was found to
be related to the curing procedure used!®. The highest degree of stability as
determined by the immersion compression test was obtained by air drying the
compacted 2 in. diameter by 2 in. high specimens to constant weight prior to
testing; seven days at room temperature proved sufficient to accomplish this.
Specimens tested without drying back to a low moisture content had a lower
degree of stability; oven drying at elevated temperatures was not beneficial.

It was decided to use the most favorable curing procedure in the preliminary
evaluation of the chemicals. Accordingly, all molded specimens were air dried
for seven days, then they were weighed and the decrease in height was
measured. .

TaBLE V. RELATIONSHIP BETWEEN CHEMICAL CONCENTRATION IN WATER AND

. PERCENT SATURATION OF CATION EXCHANGE CAPACITY FOR SOILS A AND B
AND GROUP I CHEMICALS
Soil A Soil B
Chemical Percent saturation of cation exchange capacity for
admixture chemical concentration in water* shown below
. 4% 1% 3% 5% 1% 9% ¥ 1% 3% 5% % 9%
Amac T 1.9 8.8 113 189 264 34.0 10 19 5.7 96 134 173
Duomeen T 24 4.7 141 235 329 422 12 24 7.2 120 16.7 216
Ethomeen T/12 1.5 80 9.0 ‘f 20.9 08 15 46 ... 106
Ethomeen T/15 1.1 21 64 149 06 12 34 ... 8.0
Ethoduomeen T/13 1.0 2.1 6.2 144 06 1.1 33 ... 7.8
Arquad 2HT 08 1.6 4.7 .. 109 04 08 24 . 5.6
Arquad 2S5 10 20 6.1-143 . .- 0510 31 52
Crude Amine 17 33 100 ... 234 09 18 54 .. 12.6
Armeen Residue 1.2 28 7.0 16.2 06 12 3.9 8.7
Armeen Residue . .
Arquad 7 15 44 88f ... 04 0.8 23 4.6

® Percent by weight of total solution.
1 Dashes indicate that specimens were not molded.
1 6% chemical concentration in water.

TABLE VI. RELATIONSHIP BETWEEN CHEMICAL CONCENTRATION IN WATER AND
PERCENT SATURATION OF CATION EXCHANGE CAPACITY FOR SOILS A AND B
AND GROUP II CHEMICALS

P Soil A ; 1Soll B
. ercent saturation of cation exc hange c1pf1c1ty
acc:lleir:tlucfel for chemical concentration in water®
- shown below.
% 1% 3% 7% %% 1% 3% 1%

RADA 1.1 238 6.8 158 06 1.2 385 8.1
Monoethanol RADA 1.1 21 68 146 05 12 82 74
P 0200 A 1.3 2.6 7.9 184 0.8 16 48 111
P 0500 A 1.0 2.1 62 144 06 12 87 87
P 1100 A- 0.6 1.3 38 9.8 04 08 23 54
P 2000 . 04 09 27 6.2 03 05 16 88
RAD Citrate 1.2 24 7.2 167 07 14 44 102
RAD Cit. Solution in

Pine Oil and Emulsifier 1.2 24 7.2 16.7 0.7 14 44 102
N (8-aminopropyl) RAD

Diacetate 1.0 20 6.1 142 06 11 34 738

* Percent by weight of total solution.
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Testing ,

Specimens were tested for compresswe strength by the unconfined compres-
sion test. The maximum load in pounds causing failure of the specimen was
taken as the compressive strength. The test load was applied at a rate of de-
formation of 0.05 inch per minute per inch of height of the specimen. Three
specimens of each set were tested in the air dry condition, and the other three
were tested after 24 hours complete immersion in distilled water; the heights of
the immersed specimens were measured prior to testing. Moisture determina-
tions were made after testing on the second specimen of each group; the whole
soaked specimen, and a sample obtained from the central portion of the air
dry specimen were used as moisture samples.

Results

The relative effectivenss of the différent chemicals and amounts of chemicals
as stabilizing agents for the two loess materials was compared by using the
previously given method of evaluation. Since the test method used has not been
correlated with the field performance of stabilized soils, the test results give
only an indication of relative stability. Criteria for judging relative stability
of the test specimens are the change in height and the amount of moisture’ ab-
sorbed during 24 hours immersion, and the air dry and immersed compressive
strengths. Low volume change and moisture absorption and improvement in
immersed strength are the pnn01pa1 indications of benefits to stability by
chemical treatment.

Complete immersion of air d1y test specimens in an unconfined condition is
a very severe treatment, particularly when the stabilizer is not of the bonding
or cementation type as was true in this investigation. Chemically untreated soil
specimens completely disintegrate after only a few minutes immersion.

The data have been divided into two groups, groups I and II, on the basis of
the source of the chemicals (Appendix A). For easier understanding, the amount
of chemical admixture is usually presented as percent of oven dry weight of
soil, but conversions to the other ways may be made (tables III to VI). Test
results are the average of data obtained from at least three test specimens.

Unconfined Compressive Strength

Unconfined compressive strength results were obtained with mixtures of soils
A and B and varying amounts of the different chemicals (figures 1, 2, 3, and 4).

Air dry strength. All chemicals caused a reduction of air dry strength, but
some caused less than others. In general, the trend of the data shows a rather
sharp reduction in air dry strength from 0 to 0.17 percent admixture, based on
the oven dry weight of the soil, and then a-gradual leveling off with the larger
amounts of additive. The air dry strengths of soil A specimens varied from a
maximum of 2850 1b for the chemically untreated soil to a minimum of about
800, 1b for the largest amount of additive; with soil B specimens, this range was
3220 1b to about 550 lb. The irregularities to be noted in some of the curves
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were checked by testing additional samples, but no appreciable change from
the original data was found. It is of interest to note that the two non-cationic
resinous materials, Pulverized Vinsol, and ‘Vinsol NVX, had the least effect on
air dry strength. ' '
The effect of the chemicals on soil density, in the amounts added to the soils,
was found to be slight; and the moisture contents of the air dry test specimens
were found to decrease with increasing amounts of a chemical. On the basis of
these findings and what is known about the nature of the chemicals, the reduction
of air dry compressive strength by the chemical treatments is attributed to the
partial destruction of the natural cohesion in the soil furnished by thin con-
tinuous films of water on clay surfaces. Such films cannot be continuous on clay
surfaces partially shielded by adsorbed large organic cations of a hydrophobic
|

T ] I

3000

t————+ Armac T
Duomeen T
Ethomeen T/12
Ethomeen T/I5
Ethoduomeen T/[13
Arquad 2HT
Arquad 2S

Crude amine
Armeen residue
2000 1 Armeen residue arquad
Average '

unconfined
compressive
strength,
ibs.

1000

~

~—
-~

~——
-~

-~
~——

______ S0 —t
- 7day air dried -24 hour immersed
= — : s S
pp— "
Ve - ——to o +
0 s P e Bt ekt st T
0 0.25 0.50 075 1.00 1.25

Chemical admixture,
% dry weight of soil

Fig. 1. Effect of amount of chemical admixture on average unconfined
compressive strength of soil A with group I chemicals.
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nature. The two non-cationic resinous materials would appear to have a similar
but lesser effect on cohesion.

Immersed strength. The immersed strength data (figures 1, 2, 3, and 4) demon-
strate the superiority of some of the chemicals as waterproofing agents. Taken
as a whole, group I chemicals showed up better than group II chemicals; un-
treated specimens, as expected, failed within minutes after immersion.

The trend of the data on specimens that did not fail shows an increase in
immersed strength from zero to a maximum and then either no further gain
or a decrease in strength with increasing amounts of chemical. The only data
showing a significant variance from this trend are those of Armeen Residue
Arquad — soil B mixtures (igure 2). Due to the small amount of this chemical
available for experimental purposes, it was impossible to carry the curve fur-
ther.

In general, the chemicals were less effective with the plastic loess, soil B,

— i |

3000 . t————+ Armac T ]
e + Duomeen T
[ < Ethomeen T/12

--Z—+ Ethomeen T/15
o——--——-o Ethoduomeen T/I3
o—————o Arquad 2HT
+—————= Arquad 2S

o — GCrude amine
—— o Armeen residue
| b ——— — Armeen residue orquad
2000 —
Average
unconfined
compressive
strength,
Ibs.
1000 -
==y
—
0 L
o} 0.25 0.50 075 1.00 1.25

Fig. 2. Effect of amount of chemical admixture on average unconﬁned
compressive strength of soil B with group I chemlcals
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than with the friable loess, soil A. Except for one chemical, the maximum im-
mersed strengths obtainable with soil A were greater than those of soil B; Vinsol
NVX gave both soils approximately the same maximum immersed strength.
Also, the amount of chemicals needed to obtain maximum immersed strength with
soil B was greater than with soil A.

Moisture Absorption and Swelling

As a general rule the trends of the moisture absorption and volume change
data agreed with the immersed strength data and showed that chemical treat-
ments giving highest immersed strength also gave lowest moisture absorption
and swelling. The moisture increase and swelling that did occur during the 24
hour immersion apparently introduced stresses and strains and increased the
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Fig. 3. Effect of amount of chemical admixture on average unconfined
compressive strength of soil A with group II chemicals.
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thickness of water films on clay surfaces to the extent that unconfirmed com-
pressive strength was decreased below that of the air dry specimens.

Most Promising Cationic Chemicals

Though of a preliminary nature, the investigation demonstrated the superior-
ity of several of the cationic chemicals evaluated. Arquad 2HT, Arquad 2S,
Armeen Residue, Armac T, Crude Amine, and Amine Residue Arquad are con-
sidered particularly worthy of further study. Test results obtained with -near
optimum amounts of these chemicals for soil A and for soil B are summarized
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Fig. 4. Effect of amount of chemical admixture (;n .average unconfined
compressive strength of soil B with group II chemicals.
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TasLE VII. SUMMARY OF RESULTS WITH CHEMICALS SHOWING
THE BEST STAEILIZING EFFECTS WITH SOIL A

Raw Arquad Arquad = Armeen  Armac Crude - Armeen

=
(=]
<
=
aQ
=3
o
2
&8
=N
Soil 2HT 28 Residue T Amine Residue 'Q:'- l
. B Arquad o
- Amount of chemical, % dry wt. of soil Co 0.08 0.16 0.38 0.24 0.30 -0.50 5
Amount of chemical, % saturation of CE.C. .. .. " 0.8 2.0 6.0° 5.5° . 6.6 3.7¢ £
Av. unconfined comp. strength after 7 days 2847 1830 1660 1300 1200 . 1010 770 o
air drying, Ibs. , . - . —
Av. unconfined comp. strength after 7 days .... . 830 310 330 215 260 170 S
air drying and 24 hr. immersion, Ibs. ) @
Av. decrease in height after 7 day 0.012 0.0074 . 0.0102 - 0.0085* 0.0066° 0.0067° 0.0106° :
. . air drying, in. . ' gﬁ
us  Av. increase in height after 24 hr. R 0.0208 0.0173 0.0110° 0.0155* 0.0110° 0.0110° 0]
o immersion, ’in. . : E“ .
Moist. cont. at time of molding, 187 18.8 19.2 18.8°  167°  187° 17.5° >
% oven-dry wt. of treated soil = | . - I ‘
Moist. cont. after 7 day air drying,- 1.7 3.1 2.3 1.8° 2.9° 2.5° 2.9° g L
% oven-dry wt. of treated soil : - ‘
Moist. cont. after 24 hr. immersion, R 9.0 7.7 7.7° 9.5° 8.0° 8.3¢ =]
% oven-dry wt. of treated soil ‘ =
Av. dry density, lbs/ft.3} ) 105.0 99.9 103.4 102.0° 100.1° 101.6* 100.5° =
Cost of chemical/yd.2 of surf. area, ... . 014 0.34 0.17 0.36 0.27 0.57 5 y |
<}
c
=]
&
%:‘_‘
0
o)
A,
Q
=3
o

6 in. thick, $

° Interpolated from tables and graphs.

1 Near standard Proctor density. ’

1 This is the cost of the chemical for a compacted volume one yard square and six inches
thick, with a density of 110 lbs/ft.3




* Interpolated from tables and graphs.

1 Near standard Proctor. density.

} This is the cost of the chemical for a compflcted volume one yard square and six inches
thick, with a density of 110 Ibs/ft3,
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TasLE VIII. SUMMARY OF RESULTS WITH CHEMICALS SHOWING f_‘_’_‘ Rt
THE BEST STABILIZING EFFECTS WITH SOIL B 3 %2
" Raw Arquad Arquad  Armeen  Armac Crude Armeen i g g
Soil 2HT 28 Residue T Amine Residue 55 g
Arquad 2 <
Amount of chemical, % dry wt. of soil .. 045 0.45 0.60 0.76 0.60 0.45 5 e =
Amount of chemical, % saturation of G.E.C. . 2.4 ©al 54° . 06 8.0* 2.3 B S o
Av. undcronfmeﬁl) comp. strength after 7 days 3220 1040 1330 1050 1460 1060 - 1520 8 g ;
ying ' 2o
) Av. unconfined comp. strength after 7 days .. .. 160 120 150 90 160 150 = o (.55 .
air drying and 24 hr. immersion, lbs. s m= ‘o
Av. d?ﬁrease in height after 7 day 0.051 0.0120 0.0253 0.0135° 0.0274 0.0130% 0.0248 @ < Q
ir drying, in. 3 &R
& Av. increase in height after 24 hr. . 0.0517 0.0503 0.0220°  0.0610 0.0200 0.0536 2 § 3
A immersion, in. . ' : ' ,; o E
Moist. cont. at time of molding, 19.5 18.2 184 17.7° 17.2 17.7° 18.6 3 O
% oven-dry wt. of treated soil =
Moist. cont. after 7 day air drying, 3.7 5.1 4.5 2.6% 3.3 2.6° 4.3 g 0o
% oven-dry wt. of treated soil : 5 Eg
Moist. cont. after 24 hr. immersion, S 18.9 13.6 10.6° 16.3 9.8* 13.2 0 US.- o+
% oven-dry wt. of treated soil 8 % E..
Av. dry density, lbs/ft3} 103.5 974 97.8 92.7¢ 97.4 99.2° 100.6 T8 2
. Cost of chemical/yd2 of surf. area, 0.80 0.96 0.27 1.18 054 . 0.51 2 = 4
6.in. thick, $1 = 8
(SR Ry
@ =
Ky
2%
-
TE
g%
g %5
8.7 &




in the earlier studies of the Iowa Engineering Experiment Station, was not found
to be best in this investigation.
From a comparison of the data on soils A and B the organic cationic chemicals
selected as showing the most promise would be usable and beneficial to both
friable and plastic loess; but the amounts of the chemicals needed with the
plastic loess would be greater, and the degree of stability obtained would be
lower. The difference in results obtained with the two soils is mainly due to
difference in amount and kind of clay minerals. Soil B has approximately twice
the clay content and cation exchange capacity of soil A, and has a higher
proportion of montmorillonite type clay minerals.

Comparison With Other Kinds of Stabilizing Agents

The 24 hour immersed unconfined compressive strengths of 2 in. diameter
by 2 in. high specimens of soil A, stabilized with four of the more promising
organic cationic chemicals and those stabilized with other inorganic and organic
additives are compared (table IX). Of the stabilizing agents compared, Portland
cement, hydrated lime, and cutback asphalt have been quite widely used in
highway construction with varying degrees of success; and lime, fly ash, and
aniline furfural have shown considerable promise as stabilizing agents. The
immersed strength obtained with Arquad 2HT, Arquad 2S, Armeen Residue,
and Crude Amine, as compared with that obtainable with the better known
stabilizers, further demonstrates the potentialities of organic cationic chemicals
for the improvement of the stability of Iowa loess. .

The cost per pound of the organic cationic chemicals may be much higher than °

TaBLE IX. AVERAGE UNCONFINED COMPRESSIVE STRENGTH OF
SOIL A TREATED WITH VARIOUS ADDITIVES -

Cost® of
Additive Compressive stabilizing
Method strength, material per
Amount, of Ib. (after sq. yd. of suxf.
Type ' % dry curing 24 hr. area, 6 in. thick,
wt. of soil immersion) dollars

Portland cement, 7 days in moist

Type 1 15 cabinet at 1780 0.70
- approximately

0°F.
Hydrated lime 6 Same as above 250 0.32
Lirzrxe—ggl ash 18 Same as above 485 0.42
1:

Aniline-furfural 5 7 days air - 1100 4,71

(2:1) drying
Cufibcaclk asphalt " 10 Same as above 220 1.17
Arquad 2HT 0.08 Same as above 330 0.14
Arquad 28 0.16 Same as above 310 0.34
Armeen Residue 0.8 Same as above 330 0.17
Crude Amine 0.30 Same as above 260 0.27
Raw soil with . Same as above Failed during .

no additive immersion

® This is the cost of the stabilizing material for a compacted volume one yard
square and six inches thick, with a density of 110 Ibs/ft3.
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that of such stabilizing agents as Portland cement, lime, and bituminous materials.

‘But, since smaller amounts of the cationic materials are needed, stabilization

may be cheaper with their use than with some of the more common stabilizing
agents (table II).

Use in Highway Construction - ‘ )

It is believed that conventional highway construction equipment and pro-
cedures can be used for the processing of loess with organic cationic chemicals.
The most practical method of applying the chemicals to the soil would be as
solutjons or dispersions in water; a solution or dispersion would be added to
the soil in the amount necessary for compaction to near standard Proctor or
other density. In the concentrations used, the viscosity of the solution or disper-
sion is low enough to permit spraying. Good mixing with the soil is important
to obtain adequate exposure of clay surfaces to the large organic cations. The
presence of large organic cations in the mix water tends to benefit workability
of plastic soils, since the consistency properties are much improved by the cation
exchange reactions.

Field experimentation with organic cationic chemicals will be necessary to
develop a recommended method of construction, but more laboratory study is
needed. Many things, such as use with different kinds of soil, curing require-
ments, and resistance to freezing and thawing, wetting and drying, and soil
organisms need further investigation. The question also naturally arises of
whether a better organic cationic chemical for soil stabilization purposes can

. -be produced. The chemical industry might be able to answer this question if

more fundamental knowledge about the requirements and mechanism of soil
stabilization with large organic cations were made available.
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APPENDIX A
CHEMICALS USED

Information on each of the chemicals used in this study is summarized in the
following paragraphs. Where they are available, the trade names of each are
used to assist the reader.

Chemicals
Armac T' is a water soluble primary amine acetate made from fatty acids.

It may be written as [RNH;]+ [Ac]—, similar to ammonium acetate except that
a fatty group replaces one of the hydrogens. It has a molecular weight of 310.

Duomeen T2 % is a fatty di-amine of the general formula:
HH HH
R—N—-C—-C—-C-N-H.
HHHHH
The R represents an alkyl group derived from a tallow fatty acid. Being only
slightly dispersible in water, the Duomeen T was treated with 300 parts of
glacial acetic acid per 100.0 parts of 80 percent active Duomeen T by weight

to form the water soluble di-acetate salt. Duomeen T has a molecular weight
of 320.

Ethomeens® *. The Ethomeens are tertiary amines of the general formula:
(CH,CH-0)x H

RN< '
(CH.,CH:0)y H

The R represents a fatty alkyl group derived from various fatty sources having
from 12 to 18 carbon atoms. Attached to the nitrogen are two polyoxethylene
groups. Although the Ethomeens are normally mildly cationic, these properties
are more pronounced in the water soluble salts found by neutralizing the Etho-
meens with acids. However, these salts are not stable to strong alkali.

Ethomeen T/12 has one fatty alkyl group derived from tallow amine. In the
previous general formula for the Ethomeens, the T/12 has two mols. of ethylene
oxide (x 4 y). It has an average molecular weight of 365 and was made water
soluble by neutralizing with 16.4 parts glacial acetate acid per 100 parts of
T/12, by weight.

Ethomeen T/15 has one fatty alkyl group derived from tallow amine but
has five mols. of ethylene oxide (x 4 y) in the two polyoxyethylene groups -
shown in the previous general formula for the Ethomeens. It has an average
molecular weight of 497 with a water soluble salt being formed by neutralizing
100 parts of T/15 with 12.1 parts by weight of glacial acetic -acid. ‘
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Ethoduomeen T/13 has the following general structural formula:

CH,CH,OH  CH,CH,OH
| HHH
R—-N—C—C—C—N
H HH
CH,CH,OH

The di-acetate salt of the T/13 was prepared by adding 21.6 parts of glacial
acetic acid to every 100 parts by weight of the chemical. The molecular weight
of Ethoduomeen T/18 is 558.

Arquads® *. The Arquads are quaternary ammonium chlorides that retain
their surface activity at either high or low pH and are not precipitated by cal-
cium or magnesium hardness in water. They are described by the manufacturer
as follows:

A quaternary ammonium salt may be thought of as the organic counterpart of
an ammonium salt. For example, if ammonium chloride (NH,Cl) has all its hy-
drogen atoms replaced by organic groups, it;becomes a quaternary ammonium salt.
Arquads are quaternary ammonium salts’ of this type. They fall into two general
groups: fatty alkyl trimethylammonium chlorides.

[ CHy ] :
|
R—-N-CH, | +[C1] —

CH,

and di-fatty alkyl, dimethylammonium chlorides.
- cH,

R—N-CH, | +[Cl]—

|

R

Arquad 2HT is a di-hydrogenated tallow di-methylammonium chloride which
is easily dispersible in water for dispersions up to about 8 percent by weight.
It is supplied as 75 percent active in isopropanol and has an average molecular
weight of about 585. : '

Arquad 25 is a di-methyl dialkyl quaternary ammonium salt derived from
soybean oil. It is currently supplied as 75 percent active in isopropanol and is
dispersible in water at 1 to 2 percent concentrations forming flowable gels as
high as 12% percent. It has an average molecular weight of about 595. -

Armeen Residue is a crude material resulting from the process of amine distil-
lation with a molecular weight of 497. It is a mixture of 30 to 40 percent primary
amine, approximately 30 percent secondary amine, and a remainder of crude
material including some polymerized material. Due to variations in the com-
position of the Armeen Residue from lot to lot, it was necessary to determine
the amount of glacial acetic acid needed to form the water soluble acetate. By
plotting a titration curve for Armeen Residue with. varying amounts of the
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acid, it was determined that 6.3 parts glacial acetic acid per 100 parts Arineen

Residue, by weight, were needed.

Armeen Residue Arquad is a quaternary made by treating Armeen Residue
with methyl chloride. It is made up as a 50 percent solution in isopropanol, the
active portion having a molecular weight of 804. The structural formula is a
mixture of RN(CHjy); + C1 —and RsN(CHj): + C1 — where the R is primarily
tallow.

Crude Amine is a 50-50 combination of Armeen Residue and Armeen T. It has
a primary amine content of approximately 60 percent, the remainder being
made up of secondary and tertiary amine. Due to the variation in percentages
of amines with each lot manufactured, a titration curve for crude Amine with
varying amounts of glacial acetic acid were plotted to determine the amount

of acid needed for the water soluble acetate formation. Thus it was found that -

15.6 parts acid per 100 parts crude Amine, by weight, were needéd. It should
be noted that there was incomplete acetate formation for both the crude Amine
and the Armeen residue following treatment with glacial acetic acid; though
the former is more complete due to its higher primary amine content.

Rosin Amine D derivatives'® Rosin Amine D is a technical glade of dehydro-
abietylamine with the following structural formula:

CH
3 CHZNH2

It is relatively stable up to about 100°C; decomposing at higher temperatules
over extended periods of time. It is slightly soluble in water, being less than
0.5g per 100g of water at 100°C.

Rosin Amine D Acetate® is the acetic acid salt of Rosin Amine D. RADA, as it
shall be referred to throughout the remainder of this paper, is water soluble
and in the 70 percent paste form supplied by the manufacturer has a molecular
weight of 338.

Monoethanol Rosin Amine D Acetate'® is soluble in water and has a mole-
cular weight of approximately 407. The ‘manufacturer discusses Monoethanol
RADA as follows:
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Rosin Amine D reacts with ethylene oxide to form the N-substituted
monoethanol derivative:

RNH, + CH, CH,~ RNHCH.CH,OH
N/
0

Polyrads's, or the Polyrad chemicals, are formed by reacting increasing
amounts of ethylene oxide per mole of Rosin Amine D to form consistencies
varying from balsam like liquids to wax like solids. The Polyrad chemicals used
in this study and their respective approximate molecular weights are: Polyrad
0200 Acetate, 440; Polyrad 0500 Acetate, 560; Polyrad 1100 Acetate, 910; and
Polyrad 2000, 1300. The number of moles of ethylene oxide per mole of Rosin
Arnine D is indicated by the first two numbers in the trade name. The acetate:
salts of the first three were used because those Polyrads containing less than
10 moles of ethylene oxide per mole of Rosin Amine D are only partially soluble
in water; those with higher ethylene oxide contents are soluble.

Rosin Amine D Citrate is a salt of Rosin Amine D in which one carboxyl
of citric acid has been neutralized. It is cationic, though insoluble in water,
and must be pulverized and used as a powder as described in Appendix B. It
- has a molecular weight of approximately 466.

Rosin Amine D Citrate Solution is a mixture formulated to render the RAD
Citrate water dispersible. The mixture comprises one part RAD Citrate, one
part Synthetics A.F. 150, and one part Yarmor 302-W, the latter two ingredients
being a pine oil and an emulsifying agent respectively.

N (3-ominopropyl) Rosin Amine D Diacetate was supplied by the manufactur-
er as a 100 percent active material, a very small yellowish-white aggregate
varying in size from powder to small pea gravel and easily soluble in water.
It has a molecular weight of approximately 550.

Vinsol resins, though not considered as cationic were included in this study
for comparison with the cationic chemicals. Vinsol Resin is manufactured from
residues obtained in the distillation process for turpentine!. Vinsol resin is a
complex organic resin, phenolic in nature. It contains carboxyl, phenolic hy-
droxy, and methoxy groups. The two Vinsol products used in this study are
Vinsol NVX and Pulverized Vinsol. The Vinsol NVX is water soluble, while
the Pulverized Vinsol is insoluble in water and should be used in the powder
form, as explained in Appendix B. The average molecular weights of Vinsol
NVX and Pulverized Vinsol are 470 and 450 respectively.
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APPENDIX B

PROCEDURES FOR PREPARING CHEMICALS FOR ADDITION
TO SOIL

The following procedures were determined as being the most desirable for
preparation of the chemical solutions and dispersions prior to incorporation in

_the soil (table II).

Procedure A.

The amount of chemical necessary to prepare a one liter volume of the con-
centration of chemical in water desired was placed in a 400 ml. beaker. Distilled
water, previously heated to 60°C or slightly above, was mixed with the chem-
ical until it was entirely dissolved or dispersed. The mixture was then washed
into a 1000 ml. volumetric flask and diluted with the heated water to 1000 ml.
To compensate for the change in volume due to temperature, it was calculated
that an additional 13 ml. of water was needed to have a volume of 1000 ml.
at room temperature.

Though there was little visible separation noticed in any of the physical
states prepared under this procedure, each container was vigorously shaken for
several minutes for complete dispersion of any separated paltlcles before being
used. .

Procédure B.

Each of the six chemicals for which this procedure was used are insoluble in
water in the form they are obtained from the chemical manufacturer. Upon
treatment with glacial acetic acid, in the amounts previously given in Appendix
A, the acetate salts formed are either entirely or partly water soluble. The
amount of acid needed was added slowly to the chemical with constant stirring.
This was continued until the temperature caused by the heat of reaction had
decreased sufficiently to permit the acetate salt to begin to thicken to its
normal room temperature status. The acetate salt was then placed in an air tight
contajner and allowed to stand overnight before being dissolved in water. The
remainder of the procedure was exactly that of Procedure A.

Except for the Crude Amine and Armeen Residue, the prepared solut1ons
were completely dissolved; as previously stated there is incomplete water
soluble acetate formation with the Crude Amine and Armeen Residue upon
treatment with glacial acetic acid. Therefore the insoluble material floated to
the top of the container after standing for a short time. Before each use, the
containers of these two chemicals were shaken vigorously to disperse the re-
sidual material.

Proced_ure C.

This procedure was recommended by the manufacturer. The chemical, as
supplied by the manufacturer, was placed in a large Erlenmeyer flask and was
diluted with an equal quantity of distilled water at room temperature. This
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mixture was stirred thoroughly, yielding a heterogeneous mass, allowed to stand
overnight, and with some additional stirring, yielded a homogeneous solution
which was then diluted to a 10 percent stock solution by the further addition
of water. The amount of stock solution needed for a desired concentration
was placed in a volumetric flask and diluted to 1000 ml. with distilled water
at room temperature. '

Procedure D.

The Pulverized Vinsol was received from the manufacturer as a powder and
required no further preparation before mixing with the soil. However, it was
necessary to pulverize the RAD Citrate to a powder form. The powders thus
preparéed were added to the soil in the manner described in the procedure
for mixing, ' -
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(Highway Research Board Proceedings 36: 736-754, 1957.)

ABSTRACT

Previously reported investigations of - the Iowa Engineering Experiment
Station have indicated the promising effects of a number of organic cationic
chemicals as stabilizing agents for Towa loess. From the standpoint of economic
feasibility and improvement of immersed compressive strength, moisture absorp-
tion and swelling, a quaternary ammonium chloride, known commercially as
Arquad 2HT, was considered especially promising.

A further evaluation of Arquad 2HT with calcareous silty loess and leached
clayey loess is presented. The chemical was added to the soils as a water
dispersion; for most tests a 3 percent concentration in water was used with the
silty loess and a 5 percent concentration in water for the clayey loess (0.47 and
0.85 percent of the dry soil weight).

Tests were made to determine the effect of Arquad 2HT on such soil properties.
as plasticily, moisture and density relationship, moisture and curing time relation-
ship, unconfined compressive strength, bearing capacity, and resistance to weath-
ering. Results indicate that:

1. Immersed -compressive strength depends to a. great extent on the type of
curing preceeding immersion. Air drying proved to be the best curing method.
- 2. Plasticity decreased. .

3. Maximum dry density decréased slightly in both soils, whereas the optimum
moisture content of the silty loess increased and that of the clayey loess
decreased. )

4. The soaked California Bearing Ratio increased and swelling decreased.

5. A considerable resistance to physical weathering was indicated.

On the basis of studies made and those reported by other investigators, a
theoretical intrepretation of the mechanism of soil stabilization with organic
cationic compounds is presented. Differential thermal analyses of the silty loess
treated with Arquad 2HT, both under normal and nitrogen atmospheres, are
evaluated.

INTRODUCTION

A means of treating the loess of Wisconsin geological age to make it suitable
for use as a road base course is of great importance because of a scarcity of
natural aggregates in Iowa and adjacent states. In recent years many methods of
soil stabilization have been investigated by the Iowa Engineering Experiment
Station with the foregoing objective in mind. One of the methods, organic
cationic stabilization, which tends to give the loess greater stability through
a chemical or molecular change in the surface characteristics of its clay, has
shown a definite promise. Previous research has shown that treatment with
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large organic cations increases a soil’s hydrophobic: (water hating) characteristics
and wetted strength® 7 8 10, 11, 12, 14
A preliminary evaluation study by the Iowa Engineering Experiment Station
of a number of organic cationic chemicals as stabilizing agents demonstrated the
superiority of several of the nineteen cationic chemicals used!?, Those designated
by the trade names Arquad 2HT, Arquad 2S, Armeen Residue, Armac T and
Crude Amine improved properties of the loess such as immersed compressive
strength, moisture absorption and swelling; they were considered worthy of
further study. One of them, Arquad 2HT, was particularly promising due to its
- commercial availability, economic cost in quantities used, and ease of preparation
and mixing with soil. IS S
The principal objectives of this investigation were: (1) to determine the best
curing conditions for the soil-Arquad 2HT mixture; (2) to determine the effect
of Arquad 2HT on such soil properties as plasticity, moisture-density relation-
ship, and moisture-curing time relationship; (3) to evaluate the durability and
bearing strength of the stabilized soils; and (4) to present a theoretical inter-
pretation of the mechanism of soil stabilization with organic cationic compounds
on the basis of studies made and those reported by other investigators.
Soils
‘Two samples of C horizon Wisconsin loess were used in this study to
represent the average extremes in property variations of the loess in western Iowa;
-silty soil 20-2I and clayey soil 44A-1 were chosen because of their similarity to
the friable calcareous loess and plastic leached loess (soils A and B)!2 (table I).

TaBLE 1. PROPERTIES OF WHOLE WISCONSIN LOESS SAMPLES

Soil - Soil
Properties - .20-21 44A-1
Physical Liquid limit, % - .o - 342 53.1
propertie ; Plastic. limit, % . ’ 26.2 25.7
Plasticity index, % 8.0 27.4
Shrinkage limit, % - 24.6 19.9
Specific gravity, 25°C/4°C - 2.71 2.72
Standard .Proctor density test: . .
Max. dry density, lbs/ft3 104.83 102.7
Opt. moist. content, % . 18.7 21.2
‘Chemical Organic matter, % : 0.17 0.37
properties Carbonates, % CaCOs 10.2 0 .
. Oxidation : oxidized oxidized
D 7.8 6.2
Cation exchange capacity, me./100g. 13.4° 24 .4*
Exchangeable cations, me./100g. '
Na 1.5* 1.3¢
K : -1.6* 1.3°
Ca o . 103°  2lg°
Textural Sand, % : 0.6 0.2
compositiont  Silt, % 80.6 58.0
Clay: Finer than 5u, % 18.8 41.8
Finer than 24, % 14.7 31.0
Engineering classification (AASHO) A—4(8) A-7-6(18)

® These values‘ are for soils A and B used by Hoover and Davidson (12) but
are not considered representative of soils 20-21 and 44A-1, respectively.
1 Sand—2.0:to 0.074 mm, silt—0.074 to 0.005 mm, clay—finer than 0.003 num.
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Attention is directed to the differencé in cation exchange capacity of the two
. soils; soil 44A-1 has almost twice the exchange capacity of soil 20-2I. The

predominant inorganic cations associated with the clay of both soils are calcium
(Ca*+). Montmorillonite is the predommant clay mineral of each soil. "

Chemicals -

Amines and quaternary ammonium salts constitute the greatest source of
organic cationic chemicals. The latter group are often described as being the -
organic counterpart of an ammonium salt. If the hydrogen atoms of ammonium
chloride (NH,Cl) are replaced by organic groups a quaternary, ammonium
salt exists: Arquad 2HT is a di-hydrogenated tallow di-methylammonium
chloride and falls into a group of fatty dialky]l dimethylammonium chlorides of
the followmg general formula (3) .

N . CH, .

R - N - CH,|| c1

R

It is easily dispersible in water for dispersions up to about 8, percent by weight
and is supplied as 75% active in isoproponal with an average molecular weight
of about 585. Arquad 2HT has been referred to by some investigators as DDAC
and is also commercially available under the trade mame Aliquat H226¢ Con-
centrations of Arquad 2HT in distilled water as used in this study are on a weight
basis of the material as supplied by the manufacturer and not on the active
Arquad 2HT contained in the supplied material.

Other organic cationic chemicals refered to in this report have been described

" - in a previous investigation!!.

Preparation of Soil-Chemical Specimens -

Unless otherwise described, soil chemical specimens’ were prepared in the
following manner: )

The amount .of chemical required for a desired water concentration was
heated until liquified, and then diluted to 1000 m]. with distilled water previously
heated to 60°C. After thorough mixing and cooling, an amount of the sub-
sequently formed dispersion, equal to the optimum moisture content of the raw
. soil, was added gradually to air dried soil while being mixed in a Kitchen Aid
" (model K4-B) mixer at moderate speed, supplemented when necessary by hand
mixing. Immediately after mixing, two inch diameter by two inch high specimens
were molded to near standard Proct01 density, and thelr heights and weights
measured in a mannér previously. descr1bed5 12, :

OPTIMUM CHEMICAL CONTENT :

A preliminary study was made for the purpose of determining an optimum - E

Arquad 2HT content for the soils used. The optimum for each soil was taken as
.. 56

-t



A\

the amount of chemical giving maximum unconfined compressive strength after
seven days air drying and 24 hours immersion in water. Seven days air drying
was found to be a reasonable length of time for the soil and Arquad mixture to
dry to an equilibrium moisture content. '

The data show that the air dry comprehensive strength of both soils decreased
with higher concentrations of the chemical (figure 1). (The data presented
are the averages of tests made on at least two specimens.) However, the im-
mersed compressive strength of silty soil 20-21 increased to an optimum at 3 per-
cent water concentration of chemical then tapered off, while the immersed
strength of clayey soil 44-Al increased to a leveling off point at about 5 percent
water concentration of the chemical. These concentrations represent 0.47 and
0.85 percent of the dry soil weight and each is equivalent to slightly less than
5 percent of the cation exchange capacity of soils 20-21 and 44A-1, respectively.
For ease of presenting the data gathered in this investigation, all chemical
quantities will hereafter be expressed as a concentration in water, though the
above relationships should be kept in mind.

CURING STUDIES

Since organic cationic chemicals introduced into a soil appear to maintain the
soil’s stability by establishing a hydrophobic condition within the soil, it was
considered probable that the strength of the soil and Arquad specimens would de-
"pend to a great extent on the type of curing used prior to testing. Though only a
small portion of the fourteen curing conditions investigated are likely to occur in
the field, it was anticipated that information could be obtained to assist in under-
standing the mechanism of soil stabilization with large organic cations. To study

4000¢— | | I T [ I i
Legend N _.
o—o Arquad 2HT with 20-21 soil —600
|‘ o-——o Arquad 2HT with 44A-1 soil
- U oo : — 500
. 30001 N 1 i
7 day air \ ) ) ‘7ddug4a:1r
. ried-
dried average 400 .e our
. immersed
unconfined
average

compressive 300

000
strength, Ibs. o

compressive
strength, Ibs.

200
1000 teo
| | l S R U l ._ :
o | 3 5 7 0 |1 37 5 7 0
Concentration of chemical in
water, percent by weight -

Fig. 1. Effect of amount of chemical on-average unconfined compressive

strength of soils 20-2I and 44A-1.
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various combinations of time, humidity, and temperature which might affect
curing, specimens treated with the previously determined optimum.amounts of
Arquad 2HT were subjected to the following curing conditions and then tested
for unconfined compressive strength after 24 hours water immersion:

1. No curing.

2. Curing at room temperature.

a. In open air of approximately 30 percent relative humidity.

b. In. a dessicator with approximately 65 percent relative humidity.

3. Moist curing in a moisture cabinet at 702=3° F and approximately 90 percent
relative humidity.

4. Curing at elevated temperatures.

a. In 110°F oven, wrapped.

b. In 160°F oven, wrapped.

c. In 160°F oven, unwrapped.

5. Combination heat and moist curing.

a. One and two days in 90°F oven, then moist cured in a moisture cabinet at
70=+:3° F and approximately 90 percent relative humidity, unwrapped.

b. Same as above except in 110° F oven.

c. Same as above except in 140° F oven.

d. Same as above except in 160° F oven.

The length of curing for each condition varied from 0 to 14 days prior to im-
mersion, except for the combination heat and moist curing. For this condition the
specimens were first cured at the specified temperature, then were placed in a
moisture cabinet for periods of 0 to 14 days followed by immersion for 24 hours.
Results

The curing study results (tables II, II1) indicate that:

TasLe II. EFFECT OF CURING METHOD AND CURING TIME ON IMMERSED
STRENGTH OF 20-2] SPECIMENS TREATED WITH 8 PERCENT WATER
. CONCENTRATIONS OF ArQuUAp 2HT.

: Immersed Compressive Strength, lbs.
Curing Method Curing Time, days

0 1 3 5 7 10 14
Air dry, 30% R.H.* 40 117 147 268 358 372 407
"Aid dry, 65% R.H. 20 45 45 55 67 70 70
Moist, 90% R.H. 20 40 52 65 65 65 83
110° F wrapped 20 62 75 77 70 83 100
160°F, wrapped 20 75 83 83 90 118 113
160°F, unwrapped 20 225 18 0 0 0 0
1 day, 90°F; moist, 90% R.H. 20 40 60 68 125 t t
2 days, 90°F; moist, 90% R.H. 20 834 58 87 120 ..
1 day, 110°F moist, 90% R.H. 20 260 255 247 247 250 242
2 days, 110°F; moist, 90% R.H. 20 93 2183 213 223 243 252
1 day, 140°F; moist, 90% R.H." 20 228 243 210 197
2 days, 140° F moist, 90% R.H. 20 20 182 183 178
1 day, 160°F; moist, 907 R.H. 20 220 205 235 250
2 days, 160°F; moist, 90% R.H. 20 45 200 195 193

® R.H. = Relative Humidity
t Not determined.



1. Seven days' air curing at 30 percent relative humidity was the best curing
method. Therefore, determination of the optimum chemical content after 7 day
air curing was considered as being justifiable.

2. The effect of length of curing was different with each method used, but was
more pronounced with air curing. Even with no curing, some immersed strength
was gained since untreated soil specimens disintegrated within a few minutes
after immersion in water. ‘

3. The change in relative humidities from 65 to 90 percent caused little variation
in the immersed strengths. '

4. Wrapped specimens cured at elevated temperatures of 110° F and 160° F
had immersed strengths slightly greater than those of specimens moist cured
at 70==3°F. It should be remembered that moisture was preserved in wrapped
specimens, and that the relative humidity inside the wrapping was at least as
high as that in the moisture cabinet used for normal moist curing.

5. Prolonged oven drying of unwrapped specimens at 160° F was extremely
detrimental to the silty soil specimens and caused considerable reduction in
strength of the clayey soil specimens.

6. The combination of one and two days oven d1y1ng at 90° F followed by
normal - moist curing resulted in low immersed strengths for both soils. The
strength values were about the same as those obtained by normal moist curing
only.

7. Drying at temperatures of 110° F, 140° ¥ and 160° F gave similar test results,
except that the 2 day drying at 140° F-and 160° F caused a reduction_in the
immersed strengths of specimens of both.soils. This strength decrease indicates
a critical moisture content-immersed strength relationship. Drying of the
stabilized soils to below this critical moisture content results in a reduction of

TasLe III. EFFECT OF CURING METHOD AND CURING TIME ON IMMERSED
STRENGTH OF 44A-1 SPECIMENS TREATED WITH 3 PERCENT WATER
CONCENTRATION 0¥ ArQuap 2HT.

Immersed Compresswe Strength, Ibs.

Curing Method : Curing Time, days

0 1 3 5 7 10 14
Air dry, 30% R.H. 40 117 147 268 358 372 407
Air dry, 65% R.H. 40 75 97 8 95 70 50
Moist, 90% R.H. 40 65 90 95 85 78 80
110°F, wrapped 40 100 115 97 105 100 130
160°F, wrapped 40 112 117 95. 105 123 150
160°F, unwrapped 40 202 122 130 80 60 82
1 day, 90°F; moist, 90% RH. .. 40 80 100 90 108 t t
2 days, 90°F; moist, 90% R.H. 40 72 92 68 75
1 day, 110°F; moist, 90% R.H. 40 222 245 153 117 315 200
2 days, 110°F; moist, 90% R.H. 40 278 388 228:.338 358 295
1 day, 140°F; moist, 90% R.H. 40 340 345 335 343
2 days, 140°F; moist, 90% R.H. 40 1380 343 272 287
1 day, 160°F; moist, 90% R.H. 40 320 277 225 215

2 days, 160°F; moist, 90% R.H. 40 83 265 203 262

* R.H. = Relative Humidity
1 Not determined.




immersed strength; dehydration of the stabilized soil by.normal moist curing is
highly benefieial after 1 to 3 days in a moisture cabinet.
8. The loss of strength below the critical moisture content may be caused by the
increase in air voids that accompanies any reduction of moisture. Below the
_eritical moisture value, the air void content may increase to such an extent that
during immersion, water not only enters the soil rapidly but also causes com-
pression of the air trapped within and. a consequent loss of specimen strength
(figure 2). o

The curing studies were performed with only one Arquad 2HT treatment of
each soil, the optimum treatment determined from the immersed strength of 7
day air dried specimens (figure 1) in the preliminary study. To determine the
effect of curing method on the optimum chemical content, unwrapped specimens
containing varying amounts of Arquad 2HT were cured one day at 140° F

3 A

Fig. 2. Heat cured specimens following 24
hours immersion in water,

T T T T T T T T
20-21 soil 44 A-| soil
500 N
24 hour 400~ e
immersed B
compressive 300 —~ .
strength, Ibs. -
200 .
100 o~——o Air dry curing “—
o—-—0 Heat-moist curing
o1 1 I L1 1 ! 1
0 | 3 5 7 I 3 5 7

Cohcentration in water, percent by weight

Fig. 8. Comparison of séven days air dry curing with heat moist curing
for various-céncentrations of chemical.
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followed by normal moist curing for 3 days. Strength results after 24 hours im-
mersion are compared with those from seven day air curing (figure 3). It will
be noted that for both methods of curing the optimum chemical concentration
in water is about the same; 3 percent for soil 20-2I and 5 percent for soil 44A-1.
There is an indication that 7 percent concentration might be slightly better than
5 percent for soil 44A-1, however, the viscosity of a 7 percent concentration is
such that the ease of mixing the chemical with the soils is greatly reduced.

Arquad 2S, another quaternary ammonium salt, when tested under conditions
exactly the same as described in the preceeding paragraph gave comparable
immersed strength results, indicating that treatments of Arquad 2S and Arquad
2HT have similar effects on both soils.

CONSISTENCY LIMITS

To determine the effect of Arquad 2HT on the consistency limits of the two
soils, soil-Arquad specimens were molded, air cured for seven days, then broken
and ground by mortar and pestle to pass the No. 40 sieve. The consistency limits
were then determined according to standard procedures (ASTM Designations:
D423-54T and D424-54T).

The plasticity of both soils was decreased by the addition of Arquad 2HT. The
amount of reduction increased as the amount of chemical in the soil increased
and reached an almost constant value at 3 and 5 percent concentration for soil
20-2I and 44A-1 respectively; further increases in chemical resulted in very
little change in the plasticity index of either soil.

Shown in table 1V are the results of the consistency limits for raw soils and for
specimens containing optimum concentrations of Arquad 2HT after subjection
to two curing conditions. It will be noted that the P.I. of clayey soil 44A-1 was
reduced to a greater degree than that of silty soil 20-2I while the shrinkage
properties of both soils were not changed to any appreciable extent by the

TasLe IV. Errect oF Curineé MerHOD ON CONSISTENCY AND DENSITY
PropPeERTIES OF RAW AND ARQUAD-TREATED SoOILS.

Soil No. 20-21 44A-1
Water .
Concentration 0 3 3 0 5 5
Arquad 2HT, %

Curing Air Air Heat- Air ~ Air Heat-
Condition Dried® Dried® Moistf Dried® Dried® Moist}
Liquid Limit, % 34.2 31.5 30.1 53.1 44.1 42.6
Plastic Limit, % 26.2 - 24.8 249 25.7 28.1 27.9
Plasticity Index, % 8.0 6.7 5.2 274 16.0 14.7
Shrinkage Limit, % 24.6 242 24.2 19.9 19.9 17.1
Shrinkage Ratio 1.64 1.67 1.67 1.81 1.81 1.83
Max. Std. Proctor

Density, pcf. 104.3 101.0 ... 1027 0 100.2
Optimum Moisture
at Std. Proctor - 18.7 19.5 o 21.2 19.5

Density, %

? Seven days air drying at room temperature,
t One day at 140°F, 6 days moist curing at 90% relative humidity.
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" Arquad treatments. Also, the curing method affected the liquid limit and P.1.
of both treated soils, being lower with heat-moist curing than with air drying.

‘MOISTURE-DENSITY RELATIONSHIP

Standard Proctor moisture density relationships (ASTM Designation: 1D698-
49T) of raw and Arquad 2HT treated soils are compared (figure 4, table IV).
There was a slight decrease of the maximum dry density of both soils when
treated with the chemical; however, the optimum moisture content of the silty
soil was slightly increased, and that of the clayey soil was slightly decreased.
From these results, it seems permissible to use the optimum moisture content
of the raw soil as a basis for estimating the amount of chemical and water
dispersion to be added to the soil in preparing test specimens.

MOISTURE CURING TIME RELATIONSHIP

To compare the effect of curing on the moisture content of raw and
optimum Arquad 2HT treated soil specimens, a check was made on moisture
variation during air drying and during heat moist curing (one day at 140° F
followed by 6 days normal moist curing). Moisture determinations, expressed
as a percentage of the moisture content at the time of molding, were made at
12 hours and at 1, 3, 5, and'7 days from the time of molding (heat moist cured’
specimens were also checked at 4 and 8 hours). The same specimens were then
immersed in water, and moisture determinations, expressed in the same manner,
were made at 4 and 8 hours, and at 1, 3, 5, and 7 days after immersion (figure 5).

Only slight differences could be detected in rate of moisture loss between
raw and stabilized soils. The moisture content of heated specimens was re-
duced to 7 or 8 percent of their optimum moisture content in 24 hours. After

103 20-2Isoill T T T TT T T T TgaqA-1soil

104
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101~
Dry

density,
pcf 89—
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Fig. 4. Comparison of moisture density relationship of raw and
stabilized soils. -

62




placement in the moisture cabinet for 6 days, they had regained moisture up to
22 and 34 percent of the optimum moisture contents of the- silty and clayey
soils, respectively. After immersion, the moisture contents of both soils increased
rapidly for the first day but then began to level off. Because of partial satis-
faction of their affinity for moisture during the moist curing period, specimens
cured in this manner absorbed less moisture during 7 days immersion than did
specimens previously air dried for 7 days, indicating that elevated (140° F)

o0 Row soil, air dry ! I [ 1 |
&—aA 3% Arquod 2HT, air dry
&—-—f 3% Arquod 2HT, heat-moist curing

Air dry

100

l-—lmmersion—-l
\}-— Moist cured

Heat cured

1
|
50 [ | 5 pe——b T
- _/A'

l -
B -

Moisfure content, N > 20-21 soil
Percent of A |
optimum moisture o—0 Raw soil, air dry 1

content

100

50

&——=A 5% Arquad 2HT, air dry
&—-—A 5% Arquad 2HT, heot-moist curing

|
|
|
|
l

'\/' 44A-1 soil
| L [ l
0 | 3 S 7 1 3 5 7

Total curing time, days
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Fig. 5. Moisture curing time curves for raw and stabilized soils.
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temperature dufing curing does not destroy the waterproofing characteristics
of Arquad 2HT.

BEARING AND DURABILITY STUDIES

To further evaluate Arquad 2HT with the two soils on a basis which might
be indicative of its field performance, bearing and durability tests were made.

California Bearing Ratio

C.B.R. tests were performed on uncured, unsoaked samples at standard
Proctor density, and on uncured, 4 day soaked samples, using U.S. Corps of
Engineers procedures?. Samples containing optimum amounts of Arquad 2HT
were compared with raw soil samples (table V). A definite improvement was
observed in the soaked strengths of the Arquad-treated soils and swelling was
cut in half. It should be noted also that the treated soils gained strength during
the soaking period, an indication of a benefit from moist curing that did not
appear in the unconfined compression tests of the curing study. .

Towa Bearing Value
In some respects the Iowa Bearing Value test is a miniature CBR test. It

has been developed at the Iowa Engineering Experiment Station and has been
correlated with C.B.R.

Preparation and testing of 1.B.V. specimens. Two inch diameter by 2 inch
high cylindrical specimens molded to near standard Proctor density in 2 inch
diameter by 5 inch brass molds are used. The specimens are retained in the
molds during curing and testing. A 5/8 inch diameter rod is penetrated into the
specimen at 0.05 inch per minute. The load readings, in pounds, at penetrations
-of 0.1 and 0.2 inch were taken as relative measures of the bearing strength of the
soil,

For each soil, specimens were molded, air cured, and tested in the cured,
unsoaked, and cured, 48 hour immersed conditions. Air curing was for 0, 3, and
7 days following molding. During immersion, 500 gram surcharges were kept
on the specimens and measurements of swell were made. Specimens of raw soil
were compared with specimens containing optimum amounts or Argquad 2HT.

TasLE V. Errect oF ArQuap 2HT oN CALIFORNIA BEARING RATIO OF
SorLs 20-21 aAnp 44A-1

20-21 44A-1
8% 5%
Raw Arquad 2HT Raw  Arquad 2HT
Ue St U S U S U S

C.B.IR. at 0.1 in. ’
penetration, % 177 25 18.5 25.6 45 2.0 5.0 10.0
C.B.R. at 0.2 in. . .
penetration, % 28.2 5.2 30.0 384 6.0 2.8 72 1338
Swell, % of
original height .. 05 .. 02 .. 08 .. 04

* Unsoaked condition.
1 Soaked for 4 days.
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Results. Test results are shown in table VI. Three and 7 days of air curing
prior to 48 hours immersion were extremely beneficial. Both the unsoaked and
the immersed strengths of treated specimens increased approximatly 130 percent
at 8 days air curing, and 400 percent at 7 days air curing, again indicating the
essential role of curing in the effectiveness of soil‘organic cationic chemical
stabilization. The beneficial effect of the chemical treatment may also be seen
in the reduction of swelling; 3 days air drying, in the case of the silty soil, caused
the swell to decrease to the point where it was immeasurable.’

Durability Tests

Method of test. The procedure used in this study for evaluating the resistance
of Arquad 2HT treated soils to cycles of freezing and thawing and wetting and
drying was as follows:

1. Two inch diameter by 2 inch high specimens were molded to near standard Proctor
density using water concentrations of Arquad 2HT previously determined as being optimum
for each soil.
2. Specimens were air cured at room temperature for seven days.
After curing, the procedure for freeze-thaw evaluation was:
a. Immerse specimens in distilled water for 2 hows.'
b. Remove specimens from water bath and place on soaked felt pads to maintain capillary
absorption.
c. With specimens on pads, place in deep freeze at —10° F for 23 hours.
d. Thaw in open air at room temperature for 2 hours.
e. Place thawed specimens in a moisture cabinet at approximately 70° F and 95 percent

TasLe V1. EFrecT oF ArQuap 2HT on Iowa Brarine VALUE oF Sows 20-21 anp 44A-1

Soil  Concentration Length of  Specimen Iowa Bearing Value, Ibs. Swell
Arquad 2HT air Condition 0.1 in. 0.2 in. %
% curing, pen. pen,
days
uU* 84 133
20-21 0 0
St 40 62 0.8
U 88 155 .
3 0
S 71 100 0.4
U 208 312 .
3 3
S 134 208 0
U 424 800 .
3 7
S 227 376 0
U 33 45
44A-1 0 0
S 19 22 1.8
U 72 96 ..
5 0 .
S 51 56 0.9
U 185 244 ..
5 3
S 81 129 0.9
U 310 574 ..
3 7
S 135 216 0.9

® Unsoaked, in the desired curing condition.
1 Soaked for 48 hours following the desired length of curing.
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relative humidity for 23 hours. This constituted the end of the first cycle. Each suceeeding
cycle was a repetition of steps ¢ through e.

Three specimens of each soil were tested for unconfined compressive strength following
"1, 8, 5,7, 10, and 12 cycles of freezing and thawing.

After curing, the procedure for wet and dry evaluation was:

a. Immerse specimens in distilled water for 24 hours. This ended the first cycle.

b. Air dry specimens at room temperature for 24 hours.

c. Immerse specimens in distilled water for 24 hours. This ended the second cycle. Each
succeeding cycle was a repetition of steps b and c. .

Three specimens of each soil were tested for unconfined compressive strength following
1, 8, 5, 7, 10, and 12 cycles of wetting and drying.

Results. In addition to strength determinations, a visual examination of the
specimens was made after each cycle. Following the sixth cycle of freezing and
thawing, surface foliations appeared and steadily increased with each succeeding
" cycle, while vertical cracks began to appear after the sixth cycle of wetting and
drying, though all specimens maintained their original shapes.

Freezing and thawing was much more detrimental to the Arquad-treated
specimens than wetting and drying (table VII). Each cycle of either test
caused a decrease in the unconfined compressive strengths, with the exception
of wet and dry cycles with the silty soil; its strength steadily increased up to

10 cycles but began decreasing slightly at 12 cycles.

DIFFERENTIAL THERMAL ANALYSIS STUDY
Preparation of Samples
Samples of soil 20-21 were prepared at optimum moisture content with a
high percentage water concentration of Arquad 2HT. An equal amount of
chemical dispersion was also added to a sample of St. Peter sand. After
mixing, all samples were allowed to come to equilibrium’ in an atmosphere con-
trolled at 50 percent relative humidity for two weeks prior to testing.

Results

Differential thermal analysis has been shown to be a useful tool for study of
clay organic chemical complexes in soils!®. In differential thermal analysis, a
sample is heated at a linear rate and the thermal reactions in the sample are
recorded. In figure 6 the initial downward peak at about 100° C indicates the
endothermic reaction of adsorbed water being driven from the clay. The next
two curves show a reduction size of this peak due to treatment by Arquad 2HT.

TasLe VII. ErrEcT oF FREEZE-THAW AND WET-DRY CycLEs oN UNCON-
FINED COMPRESSIVE STRENGTH OF ARQUAD 2HT-TREATED SOIL SPECIMENS.

Unconfined Compressive Strength, lbs.

No. Freeze-thaw ‘Wet-Dry
of Soil 20-2I, 3% Soil 44A-1 _ Soil 20-21 Soil 44A-1
Cycles Conc. Arquad 5% Conc. 3% Conc. 5% Conc.
2HT Arquad 2HT  Arquad 2HT  Arquad 2HT
1 200 510 190 300
3 200 305 178 169
5 128 182 207 195
7 90 52 220 150
%g 60 63 235 135

60 60 230 130
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In samples run in an oxidizing atmosphere (third and fourth curves), the
organic material oxidizes in a drawn-out exothermic reaction between 250
and 550° C. The reaction with sand shows a definite double peak.

A significant observation from thermal analysis study of Arquad 2HT is
the lack of any delayed exotherm related to breakdown of the clay at around
600° C. Treatment of soils or clays with some organic chemicals results in a
delayed exotherm believed caused by carbon adsorption on the clay!. When the
clay structure breaks down, the carbon is released and burned. These reactions
have been observed with the loess samples studied, If the interpretation is
correct, the breakdown of Arquad apparently does not leave any such residual
carbon attached to the clay. S

A second factor in thermal breakdown of Arquad treated soil is the effect
on the breakdown of calcium carbonate in soil. Thermal analysis of the natural
soil gives a large, sharp endothermic peak starting at about 700° C and con-
tinuing to about 850° C. In thermal analysis of Arquad treated soils the car-
bonate reaction assumes a lower temperature, more rounded endotherm. At
first it was believed that the Arquad might be acidic and react with the
carbonates on mixing with soil. However, pH checks by titration and a measure-
ment of CO, gas release from treated soil failed to verify this. Perhaps one of
the high-temperature breakdown products from Arquad may be adsorbed on
and catalyze the thermal decomposition of the soil carbonates.

T T T T T_ T T 1

Raw 20-21, nitrogen atmosphere

20-2I, 7% concentration Arquad

Differential

femperafure 20-2I, 7% concentration Arquad

2HT - without nitrogen

St. Peter sand, 7% concentration Arquad

’

I | | I I | | | :
[} 200 400 600 800 1000

Temperature, °C

Fig. 6. Differential thermal curves of samples containing a quaternary -
ammonium salt,
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In summary, it can be said that differential thermal analysis offers additional
evidence for water-proofing of soil by organic cationic chemicals. Organic
cations are preferentially irreversibly adsorbed and are substituted for water
on clay, but the bond is not strong enough to retard later burning of the organic
chemicals. Other observed high temperature thermal reactions appear to-be
related to thermal disintegration of the organic chemicals and may have no
direct bearing on soil stabilization.

THEORETICAL INTERPRETATIONS

The resistance of soils to external forces is due to friction between the solid
particles and the cohesion furnished by films of moisture covering these particles.
When such a film thickens it performs as a lubricant, reducing the friction be-
‘tween adjacent particles and consequently diminishing the resistance value.

The clay-size material of both soils used in this work was predominantly
montmorillonitic. Petrographic studies have shown that the clay occurs mainly
as coatings on larger soil grains; in the more clayey soil, clay also occurs as
separate aggregates’. Montmorillonitic minerals are among the most active com-
monly found in soil clays. Particles of montmorillonite -are made up of flake-like
crystal units composed of two silica sheets with an alumina sheet tenaciously
held together by mutually shared oxygen atoms. The three layer structural
units themselves, however, are so loosely held together that the crystal lattice
is often bellows-like and expands and absorbs water readily. The strength of
this bond and the amount of expansion and hydration depend to a large extent
on the strength of the kind of cation present. The natural cation in the two soils
used is calcium, which gives an aggregated, moderately hydrating and expanding
clay. Complete substitution of organic cations for calcium would reduce the
expansion and hydration to zero. Part of this effect is due to the water repellancy
of the cationic Arquad 2HT once its charge is neutralized on the negative clay
surface.

Arquad 2HT had waterproofing effects on the two soils. Stirring of properly
treated soil in water does not result in a mud, but in a mass of water stable
aggregates as in the lower photo (figure 7).

Based on experimental evidence, the possible mechanism of Arquad 2HT as a
soil stabilizer may be summarized as follows: '

Cation exchange and ease of mixing.

‘1. Mixing of water with soil is greatly facilitated if an agent is added to lower
the surface tension of the water. Arquad 2HT is such an agent.

2. During or after mixing a cation exchange reaction takes place between the
clay particles of the soil and Arquad 2HT. The cation exchange has the
following effects: g

a. Large organic cations tend to flocculate clay by reducing the clay surface
charge. Flocculated clay has a lowered ability to take up water. It is also easier
to mix.




b. In the amounts used, Arquad 2HT cations also partially coat the clay
surfaces with a moisture repellant film. Such coated clay surfaces have little or
no affinity for water.

Strength

1. The strength of soil aggregates depends in part on the structure and thick-
ness of moisture films binding the particles. Usually the thinner the film the
better the binding. For example, the strength of natural soil aggregates is
usually greatly increased by air or oven drying because of the decrease in
thickness of water films. Immersing such a soil in water usually results in
thickening of the water films, destruction of the aggregates and reduction of the
soil to a mud.

2. The water stability of aggregated soil is greatly increased by waterproofing
actions of Arquad 2HT (figures 8 and 9).

Fig. 7. Aggregate effect of Arquad 2HT on
silty (left) and clayey (right) loess.
Above: untreated loess in water. Below:
optimum treated loess stirred in water.
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3. However, because of the partial coating and waterproofing of clay particles
by Arquad 2HT, binding by water films is decreased, and the strength of the
air dry soil is decreased. Therefore, Arquad 2HT treatment of soil causes an in-
crease in wet strength and a decrease in dry strength. It follows that in general
the greater the amount of Arquad 2HT used the lower the air dry strength.

4. A certain minimum amount of Arquad 2HT is necessary for effective
waterproofing. This amount is often an optimum; if Arquad 2HT is used in
excess of this amount the strength of the water-stable aggregates may be
decreased for the reason stated above.

S - ' v
A% ‘-'9_’
Fig. 8. Ph?tomiCI'ograph of 20-21 soil. At left, raw soil. At right, air dry stabilized
soil.

Fig. 9. Photomicrograph of 44A-I soil. At left, raw soil. At right, air dry stabil-
ized soil.
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»CO'NCLUSI-ONS
Curing - ' T S ' ,
Immersed oompresswe strengths of Arquad 9HT tleated soils depend to a .
"large degree on the ‘curing. treatment. These variations suggest a change in the
. disposition of the soil water and of the Alquad 2HT ions. The 1elat1ons are as -
follows: . , :
1. During air drying, treated soﬂs lose. water and gam stlength (tables II 11X aml o
figure 5), at about the same rate as untreated soils. - '
2. The gain in strength of Alquad 2HT treated soils on d1y1ng is plobably due
to reduction in thickness of the moisture films. Curing in a hurmd atmospherer
gives a lower stlength gain. ;
3. Heat treatments show that an optlmum cleg1ee of d1y1ng -exists, Ove1d1y1ng,
which sometimes. occurs for natural soils in hot, climates and is referred. to
as dessication, causes such.a decrease in water and an increase in air voids that -
sudden rewetting ¢auses compression of the airand disruption of the specimen
to occur (figure 2) and loss of strength, With Arquad 2HT treated soils this -
‘was observed after oven drying at 140° F and 160° F. However, wrapping of
" oven-cured specimens to prevent drying gives strength results apploxunatlng
those obtained by moist curing at room temperatures.

- 4. Treated soils show asatisfactory \recovery from oven- drylng 'if. thev are

subsequently aged in a humid-atmosphere before immersion and testing. These
moist cured strengths-are much higher than those obtained without preliminary
drying, showing that drying is 1nst1umental in obtaining a better arrangement of
water films. - ; :

Effects of Arquad 2HT treatment on engmeerm properties

1. Arquad 2HT reduces the plasticity index -of soils p1obab1y by flocculatmU
and partially Waterp1oof1ng the clay. Preliminary oven . drymg increases this
effect. - : ’
2. Arquad 2HT treatment, like lime, results in flocculatlon of the clays in a.silty
soil, giving a poorer gradation and lower compacted densities with the same
compactwe effort. The optimum moisture content’is not greatly affected.

8. California Bearing Ratio tests show a substantial increase in soaked bearing -
strength ‘after additions of Arquad 2HT. Iowa Bearing Value tests run on
treated soils show further very large increases in- both dry and soaked bearmg
strengths after air curing. ’ ,

4. Data from unconfined compresswe strength tests show that Arquad 2HT
treatments decrease the cohes1on in" air dry soil. Data from the bearing tests
indicate that’ Arquad 2HT treatments may increase the angle of internal frictiot.

5. Freeze thaw tests and wet dry tests on air cured Arquad 2HT treated speci-
mens show a considerable 1e515tance to physical weathering. The. resistance of
untreated soils is zero. . :
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MINIATURE TRIAXIAL SHEAR TESTING
OF A QUARTERNARY AMMONIUM CHLORIDE

STABILIZED LOESS

by
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J. V. Roegiers, Student

(Towa Academy of Science Proceedings 65: 323-331. 1958.)

INTRODUCTION

Compressive bearing characteristics of a stabilized soil may be determined
by several methods, in each of which the soil specimens are loaded to failure.
The resistance to failure of the stabilized soil depends on the maximum
cohesion and internal friction between the soil particles after compaction. The
triaxial shear test is employed to measure these two soil properties. In most
highway base and sub-base design problems, or in any similar soil foundation
study, the capacity of the underlying soil to withstand and support vertical
and/or lateral forces is directly related to the cohesive and frictional forces

present in the soil mass.

The purpose of the investigation was to determine the effect of a quaternary
ammonium chloride soil stabilizing agent on the cohesive and frictional prop-

TAnLE I. PROCERTIES OF WHOLE WiscONSIN LOESS SAMPLE

Physical
properties

Chemical
properties

Textural
composition®

Properties

Liquid limit, %
Plastic limit, %
Plasticity index, %
Shrinkage limit, %

Specific gravity, 25°C/D°C
Standard Proctor density test:
Max. dry density, lbs/ft3

© Opt. moist. content, %

Organic matter, %
Carbonates, % CaCOz
Oxidation

pH

Cation exchange capacity, m.e./100g.
Exchangeable cation, m.e./100

Na
X -
Ca
Sand, %
Silt, %
Clay: Finer than 5u, %
Finer than 2u, %

Engineering classification (AASHO)
° Sand—2.0 to 0.074 mm, silt—0.074 to 0.005 mm, clay-finer than

0.005 mm.
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Soil
30.8
24.6
29,
71

108.4
18.0

0.17
10.2
Oxidized
8.7
13.4
1.5

1.6
10.3

1.4
78.8
19.8
16.0

A—4(8)

PO
100 o




erties of a sample of western Iowa loess. A miniature triaxial shear testing
apparatus, developed by the Iowa Engineering Experiment Station Soil Research
Laboratory was used for the investigation.

MATERIALS

A sample of friable, calcareous, C horizon Wisconsin loess from Harrison
County, Towa, was used. X-ray diffraction analysis indicated that montmorillonite
was the predominant clay mineral in the loess sample. Calcium was the pre-
dominant cation associated with the loess clay (table I).

Chemical : :

The quaternary ammonium chloride stabilizing agent used in this study is
known commercially as Arquad 2HT?' 2. It is an organic cationic chemical that
will retain its surface activity at either high or low pH and is not precipitated
by calcium or magnesium hardness in water. Arquad 2HT is a di-hydrogenated
tallow di-methylammonium chloride which is easily dispersible in water up to
about 8 percent by weight and is normally supplied by the manufacturer as 75
percent active in isopropanol. It has an average molecular weight of about 585
and has the following general structural formula:

CH, ' )

R—N—CH3 Cl

R

Preparation of chemical. Previous research has indicated that preparation of the
chemical in a water solution is desirable prior to its incorporation in the soil#587,
Six water concentrations of the chemical were prepared; 0, %, 1, 2, 3, and 5
percent by weight, The relationship between chemical concentration in water,
percent by dry weight of soil, and percent saturation of cation exchange
capacity for each water concentration of chemical used with the loess was
determined (table II). ,
The quantity of chemical needed for one liter of the desired concentration was
TaBLE II. RELATIONSHIP BETWEEN CHEMICAL CONCENTRATION IN

‘WATER, PERCENT DRY WEIGHT OF SOIL AND PERCENT SATURATION
or CATION ExcHANGE CAPACITY FOR FRIABLE LOESS AND ARQUAD

2HT. .
Concentration Concentration of Percent saturation of
of chemical in chémical in soil, soil cation exchange
water, percent percent of dry capacity
by weight weight of soil

0 0 0

% 0.08 0.8

1 0.16 1.6

2 0.32 3.2

3 0.49 4.7

5 0.81 7.8
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placed in a beaker of adequate size and then was-diluted with a small quantity
of distilled water heated to 60° C. After the chemical was entirely dispersed, the
mixture was washed into a 1000 ml volumetric flask and was again diluted with
the heated distilled water to 1000 ml. An extra 13 ml. of heated water was also
added to compensate for the volume change of the mixture between 60° C and
room temperature. The mixture was allowed to cool to room temperature before
being mixed with the soil.

METHOD OF TESTING

The quantity of chemical solution necessary for standard optimum moisture
content was added to-the loess which had been air dried and passed through
a No. 10 U.S. Standard sieve. Mixing was done in a Hobart model C-100 mixer
at moderate speed for two minutes.

Molding . ‘ ,
Six 1.312 inch diameter by 2.816 inch high cylindrical specimens were molded
for each combination of soil and chemical concentration evaluated. The Harvard
Miniature Compaction Apparatus® was used for molding. Each specimen pro-
duced in this apparatus is molded in two equal layers with ten 40 pound tamps
per layer using a half inch diameter spring scaled rod. A compacted sample at
approximately standard Proctor density results.
Curing .
Six specimens of each soil chemical combination were cured under each of the
following conditions: '
no curing; 1 day air dry;
3 day air dry; 5 day air dry;
7 day air dry; and : 5 day air dry, 24 hours immersion in
- distilled water.

Testing -

Following the various curing periods, the cohesion, the angle of internal
.friction, and the modulus of compression of the stabilized soil for each combi-
nation of curing and concentration of chemical were determined by the miniature
triaxial shear testing apparatus (figure 1).

The soil specimen is placed in a thin rubber membrane and sealed inside the
plexiglass cylinder where it is subjected to constant lateral and dynamic
axial stresses. In the triaxial compression test a liquid is ordinarily used to
obtain lateral or minimum principal stresses®. With the ILE.E.S. apparatus
compressed air is substituted for the liquid and is applied by a tire pump at-
tached to the hose. Constant air pressures of 10, 20, and 30 pounds per square
inch were used and were. checked by the air pressure indicator at the base of the
apparatus.. At each of the three lateral pressures duplicate specimens for each
curing condition and chemical concentration were run and the results were
averaged. A constant rate of vertical or maximum principal stress was applied
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to the sample through the loading piston and was maintained until failure had
occurred. Deformation of the sample was observed through the strain dial
mounted on the loading piston. Applied loadings were read and recorded at
each 0.01 inch of deformation.

DISCUSSION
No attempt was made to determine exactly the shearing resistance of each
chemical treatment. The general effects that each treatment had on the shearing
resistance through changes in the modulus of compression, internal friction
angle and cohesion were noted.

Fig. 1. Towa Engineering Experiment Station Miniature Triaxial Shear
testing apparatus.
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Modulus of Compression

Loading of a specimen during a triaxial compression test produces a fairly
constant ratio of unit stress to unit strain. In the early stages of the test a
straight line relationship is shown in a graph of these two properties. After that
the unit strain increases at a faster rate than the unit stress. The relationship
of stress to strain in the straight line portion of the curve is measured as the slope
of the secant line most nearly coinciding with this portion of the curve, and is
designated as the modulus of compression. It is a property of soil similar to the
modulus of elasticity of other engineering materials. Because soil is not elastic
in the ordinary sense, the modulus of compression is only applicable during
loading phases and does not apply during unloading. As the slope of the stress
strain curve increases, the modulus of compression decreases indicating a greater
degree of shearing resistance.

The data show that the modulus decreases considerably as the length of air
drying increases for each chemical concentration (table III). Five day air
drying appears to give about the minimum modulus. Five day air drying followed
by 24 hour complete immersion in distilled water increases the modulus above
that obtained by five day air drving only. However, at two and three percent
chemical concentration, the modulus is about one-half that with no curing. This
would indicate a maximum chemical benefit to the soil specimens within this
range of chemical concentration and with at least five days air drying. A separate
study of moisture loss versus length of air-drying gave maximum moisture losses
at about five days; after five days air drying no appreciable loss in weight oc-
curred.

Cohesion and Internal Friction

Shearing resistance S for a soil specimen subjected to the triaxial compression
test is assumed determinable by the Coulomb equation, S=C -+ N tan ¢ in
which C is a constant called the cohesion, N is the stress normal.to the failure
surface developed in the specimen, and ¢ is the angle of internal friction. The
values of C and ¢ are as[sumed entirely independent of the state of stress which

TasrLe III. ErreEcT oF VARIATION OF CHEMICAL CONCENTRATION IN
Water AND LENGTH OF AIR CurING ON THE MopurL: oF COMPRESSION
FOR ARQUAD 2HT StaBILIZED LOESS.

i

Moduli of compression for stabilized soil mixtures
in Ibs/in2/ in x 10— for chemical concentration
in water® shown below.
Curing Method 0% 5% 1% 2% 3% 5%

o

No curing 2.23 2.20 1.30 1.88 1.93 1.30
1 day air drying 0.42 0.20 0.21, 0.58 0.22 0.35
8 day air drying 0.16 0.12 0.18 0.15 0.18 0.31
5 day air drying 0.13 0.11 0.14 0.12 0.14 0.22
7 day air drying 0.11 0.11 t t 1. t
5 day air drying and i 4 1.87 1.00 0.80 2.30

24 hour immersion.

* Percént by weight of total solution.
t No specimens were molded for these concentrations.
1 Specimens failed during immersion.
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precedes failure of the soil specimen. Because of this assumption; the interpreta-
tion of a triaxial test on the basis of the foregoing equation is different for
different soils. Also, the results may be slightly erratic within the same soil. It
may further be assumed on the basis of the Coulomb formula that an increase
in cohesion and friction angle will in turn result in an increase in shearing
resistance of a soil specimen.

A graphical solution, known as the Mohr diagram, is used to determine the
cohesion and internal friction angle of the tested soil specimen (figure 2). Using
| the difference between the averages of the total vertical stress at failure and the
' lateral stress on the specimen, a semicircle is drawn; the three semicircles repre-

senting the failure stress at each of the three applied lateral stresses. A line
tangent to each of the semicircles is a locus of points representing failure of the
stabilized soil and is a graph of the Coulomb equation. The slope of this line
from the horizontal is the angle of internal friction and the intercept of the line
on the ordinate of the graph is the cohesion.

With each chemical concentration air drying in general increases both internal
friction and cohesion due to a decreasing thickness in the water films between the
soil particles (tables IV, V). In general the chemically treated soil specimens -
increase to a maximum angle of internal friction at three to five days air drying.
Also the friction angle tends to decrease with increasing chemical concentration.
With five day air drying and twenty-four hour immersion, the friction angle in-
creases to a maximum at about two percent chemical concentration.I

Shearing Stress-S

—

Lateral Stress

TT
A

Vertical Stress at failure

‘- Normal Siress—N : '

Fig. 2. Sample components of a Mohr diagram. .
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" Tasre IV. EFFect oF VARIATION OF CHEMICAL CONCENTRATION IN
WaTER AND LENGTH OF AR CURING ON THE ANGLE OF INTERNAL
Fricrion For ArQuap 2HT StaBiLizep LoEss.

Angle of internal friction for stabilized soil
mixtures in degrees for chemical concentration
: - in water® shown below.
Curing Method 0% 1% 1% 2% 3% 5%

No_ curing 15.0 23.5 17.5 21.0 24.5. 125
1 day air drying 48.0 37.5 29.0 35.0 34.0 25.0
3 day air drying 44.0 42.0 39.0 30.0 37.5 41.0
5 day air drying 39.0 41.0 42.0 15.5 38.0 = 345
7 day air drying 45.0 39.0 1 t t t

day air drying and 1 1 21.5 42.0 29.0 20.0

24 hour immersion

* Percent by weight of total solution.
t No specimens were molded for these concentrations.
1 Specimens failed during immersion.

TaBLE V. E¥rEcT OF VARIATION OF CHEMICAL CONCENTRATION IN
WATER AND LENGTH OF AR CURING ON THE COHESION OF ArQuap 2HT
StaBiL1zED LOESS.

Cohesion of stabilized soil mixtures in 1bs/in2
for chemical concentration in water® shown

below., -

Curing Method 0% %% 1% 2% 3% 5%
No curing 12.2 6.5 15.8 8.0 8.0 13.0
1 day air drying 18.00  82.0 98.0 27.0 27.5 37.0
3 day air drying 100.0 132.0 1385.0 1150 123.0 37.0
5 day air drying 130.0 156.0 1150 2000 117.0 . 66.0
7 day air drying .125.0  185.0 t + t ¥
5 day air drying and i 1 20.5 8.0 25.0 25.0

24 hour immersion

* Percent by weight of total solution.
+ No specimens were molded for these concentrations.
tSpecimens failed during immersion.

The apparent cohesion produced in the chemically stabilized specimens
shows trends similar to those observed with the friction angle. The maximum
benefits appear around two percent chemical concentration with five day air dry-
ing and at about three percent concentration with five day air drying, twenty-four
hour immersion. The latter being substantially lower than at the former but also
better than three times greater than that with no curing. It must be pointed out
that twenty-four hours complete immersion in water is an extremely severe test
with the small specimens used in this study and that all untreated specimens
failed completely within several minutes after immersion.

CONCLUSIONS

When combined with about two percent water concentration of Arquad 2HT,
compacted to approximately standard Proctor density and air cured for five days,
the cohesion and angle.of internal friction of the friable loess were increased.
Similar combinations produced a reduction in the modulus of compression of the
- loess. By means of the waterproofing effects of Arquad 2HT, the three soil
propetties studied in this investigation- were improved. The Arquad 2HT would
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probably improve the bearing capacity and shearing resistance of the 16ess under
load if proper curing could be attained. Such benefits may also improve the
adaptability of Arquad 2HT-soil mixtures as a possible supporting medium for
highway surfaces.
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_ INTRODUCTION
The increasing application of the principles of soil stabilization in the con-
-struction "of highways, city streets, and airfields in the United States has been-
due largely to two factors. First, in many areas the supplies of economically

available gravel and crushed stone suitable for pavement construction have been

or are nearly depleted; second, the rising costs of construction have forced the
use of locally available soil materials in.increasing, quantities.

The term bituminous stabilization in use at the present time covers the gloup
of processes in which soils or soil-aggregate mixtures are stabilized by the addi-
tiori of cut-back asbphalts, residual oils, emulsified asphalts, or road tars. The
main application of bituminous stabilized soil is in the construction of bases.

Bituminous materials may also be used as admixtures to improve subgrade

supporting strength. A minimum base thickness of 6 to 8 inches has been common
pragtice, and a bituminous wearing surface is usually needed to protect the
" base from the abrasive effects of traffic. Somé of the important information
needed for the design and construction of soil-bituminous bases' are thie amount,
the kind, and the grade of bituminous mateérial-to be used. Laboratory tests are
commonly used for preliminary evaluations of the many different possibilities.

REVIEW OF PREVIOUS WORK

,Development of Bituminous Soil Stabilization . o

The wide interest in bituminous soil stabilization stems from the economiic
availability of bituminous materials in many parts of the world. A review of the
large volume of published information on the subject of bituminous soil: -
stabilization leaves the.reader with the impression that the method is still in
its infancy, though it is one of the older and more widely 'used methods of soil
stabilization for highways.

Bituminous stabilization. is largely conhned at the plesent time to non-plastic -

and feebly plastic granular soils such as. gravels, sahds, and soﬂ-aggregate
mixtures® 23-27. 35 44 Where economically. possible, sufficient quantities of
granular borrow matenal such as gravel or sand, have been added to in-place
clayey-soils to permit satisfactory stabilization with bituminous materials. The
successful application of bituminous soil stabilization ‘to fine-grained plastic:

soils without granular admixtures has been limited® 2¢: 45, During recent years '
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some laboratory investigations have been conducted to stabilize fine-grained soils
of medium plasticity with bituminous materials® 20 26, 40,

Laboratory procedures have been developed for use in evaluating the stability
of soil-bituminous mixtures® 7 2% 29 It is generally considered advisable to verify
laboratory results in the field by test pavements® S 4 41 Failures of soil
bituminous roads have been reported where the soils processed had high clay
contents® 26, 28, 32, wwhere the soil contained mica in appreciable amount?¢: +;
where mixtures were compacted before they had cured properly; or where
surfaces were placed on the stabilized base too soon, thus trapping excess
moisture and volatile materials?2.

A wide variety of bituminous materials have been tried w1th varying degrees
of success for soil stabilization purposes. Rapid-curing and medium-curing cut-
backs have been used successfully with granular soils in many differént parts of
the United States® 23 24 33, 41, 44 and in Great Britain and the Commonwealth
Nations¢, Grades RC-1, RC-2, MC-1, and MC-2 are mentioned most often as
giving satisfactory field performance. Residual oils of the SC-1, SC-2, and SC-3
grades appear to have worked well in some hot, dry climates. 'Emulsified
asphalts have reportedly shown promise in several states, particularly in Cali-
fornja? 27, 28, 37, 45, Some successful field results with road tars, especially with
the RT-2 and RT-3 grades, have been reported in the U.S.7 36 and in Great
Britain and the Commonwealth Nations. Laboratory evidence has, been pre-
sented which indicates that tar may be superior to asphalt for soil stabilization*®.
This has not been confirmed by field experiments. '

The Iowa State Highway Commission’s experience with bituminous soil
stabilization has been limited to a total of about 17 miles of experimental base
construction in different parts of the state (table I). Among the soils processed
were the following textural types: silt loam, silty clay and clay. Some of the
silt loam and silty clay soils were probably loess, but all inplace soils having clay

|
TasLE 1. BITUMINOUS STABILIZED ROADS IN IowA

P.I .
of Bituminous Cost per
Thick- soil material used mile of
County Location Year Length, ness pro- kind & amount base,
rt. city built miles In. cessed grade % dollars
Cass 83 Walnut 1935-37 1.1 6 20 TC-2° 2.92 7075
Cass 83 to 1985-37 1.2 5 17 MC-3 2.97 5878
Cass 83 Atlantic 1985-37 0.6 5 16 SC-3 3.25 5348
Cass 83 1935-37 0.5 5 14 SC-5 8.25 5737
Cass 83 1935-37 04 5 29, EA} 7.50 11085
Harrison 39  Ports- 1935-37 10.5 — — EAt —_ —_—
mouth to
Rt. U.S.
30 )
Wayne 40 1935-37 2.0 — — MCt — e
Henry 129  Near Rome 1935-37 1.0 — — SCt — —_

° Iowa State Highway Commnission Standard Specification for Construction work on the
Primary Road System. p. 248.

+No ‘Record about grade is available.




contents higher than 20 percent were mixed with granular materials to bring
the clay content within the range of 17 to 20 percent. Service experience with
the Iowa test sections has,not been very satisfactory.

The Missouri State Highway Department has had satisfactory results in
stabilizing loess with a wide variety of bituminous materials. Bituminous loess
stabilization has been used in Missouri for both surface course (oiled earth) and
base course construction on light traffic routes. Some of the stabilized roads
have tended to become spongy under traffic during the Spring break-up, but for
low traffic they have been serviceable.

MECHANISM OF BITUMINOQUS SOIL STABILIZATION

Bituminous materials are useful for soil stabilization purposes because of their
outstanding cementing and waterproofing characteristics. The cementation prop-
erty is most effective in providing increased stability in the case of non-cohesive -
or very slightly cohesive granular soils, such as gravels and sands. The waterproof-
ing property is utilized to greatest advantage in the more cohesive soils or soil-
aggregate mixtures, where the waterproofing assists in the preservation of the
natural stability of these soils when they are dry and well compacted.

Of the many theories that have been offered to explain the mechanism. of
bituminous soil stabilization™ !® 23, the intimate mix and plug theories seem to
have gained widest recognition. The intimate mix theory would appear to be
most applicable to clean granular soils and the plug theory to cohesive soils or
soil aggregate mixtures. According to the infimate mix concept, the individual
particles of soil are coated with thin films of bituminous material which serve
the dual function of cementing the particles together and of protecting the soil
system from the adverse effects of water. The importance of thin films lies in the
fact that the cementation furnished by a viscous film between two solid bodies
is inversely proportional to the thickness of the film. The attainment of thin films

. and complete coatings on individual particles is much more feasible in the

clean gravels and sands than in clayey soils where the tendency is greater for the
films to coat aggregations of soil particles. '

The plug theory was advanced to explain the waterproofing of cohesive soils
or soil-aggregate mixtures by small amounts of bituminous material. Endersby

. visualizes the-void spaces of the compacted soil bituminous mixture as being

sufficiently plugged with bodies of bituminous material to prevent the entrance
or exit of water.
INVESTIGATION

The work of previous investigators has shown that the stability of soil-bitumin-
ous mixtures is affected by many variables (figure 1). In the experiments reported
herein investigation has been limited to some of the varnbles related to the
soil and to the bituminous material.

Properties of Soil and Bituminous Materials
Loess samples used. Loess forms the major-surficial deposit in much of Iowa.
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Loess samples from two areas in the state were chosen for this study; the areas
are southwestern Yowa and east-central Iowa (figure 2, table 11). The property
variations of loess in these areas have been given!? 25; the major variables are

Primary Factoxrs

material

Stabilization of
soil bituminous
mixture

Bituminous

Curing and
compaction

Contributory Factors

Properties of the soil

Degree of pulverization
before mixing

Moisture content
before mixing

Properties of the material
(including kind and grade)

Amount to be mixed
with the soil

Type of mixer

Method of introducing
bituminous binder

|

|

|

|

|

|

Mixing energy _]
|

|

Temperature during mixing

Method and degree of curing J

Moisture content of mixture
during compaction

Method and degree of compactionJ

Fig. 1. Variables affecting stability of soil-bituminous mixtures.

HARRISON
COo,

FREMONT

co,

IO WA

SCOTYT CO,

Fig. 2. Sampling locations of loess used in bituminous stabilization studies.

B
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clay- content, carbonate content and thickness. In southwestern Iowa the -clay
content ‘gradually ‘increases in a- southeasterly. direction from about 15 percent
near the Missouri River valley to about 40 percent near the Missouri border.
Carbonates occur in highest percentages near the Missouri River valley, where
~ they commonly constitute about 15 percent of the loess. Carbonates are usually
absent from the hlgh clay Joess farther east. The thickness varies from over .
100 feet in the west to about 10 feet fa1ther east. o

In east central Iowa, the clay contents of loess increase and the thickness
‘decreases southward from the Iowa River. A small area of deep calcareous loess -
" low in clay lies adjacent to the Mississippi River floodplain. This dep051t is
unique in that it contains appreciable dolomite.
Three samples of C horizon loess were chosen for this study. Orie (20-2) is
‘representative of southwestérn Iowa loess near the Missouri River floodplain; it is
_ calcareous and low in clay.. The second (43%-1) represents the high clay, leached
" loess found farther east in southwestern Iowa. The-third sample (100-8) is from
the dolomitic, low-clay loess in east central Towa adjacent to the Mississippi River
floodplain. Petrographic data are available on all of these samples (table III).
Studies indicate that:significant amounts of montmonllomte are present in the
_¢clay trachons of .the three samples. ' -

Bituminous materials -used. The liquid " bituminous materials selected for

" evaluation as stabilizing "agents for loess represent kinds and grades that are

considered as having possible applications in soil stablhzatlon work in Iowa. The-
materlals used in experiments were:

1. Rapld curing cut-back asphalt of grades RC 0, RC 1, RC-2, and RC-3.
2. . Meditm ‘curing cut- back asphalt of grades MC- 0; M- 1, MC- 2, MC-8, and MC-4:
" 8. Slow curing residual. oil of gradées SC-0, SC-1, SC-2 and SC-3.
+ 4. Emulsified asphalt of grades RS-1, RS- 2 MS-1 and SS- 1, and MS-2 and MS-3.
" 5. Road tar of grades RT-1, RT-3, and RT-5.-

- Properties of the bituminous materials needed for comparison with specification
requirements are given in tables IV, V, VI, 'VII, and VIII, in which much of the
information tabulated was furnished by the manufacturer. The manufacture, gen-

- éral properties, and uses of these materials are discussed in readily available
handbéoks and text books and so will not be fépeated here? 5 21,

TasLE IL. LocATIONS OF WISCONSIN LOESS SAMPLES

. - - ) . ] Sam pling
Sample County Section Township Range Soil Thick- - depth
No. . ) ) _north . - series  ness® of below
. Co- ‘ solum ft. surface
N . - -~ Ft.
20.2 Harrison S- 15f 78 - 43-W Hamburg 0 39-40
43%-1  Fremont NWy, NWhy, S- 36 69 . 40-W Marshall 2% 4Ys 5%
100-8 Scott' - NWY, SE¥%, 8-13 - 77 - 2-E ‘Fayette T 3% 25-25%

L

°The, term solum includes the A and B horizons where botly are present.
’rSample 20-2 was obtamed behmd the Third Ward School in the city of Mlssoun Valley.
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TasLe III. ProprerTIES OF WISCONSIN LOESS SAMPLES

Sample No.
Physical L.L,%
properties P.L,%
P.1.%
C.M.E,%
S.L.,%
Sp. Gr., 25°C/4°C

‘Color ( Munsell ), moist
Color (Munsell), dry
Lower fluff P.1., %

Organic matter, %
Carbonates, %

Iron, %

Sulphate content, %
Cat. Ex. Cap.

pH

Sand

Silt

Clay

Collodial clay

Texturalt classification (B.P.R. System)

Chemical
properties

Textural
composition -
percent®

Engineering classification (AASHO)

*Sand—2.0 to 0.074 mm,
below 0.001 mm.

 Textural classification is based upon the Bureau of Public Roads System (36, p. 18)

20-2

30.8
24.6
6.2
. 19.60
"o2238
2.71
Dk. greyish br.
Lt grey
8

Silty Loam
A-4(8)

100-8

27.1
19.8
7.3
20.6
272
_V.palebr:
Lt. yell. br.

Silty Loam
A-4(8)

that sand and silt sizes are separated by no. 200 sieve (0.074 mm).

TasLe IV. RAPID CURING CUT-BACKS (STanpARD OIL)

Properties

Furol viscosity ‘at 77°F., sec.
Furol viscosity at 122°F., sec.
Furol viscosity at 140°F., sec.
Furol wviscosity at 180°F., sec.

Specific gravity at.77°F./77°F.

Distillation
Distillate (percent of total
distillate to 680°F.)
To 374°F.
To 437°F.
To 500°F.
To 600°F.
Residue from distillation to 680°F.
Volume percent by difference

Tests on residue from distillation

- Pen. 77°F., 100 g., 3 scc.
(Kopper’s viscosimeter test)
Sp. gravity of residue at.77°F./77°F.
Solubility in carbon tetrachloride

Temperature .of use for mixing

Oliensis spot test

Test

[deNe>) * bho
B83o oRowoo
Sombol Ln

Silty Clay-
A-7-6(18)

Silt—0.074 to 0.005 mm, Clay—below0.005 mm, Colloidal clay—

except

" Specification Designation

Method
ASTM D88 94

AASHO T43_ 0.909

ASTM D402

125
1.008
ASTM D4 99.56

ASTM D71

RC-0

50-120 80-125

Neg.

86

RC-1 RC-2 RC-3
108
138 392
0.929 0.949 0.960
403. 417 578
842 78 77
69 76 79
112 96 91
1.008 1.012  1.004
99.63 99.7% 99.56
80-150 125-17%
Neg. Neg. Neg.



~

' Method of Testing - T - ‘ . < L
The relative stability of soil bituminous mlxtmes can be evaluated by various E
* laboratory tests* ™ 2°. The experiments reported herein were performed mainly
according - to the tentative method of testing soil-bituminous mixtures Tecom-

\ . ' . o RN

TABLE V. MEDIUM CURING ‘CUT-BACKS (STANDARD Oli.)

: - R Test.  Specification Designation "
o Properties .- Method MC-0 MC-I MC 2 MC-3 MC 4-
Furol viscosity at 77°F., 'sec. S .98
Furol, viscosity at 122°F., sec. S L 102 . )
Furol viscosity at 140°F., sec. ASTM DS8§ . - 122 840 o
Furol viscosity at 180°F., sec.: h v o . .154 oo o
Specific, gravity at 77°F./77°F. AASHO T43 0939 095 0959 0.966- 0.978 :
- Distillation ) L : ' '
- Distillate (percent of total - )
" distillate to 680°F.) . ) : o . -
- To 437°F. N S
To 500°F.- . . ASTM D402 329 363 325 345 nil .
To 600°F. - . 714 819 . <y
Residue from' distillate to 680 Foo : . : i -
Volume percent by difference ‘ " 65 78 78 85 90 '
Test on residue from distillation W ) L ‘ .
Pen. 77°F., 100 g., 5 sec. .. S s
" (Kopper's wscommetefr) ' 1000+ 480 430 440 440 :
Sp. gravity of residue at 77°F./77° F.” ASTM D71 1005 -1.011 1.005 .1.()05- 1.005
Solubility in carbon tetrachlonde ASTM D4 ' 9995 99.92 99.93 99.84 - 99.85
Température of use for mixing . '50-120 80-150 100-120 150-220 175-225
. S
Oliensis spot- test o 7 Neg Neg Neg Neg Neg.

TABLE VI REsmUAI OILS (STANDARD OIL)

. . 0 Test L Specification demgna.tlon
Properties ) method ~ SC-0- SC-1 . SC-2 SC-3
Flash point (C.O.C.), °F. -  ASTM D92 290 300 - 815 - 810
Furol .viscosity at 77° F., sec. . ASTM D88'. 111 . ' S
Furol viscosity at 122°F., sec. -~ h 98 ) o
Furol viscosity at 140°F., sec. o : : o 147 . ’
Furol viscosity at 180 F., sec.: . ; S 211
Spemflc gravxty at T1°F./77° F y AAS'H.O~ T43 . '1.022 0.955.  0.961 10.972
Water . : ..~ None None None  None
Dlstxllatlon . .
Residue from distillate to 680 F. . - o
Volume percent by difference ASTM D402 . :88 "97.5 985 = 985 .
Float . test on residue’ at 122°F. S ‘ 17 23 31 .57
Solubility in carbon tetr?._chloride “ASTM D4 - 99.91 99.83.. 99.74 99.79
Residue of 100 penetration; % ASTM D248 .49 .59 78 81 -
‘ Ductility - : . ASTM D113." 100+ 100+ 100+ 100+
Temperature. of use for mixing ) ) i 50-120 80-200 150-200  175-250
Oliensis spot test » N o a Pos. ' Még.  Neg. Neg.
A - . - 87 . _ /




mended by the American Society of Testing Materials®. The principal modifi-
cation is in the method of molding the specimens. The procedures used in
performing the tests are as follows:

Preparation of soil bituminous mixtures. Airdry soil samples which had been
pulverized to pass thlough the No. 10 sieve were used to prepare soil bituminous
mixtures. Usually a sample of 3000 grams was mixed with a sufficient amount
of water to bring the moisture content of the soil to the lower fluff point”
(table IIT). The mixing of soil and water was done at moderate speed with a
Blakeslee C-20 mixer, and the mixing time was five minutes. After the moist
soil had been stored in a moist cabinet for 16 to 24 hours, a portion of the soil,
usually about 1300 grams, was mixed at moderate speed with a desired amount
of bituminous material in the same Blakeslee mixer for five minutes. The soil
bituminous mixture was then cured in a moist cabinet for four hours before bzing
used for the molding of specimens. Moisture determinations made on the moist
soil and the sub-soil bituminous mixture indicated that the loss of moisture due
to evaporation during the mixing, storage and curing periods was very small. -
Therefore, the moisture content of the soil bituminous mixture during the mold-
ing of specimens was close to, the fluff point of the soil.

TaBre VII. EmursiFien AspHALT (AMERICAN Brrumurs anp Aspuavt Co.)

Specification designation

’ Test RS-2 RS-1 SS8-1 MS-2
Properties ] method .and MS-1 and MS-3
Viscosity—S.F. at 122° F., sec. 185 36 37 181
Residue by distillation, % 66.6 59.6 61.8 66.4
Settlement after 5 days, % AASHO M140- 0.8 0.8 0.6 1.0
149 -
Demulsibility 35 ml. 0.02 N CaCls, % 96.0 9.0 0.0 0.0
Sieve test, 20 mesh, % 0.005 0.005 001 . 0.01
Tests on residue of emulsified asphalt :
Penetration at 77°F. 160 152 148 138
Ductility at 77°F. cms AASHO M140-. 75 68 71 67
149
Solubility in CS:= 98.5 99 99.3 99.0

Ash, % , 0.08 0075 009  0.085

TasLe VIII. RoAD TARs (KOI;PERS Co.)

~ Test Specification designation
Properties method* RT-1 RT-3 RT-5
Specific gravity at 77°F./77°F. 1.135 1.159 1.176
Water, % by volume 1.5 0.6 0.7
Specific viscosity, Engler
50 cc. at 40°C. 7.1 19.2 .
50 cc. at 50°C. ' 20.3
Distillation o
Percent by weight to 170°C.  ASTM D20 2.0 1.1 0.2
To 270°C. 27.2 23.4 18.0
To 300°C. ) 37.1 30.4 24.9
Residue to 300°C. 37.8 43.8 49.6

* Type of test method used is not furnished by the company.
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Molding of specimens. Specimens of soil bituminous mixtures used for all
experiments reported in this paper were two inches in diameter and two inches
high (figure 3). In molding the specimens, a proper quantity of soil bituminous
mixture, usually about 180 grams, was poured into the cylindrical mold; and
the mixture was then compacted by ten blows with a five-pound hammer drop-
ping from a height of 12 inches. Specimens prepared in this manner were found
to have a dry density nearly the same as that obtained in the standard Proctor
density test. Immediately after molding the weight, height, and diameter of the
specimen were measured according to the procedure given in the A.S.T.M.

method D915-47T.

Curing of specimens. In the A.S.T.M. method, soil bituminous specimens are

Fig. 3. Apparatus for molding 2 inch diameter by 2 inch high soil-bituminous
specimens. (a) Drop hammer and molding cylinder in place. (b) Drop
hammer and molding cylinder shown separately.
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cured at a temperature of 140°F. All specimens used in the experiments reported
in this thesis were cured at this temperature for four days. It is recognized that
the curing achieved by the use of this procedure may not be obtainable under
actual field conditions. For this reason, a study of various methods of curing
will be made in the continuation of this research.

Absorption and extrusion test. The testing of soil bituminous specimens for
water absorption, expansion, and extrusion value was also performed according
to the procedure given in the A.S.T.M. method. All specimens after curing were
kept in an absorption cabinet for seven days. The water in the cabinet was
maintained at such a level that the lower half of each specimen was submerged
in water. At the end of the absorption period, the specimens were weighed and
their diameters measured. The water absorption and the expansion of each
specimen were computed by using the following equations:

Water absorpti et A
ater absorption, percent =-——g3—x
. D3, - D3,
Expansion, percent T A 100
1

Testing cylinder

Soil-bituminous
specimen 2"x2"

Testing ring

Ring support

Fig. 4. Apparatus for the extrusion test of soil-bituminous speci-
mens.
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Where:

W; = weight of specimen before absorption,

W, = weight of specimen after absorption,

Wd = weigh of dry soil in specimen,

D, = diameter of specimen before absorption,

D, =: diameter of specimen after absorption.

Immediately after weighing and measuring, the specimen was placed in the
testing assembly (figure 4). During testing, the load was applied to the specimen
through the testing plunger, which was moving at a rate of one inch per minute.

The maximum load required to cause failure of the specimen was taken as the
extrusion value (figure 5).

Fig. 5. Apparatus for the extrusion test of soil-bituminous specimens.
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PRESENTATION AND DISCUSSION OF RESULTS

The effectiveness of the different bituminous materials as stabilizing agents
for the three loess samples was compared by the previously described test
method. Since the test method has not been correlated with the service behavior
of soil-bituminous mixtures, it is possible only to make a relative comparison at
this time.

Experiments with sample 20-2

Results obtained with mixtures ot sample 20-2 and varying amounts of the
different bituminous materials are presented in tables IX, X, XI, and XII. The
relative stability of these mixtures may be judged from the percent of water
absorption, the percent of expansion and the extrusion value of the test speci-
mens. A mixture is considered to have a high relative stability when the extrusion
value is comparatively high and the other two values are low. Each test result
tabulated is the average of data for three specimens.

Data given in the tables indicate that the relative stabilities of the soil
bituminous mixtures vary with the kind, the grade and the amount of bituminous
materials used. Typical curves showing the relationship between the test values
and the grade and amount of bituminous material are shown in figures 6, 7, and
8. These curves represent the test data obtained with medium curing cut-back
asphalts. It will be noted that the asphalts having comparatively low viscosities

TaBLE IX. TEST DATA FOR MIXTURES OF SAMPLE 2(0-2 AND RAPID CURING CUT-BACKS

Cut-back asphalt

Kind Equivalent Dry Water
and Amount, % amount of  density, Expansion, absorption, Extrusion
grade Residue®, % pet. % % value, 1b.
RC-0 4 2.6 96.9 16.4 8.71 N.D.}
6 3.9 96.9 15.8 7.42 235
8 5.2 95.0 15 6.2 340
10 6.5 95.4 11.4 5.4 703
12 7.8 95.9 9.7 5.5 983
RC-1 4 2.8 95.0 12.6 9.9 210
6 4.1 95.2 13.1 6.9 412
8 D40 92.5 9.7 6.4 480
10 6.9 94.8 8.05 5.8 688
12 8.3 94.4 s | 49 860
RC-2 4 3.0 96.4 20.0 21.2 65
6 4.5 94.0 14.5 74 440
8 6.1 93.2 7.6 5.5 650
10 76 96.2 5.0 4.8 910
12 9.1 92.3 el 5.0 840
RC-3 4 3.1 94.2 N. D N. D. N. D.
6 4.7 94.0 21.7 21.3 20
8 6.3 94.7 20.8 20.1 100
10 7.9 95.0 13.0 13.3 400
12 9.4 91.1 12.4 14.9 320

® Residue from distillation to 680 F.

t The letters “N.D.” indicate that the specimens could not be weighed or measured,
or handled for the extrusion test.
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(MC-0, MC-1, and MC-2) give relatively high stabilities, especially when the
" amount of bituminous material added is less than 10 percent. A similar trend of
-variation was found with the rapid curing cut-back asphalts, the slow-curing

residual oils, and the road tars. The better results obtained with the lower vis-

cosity grades are very likely due to a more satisfactory distribution of the bi-
~-tuminous material in the soil. .

In figures 6 to 14, the amount of bituminous materials used is expressed in
percent of the liquid bituminous material added to the soil. Since liquid bitumin-
ous materials contain varying amounts of volatile matter, it is often desirable to
know the equivalent amount of residue contained in the soil. This information is
given in the tables. Also shown in the tables are the dry densities obtained with
the different soil bituminous mixtures. These data indicate that there is no
consistent trend of variation in the dry densities of compacted soil bituminous
specimens. For this reason, density data were not of much value in comparing
the stabilities of the different mixtures prepared with loess sample 20-2.

Among the five kinds of bituminous materials used, emulsified asphalt was
found to be ineffective for stabilizing the loess. Since emulsified asphalts vary
greatly in their physical and chemical properties, different kinds of emulsified

TABLE X. TEST DATA FOR MIXTURES OF SAMPLE 20-2 AND MEDIUM CURING CUT-BACKS

Cut-back asphalt

Kind Equivalent Dry ‘Water -
and Amount, % amountof density, Expansion, absorption, Extrusion
grade Residue®, % pef. % % value, Ib.
MC-0 4 2.6 91.1 N.D.} N.D.t N.D.}
6 3.9 96.3 N. D. 7.6 380
8 5.2 96.3 8.1 5.4 353
10 6.5 95.7 8.6 54 360
12 7.8 95.4 8.1 54 350
MC-1 4 2.9 96.5 144 17.6 65
6 4.4 95.6 8.0 6.6 330
8 5.8 95.3 6.2 5.7 350
10 7.3 97.9 5.0 5.1 400
12 8.8 94.9 4.4 4.3 355
MC-2 4 3.1 96.3 . 11.8 17.7 120
6 4.7 94.9 12.2 8.0 310
8 6.2 95.7 10.1 5.8 360
- 10 7.8 96.4 59 5.2 420
12 9.3 94.7 4.2 4.5 400
MC-3 4 3.4 95.8 N.D. N.D. N.D.
6 5.1 95.4 N.D. N. D. 40
8 6.8 95.0 11.2 11.1 260
10 8.5 94.1 6.7 6.0 330
12 10.2 -94.0 4.4 4.8 350
MC-4 8 7.2 93.2 ‘N.D. N.D. N.D.
. 10 9.0 934 10.0 13.0 220
12 10.8 93.3 4.3 5.3 380
14 12.6 93.1 3.7 4.6 370

® For explanation refer to table IX.
t For explanation refer to table IX. .
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and Amount, 4 amount of ‘density, Expansion, absorption,  Extrusion
value, lb.

R

. grade Residue®, % pcf. %
56
150
240
315
460 -

70
290
255
390
390

13

50

T 240
305
405

N. D.
25
105

—
©

95.2
93.5
98.4
95.3
97.8

96.4
96.6
95.7
96.0
95.9

93.8
92.9
92.4
91.9
94.7

94.7
96.5
94.1
93.8 310
92.4 310

® Residue of 100 penetration as determined by Iowa Highway Commission specifi-
cations. : .

1 For explanation of this symbol refer to table IX.
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TABLE XII. TEST DATA FOR MIXTURES OF SAMPLE 2(0-2 AND ROAD TARS

’

Road Tars
Kind Equivalent Dry Water
and Amount, % amountof density, Expansion, absorption, Extrusion
grade Residue®, % pef. N % % value, 1b.
RT-1 2 0.8 94.7 7.5 77 200
. 4 1.5 96.2 4.5 45 430
6 2.3 92.2 4.5 4.9 430
8 3.0 94.0 4.5 3.4 520
10 3.8 94.2 1.0 3.8 545
RT-3 2 0.9 94.6 N.D.t N.D.} N.D.}
4 1.7 98.8 12.7 20.3 100
6 2.6 94.3 0.3 52. 565
8 3.5 94.8 0.3 4.0 540
10 4.4 98.83 0.3 3.7 500
"RT-5 2 1.0 89.4 N.D. N.D. N.D.
4 2.0 89.2 N.D. N.D. N.D.
6 3.0 904 N. D. 13.0 90
‘ 8 4.0 89.4 1.0 6.8 490
10 5.0 94.6 1.0 4.0 580
* Residue from distillation to 300°C.
t For explanation refer to table IX.
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Tasre XI. TEST DATA FOR MIXTURES OF SAMPLE 20-2 AND RESIDUAL OILS
. Residual oil -
Kind : Equivalent Dry Water
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20| Soil sample:20-2

—x MC-0
o—i MC-|
16 o——o MC-2

B ———0 MC-3
- &a—A MC-4

Expansion, %

. L ] 1 1
04 6 8 10 12 14

Liquid bituminous material, % dry wt.
. soil
Fig. 8. Variation of expansion of soil-bituminous specimens with a-
mount and grade of medium curing cut-back asphalt. Data for
soil sample 20-2.
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Extrusion value, Ib.

200

k

1 1 ) \
04 6 8 10 12 14

Liquid bituminous material, % dry wt.
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Fig. 9. Variation of extrusion value of soil-bituminous specimens with
amount and kind of liquid bituminous material. Data for mixtures
of soil sample 20-2 and grade 1 bituminous materials.

96




Water absorption, %
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Fig. 10. Variation of water absorption of soil-bituminous specimens
with amount and kind of liquid bituminous material. Data for
mixtures of soil sample 20-2 and grade 1 bituminous materials.
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Fig. 11. Variation of expansion of soil-bituminous specimens with
amount and kind of liquid bituminous material. Data for mix-
tures of soil sample 20-2 and grade 1 bituminous materials.
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"TasLE XIII. TEST DATA FOR MIXTURES OF SAMPLE 100-8 AND RAPID CURING CUT-BACKS

Qlét—back asphalt

Equivalent Dry Water
and Amount, % amountof density, Expansion, absorption,  Extrusion
grade . Residue®, % pef. % % value, 1b.
RC-1 4 " 2.8 98.5 10.7 54 410 -
6 4.1 98.1 7.2 3.6 545
8 5.5 99.0 5.0 3.2 795
10 6.9 98.6 3.5 2.9 950
12 8.3 99.3 3.0 2.8 1000
RC-2 4 3.0 97.6 N. D. N.D. N.D.}
6 4.5 98.0 . 28.7 28.3 . 40 .
8 6.1 97.5 45 4.2 840
10 7.6 96.8 .47 4.0 905
12 9.0 96.6 2.5 . 3.8 1095
® For explanation refer to table IX.
t For explanation refer to table IX. '
TasLE XIV. TEST DATA FOR MIXTURES OF SAMPLE 100-8
AND MEDIUM CURING CUT-BACKS
Cut-back asphalt
Kind Equivalent Dry Water -
and Amount,% amountof density, Expansion, absorption, Extrusion
grade Residue®, % pck. % % value, 1b.
MC-0 4 c 2 100.0 4,2 9.2 175
6 - 3.9 100.0 2.9 4.1 255
8 53 99.9 2.5 8.1 290
10 6.6 100.9 2,2 3.0 260
12 7.9 100.0 1.6 2.7 270
MC-1 4 2.9 100.1 6.4 6.4 N.D.t
: 6 4.4 100.0 3.2 3.7 270
8 5.8 101.0 2.5 2.9 280
10 7.3 103.6 2.2 2.8 320
12 8.8 101.6 1.1 2.5 295
MC-2 4 3.1 101.6 7.3 18.5 90
6 4.7 100.9 4.8 49 355
8 - 6.2 101.0 3.8 3.1 390
10 7.8 103.6 1.1 ‘2.6 360.
12 9.8 100.8 1.2 2.5 355
MC-8 4 3.4 100.7 11.1 27.4 20
6 5.1 100.0 74 184 105
8 6.8 100.1 3.8 - 3.5 390
10 8.5 99.3 15 2.9 355
12 10.2 99.3 1.1 2.8 310
MC-4 8 7.2 99.6 1.9 3.6 310
10 9.0 97.0 3.8 7.2 220
12 10.8 97.3 - 13 3.0 305 |
14 12.6 97.8 0.9 2.6 265 .

° For explanation refer to table IX.
} For explanation refer to table IX.
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asphalts will be investigated in the continuation of tliis research. The other four
kinds of bituminous material tested showed varying degrees of ‘effectiveness as
stabilizing agents for the loess. Typical curves illustrate the relationship between
the three test values and the kind and amount of bituminous materials used
(figures 9, 10, and 11). These curves represent the data obtained with grade 1 of
each of the four kinds of bituminous material. As shown in the figures, the road
tar, RT-1, gave more promising results than the three liquid asphaltic materials.

Experiments wi'th sample 100-8 DR

The four kinds of bituminous materials showing promise with loess sample 20-2
were studied with the friable east-central Iowa loess, sample 100-8. Tables XIII,
XIV, XV, and XVI present test data obtained with all grades. of medium curing
cut-backs and with one or more grades of the other three kinds of bituminous
materials. The grades selected for study were also those found most promising
with sample 20-2. As shown in the tables, varicus amounts of each bituminous
material were used in the evaluation experiments. The test data obtained with
different grades of medium-curing cut-backs do not as clearly indicate the

- superiority of the lower viscosity materials as was found in the experiments with
sample 20-2. However, the data does show that grades 0, 1, and 2 were con-
siderably more effective in providing relative stability than grades 3 and 4 when
the amount of cut-back added was less than eight percent.

TaBLE XV. TEST DATA FOR MIXTURES OF SAMPLE 100-8 AND RESIDUAL OILS

Residual oil

Kind Equivalent Dry Water

and Amount, % amount of density, Expansion, absorption, Extrusion
grade Residue®, % pef. % % value, Ib.

SC-1 4 2.4 99.5 4.3 13.1 120

6 3.5 100.2 1.8 8.7 200

8 4.7 99.2 1.6 3.7 210

10 5.9 99.0 1.6 3.6 195

12 7.1 99.1 1.3 3.4 200

- 8C-2 4 3.12 99.5 22.4 22.5 50

6 4.68 98.6 4.8 3.5 250

8 6.24 99.8 2.5 3.2 270

10 7.80 101.8 1.3 2.8 270

12 9.36 100.7 1.2 2.5 295

® For explanation refer to table XI.

)

Figures 12, 13, and 14 show the percent of water absorption, the percent of
expansion and the extrusion value of soil bituminous specimens prepared with
grade 1 of each of the four kinds of bituminous materials. While no one of the
materials tested is consistently superior, the data do indicate the superiority of
the RT-1 and RC-1 materials. The RT-1 was apparently most effective in re-
ducing water absorption and expansion; the RC-1 gave the highest extrusion
value.
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TABLE XVI. TEST DATA OF MIXTURES OF SAMPLE 100-8 AND ROAD TARS

Road Tar
Kind Equivalent Dry Water
and Amount, % amount of density, Expansion, absorpton, Extrusion
grade Residue®, % pef. % % value, Ib.
RT-1 4 1.5 99.9 0.6 41 300
6 2.3 100.4 0.1 2.2 350
8 3.0 102.0 0.1 2.0 435
10 3.8 104.0 0.1 2.2 410
12 i 4. 103.8 0.1 2.3 407
° For explanation refer to table XIL
1100 ;
1000k Soil sample: |100-8
a *——x MC-I
= 0—a SC-|
[ o——o RT-I
o }
S 600
>
c
o
g 400 /\hd
r .
g o
0 ; ) . t 1 )
4 6 8 10 12 14

‘Liquid bituminous material,% dry wt.
soil

. Fig. 12. Variation of extrusion value of soil-bituminous specimens with
amount and kind of liquid bituminous material. Data for mix-
tures of soil sample 100-8 and grade 1 bituminous materials.

Experiments with sample 43%-1

As shown in table XVII, loess sample 43%-1 has a much higher clay content

than the other two loess samples. Because of the difficulty of processing clayey
soils with bituminous materials by conventional methods, only a limited number
of evaluation expériments were performed with sample 43%-1. Medium curing
cut-back asphalt of grades 0, 1, 2, and 3 were used. The test data given in table
XVII illustrate the difficulty of stabilizing high clay content loess with bitumin-

ous materials.
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el Soil samble:-lOO-B

o———o0 RC-]
—x MC-

12 e—a SC-|
o—o RT-I-

Water absorption,%

4 6 8 10 12 14

Liquid bituminous material,% dry wt.
" soil ) C
Fig. 13. Variation of water absorption of soil-bituminous - specimens
with amount and kind of liquid bituminous material. Data for
mixtures of soil sample 100-8 and grade 1 bituminous materials.

12 | Soil sample: 100-8

o—o0 RC-I
¢ ox——x MC=I
o0—a SC-—|
e—=& RT-I

Expansion,%

e & - A ‘
4 6 8 10 - 12 14

Liquid bituminous Amai‘erial,% dry wt.

: soil :

Fig. 14. Variation of expansion of soil-bituminous specimens with :
amount and kind of liquid bituminous’material.. Data for )
mixtures of soil sample 100-8 and grade 1 bituminous ma-
terials. .

101



600 ' A——n 20-2 Sample

o
- e——e |00-8 Sample_ .
it o——o 43V2-| Sample
= . , .
> 400
c >
At p
) .
2 200F
= .
L
OM/’ 1 } I | i
2 4 6 8 10 2

Medium curing cut-back (MC-1I),
% dry wt. soil
Fig. 15. Comparisons of extrusion value-of soil-bituminous specimens

made from mixtures of loess samples 20-2, 100-8 and 43%-1 and
different amounts of MC-1 cut-back asphalt.

TasLE XVII. TEST DATA FOR MIXTURES OF SAMPLE 43%-1
: AND MEDIUM CURING CUT-BACKS

Cut-back asphalt

Kind Equivalent - Dry © 7 Water
and Amount,% amountof density, Expansion, absorption, Extrusion
grade Residue®, % pef. % % value, Ib.
MC-0 2 1.3 90.6 N.D.t N.D.t N.D.t
4 2.6 90.1 N. D. N:D. N.D.
6 3.9 89.9 N.D. N.D. N.D.
8 5.2 90.9 18.0 . 11.6 210
10 6.5 90.9 18.7 10.2 340
MC-1 2 1.5 90.6 N.D. N.D. N.D.
4 2.9 88.4 29.2 N.D. 100
6 4.4 90.5 29.2 18.7 240
8 5.8 90.7 20.4 10.5 390
10 7.3 92.9 204 9.1 555
MC-2 2 1.6 87.2 N.D. N.D. N. D.
4 - 3.1 87.7 N.D. N. D. N.D.
6 4.7 85.6 N.D. 17.3 N. D.
- 8 6.2 87.2 19.9 10.6 230
10 7.8 87.4 19.0 9.6 285
MC-3 4 3.4 92.1 N.D. N.D. N.D.
6 5.1 914 N.D. N.D. N.D.
8 6.8 89.5 N. D. N. D. N.D.
10 8.5 87.6 N.D. N.D. N.D.
J12 10.2 88.0 N.D. N.D. N. D.

® For explanation refer to table IX.
t For explanation refer to table IX.
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Fig. 16. Comparison of water absorption of soil-bituminous specimens

made from mixtures of loess samples 20-2, 100-8 and 43%-1
and different amounts of MC-1 cut-back asphalt.
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Fig. 17. Comparison of expansion of soil-bituminous specimens made
from mixtures of loess samples 20-2, 100-8 and 43%-1 and dif-
ferent amounts of MC-1 cut-back asphalt. -
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Dlscussmn of test results ‘
A comparison of the test vesults for- the three loess soﬂs is made in flgures o

15, 16, and 17. While these curves represent data obtained with MC-1 cut-back

asphalt, they are in general illustrative of the trends obtamed with - the . other '

bituminous materials.

As previously mentioned, clay content is one of the major variables in the
loess in southwestern and east .central Towa.- The éffect of this variable on the
test results is most clearly shown (figures 16, 17).- As would be expected, water

absorption and expansion increase with-an'increase in clay content. The extrusion.

value data (figure 15) do not show such a’simple relationship to clay content.
The effect of amount of clay is perhaps most clearly indicated by the marked

" difference between the curve of the high clay content loess, sample 43%-1 and

those of the more friable loess: samples. The effect of the amount of clay is also
" reflected by the trend of the dry density data (tablés IX to XVII). Regardless
of the amount, kind or grade of bituminous admlxture the data show a decrease,

of density with increase in clay content. .
A discussion of the amount of bituminous materlal needed to stabilize the
different loess samples sat1sfactor11y is made difficult by the preliminary nature

of the experiments performed and by the lack of established criteria for

evaluating the. test data. It would appear from the test data of this investigation

that admixturés of liquid bituminous materials in the range of 6 to 12 percent -

by weight of the dry-soil are capable of materially improving the properties of

‘the loess related to stability. The investigation has demonstrated the superiority
of certain of the bituminous materials studied, particularly the rapid-curing

and medium curing cut-back asphalts and the road tars over emulsions and

-road oils. The less viscous grades of these materlals, grades 0, 1, and 2, seem to
- be most promlslng for loess stablhzatlon

CONCLUSIONS

L quuld bituminous materials show, promise as stabilizing agents for loess:

2. The ease and. adequacy of processing loess with bituminous materials is
affected by the amount of clay in -the loess.. From this standpoint, bituminous

stabilization seems more applicable to low clay content loess, represented in this -

investigation by samples 20-2 and 100-8;
3. Among the bituminous materials 1nvest1gated the cut-back asphalts and the

road tars appear to be most suitable for stab1l1z1ng loess. The road tars are most
- effective in, improving water absorption and expansion properties.

4. The less viscous bituminous materials, grades 0, 1, and 2, appear to glve better
results than the more viscous materials.
5. Admixtures of liquid bituminous materials in the range of 6 to 12 percent

. by weight of dry soil are capable of materlally 1ncreasmg the stability of loess :

in wet condition,
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WATER IN CUTBACK ASPHALT STABILIZATION OF SOIL
by

"R. K. Katti, Graduate Assistant
D. T. Davidson, Professor, Civil Engineering

J. B. Sheeler, Associate Professor, Civil Engineering

Highway Research Board Bulletin 24, 1959

ABSTRACT

Water during the mixing and the compaction phases of asphalt soil stabilization
has long been recognized as an important factor. During mixing, water facilitates
the even distribution of asphalt throughout the mass. The amount of moisture
required for thorough distribution of cutback asphalt apparently increases as
the amount of fine material in the soil increases. The amount of water becomes
important during compaction mainly because of its effect on density. The amount
of moisture required for maximum density of the soil-asphalt mixture is not the
same as that for the soil alone.

The desirable moisture content of a soil, cutback asphalt mixture during
mixing and during compaction are major factors that have been investigated:
These moisture contents are controversial, to say the least. Different concepts
of the relation of cutback asphalt content to water content used vary from the
belief that 2% cutback asphalt replaces 1% water to the belief that cutback asphalt
and water have an equivalent lubricating effect on soil grains during compaction.

Various mixtures of soil, cutback asphalt, and water were studied. Analysis
of the resulting data shows that the percentage of mixing water required to
produce maximum strength, maximum standard Proctor density, minimum
moisture absorption during immersion, and minimum swelling is different for
each property mentioned. However, a compromise moisture content (CMC) for
mixing was found at which the variance of the aforementioned properties is a
minimum. The CMC was found to be most advantageously determined by a
minimization using the method of first powers. The CMC was also found to .
occur very near the mixing moisture content required to produce maximum
standard Proctor density of the soil, cutback asphalt, and water system.

INTRODUCTION

Soil stabilization may be broadly defined as any regulated process that alters
or controls soil properties for the purpose of improving the capacity of soil to
perform and sustain an intended function. Processes by which soils may be
stabilized include the use of other soil or chemical additives or cements,
compaction, moisture control, or combinations of these. Asphalt is one of the
cements used in soil stabilization for base or subbase courses of pavemenrits.

Types of asphalt
Two types of asphalts, the cutbacks and the emulsions, at normal or slightly
elevated temperatures, are suitable for mixing with ‘soil. The viscesity of the
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asphalt cement in cutbacks is lowered by use of a solvent such as naptha, kero-
sene, or fuel oil. In the usual emulsions, asphalt cement is reduced to collodial
size droplets and dispersed in water. Use of emulsions with soils is complicated
by the fact that clays or fine silts may cause the emulsions to “break” or separate
into the constituent asphalt cement and water: This causes mixing difficulties.
Excellent results have been reported when the emulsions can be maintained until
after mixing. The usual construction procedure is to mix, allow the emulsion to
break, and aerate to reduce water in the mix prior to compaction. Usually the
emulsion must be designed for the soil used. :

Cutbacks are now the most practical asphalts for soil stabilization. So-called
road oils are equivalent to cutbacks made with fuel oil. The road oils are usually
prepared as direct residuals from fractional distillation, and they are the lowest
cost asphalts. Because of their slow-curing characteristics, road oils are not the
most suitable for the stabilization of soil mixes; however, they have been used
for many years as surface treatments to reduce dust on gravel roads. Road oils
can penetrate some oils, and continued annual treatment may build up a satis-
factory stabilized mat on a light traffic road after four or five years. The use of
road oil has the disadvantage that roads must be closed to traffic for long periods
after treatment.

Medium curing cutbacks ( called MC) and rapid curing cutbacks (RC) seem to
be suitable types of liquid asphalt for soil stabilization. Different grades of
cutbacks are designated from O to 5, depending on the percent solvent con-
tained. MC-O and RC-O each contain about 50% solvent, and the percentage
decreases to about 18% solvent for MC-5 and RC-5. RC cutbacks, in addition to
having a more volatile solvent, are made with a harder asphaltic cement, con-
tributing to better binding in the finally compacted and cured mix. The choice
between MC and RC depends largely on climate, soil type, and construction
practice. Cutbacks cure by an evaporation of volatiles. The higher grades of RC
cutbacks may harden before mixing is completed; lower grades contain more
solvent and cure more slowly. B

The choice of grade MC or RC also depends on mixing conditions; usually the
more solvent the greater the ease of mixing. Solvents cost about the same .as
the asphalt and do not directly contribute to strength. The use of high solvent
content cutback asphalts may greatly prolong the curing time. For these reasons
MC-0 and RC-0 are little used, MC-2 and 3 and RC-2 and 3 represent good
compromises. The final choice can be made only after laboratory tests on the soil
to be treated and after due consideration of climatic conditions. Usually finer-
grained soils require a lower viscosity cutback asphalt for mixing.

Mechanism of stabilization

Asphalts are useful for soil stabilization because of their cementing and
waterproofing qualities. The cementation property is generally considered to be
most effective in providing increased stability in non-cohesive or very slightly
cohesive granular soils, such as gravels and sands. The waterproofing property
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is utilized to greatest advantage in the more cohesive soils or soil aggregate
mixtures. Waterproofing assists in the preservation of the natural stability which
these soils have in a dry and well compacted condition.

Asphalt is mixed with granular soils to coat the grains and act as a waterproofer
"and binder. In soils containing clay the clay is a natural binder as long as water
is kept out; asphalt is added as a waterproofer for the small clay cemented
agglomerations.

Applications ‘

Asphalt soil stabilization is at present limited mostly to non-plastic and mildly
plastic granular soils, such as gravels, sands, and soil-aggregate mixtures® 4 16
18,19, 20, 24 Feonomics permitting, granular borrow materials have been added
to fine-grained soils to obtain a mixture suitable for treatment with asphalt.
Successful application of. asphalt to fine grained plastic soils without granular
admixtures has been somewhat limited?®3: 25, Recently laboratory investigations
have been conducted on the stabilization of medium plastic soils with
asphalt5' 6. 12, 24, 27.

Need for research

Although the use of asphalt is one of the older soil stabilizing methods, less
is known about the theory of asphalt soil stabilization than about some of the
newer methods. Most of the knowledge on the subject has been derived from
field experience, which does not allow the close control of variables which can
be maintained in the laboratory. The total number of specimens required for
a complete analysis and understanding of all possible interdependent variables
reaches an astronomical figure. Fortunately the number of samples needed can
be reduced considerably by eliminating any study of fact01s which have very
little effect on the final result.

Role of water

The presence of water during the mixing and compaction phases of asphalt
soil stabilization has long been recognized as an important factor. During mixing,
water facilitates the even distribution of asphalt through the mass”. The amount
of moisture required for thorough distribution of cutback asphalt apparently
increases as the amount of fine material in the soil increases. Asphalt cement can
be distributed if the amount of water used is enough to produce a slurry?2. This
phenomenon has been used to develop a surface sealing material of scil and
asphalt cement® 8, The use of wetting agents improves the stability of cutback
asphalt treated soils??,

During the compaction phase the amount of water becomes important mainly
because of its effect on density. Usually a soil, asphalt mixture is the strongest
at its maximum density. The amount of moisture required for maximum density
of a soil, asphalt mixture is not the same as that for the soil alone.

Although the importance of moisture during these phases of stabilization has
been recognized, a satisfactory agreement as to the amount of moisture needed
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has never been reached. A value of moisture content which has been proposed
is called the fluff-point of the soil®. The term fluff-point may be misleading in
that it does not always represent a specific moisture content but may be taken
from a range in moisture content. The fluff-point is determined by comparison
of the density of a number of samples of dry soil to each of which has been added
a different amount of water. The moisture and soil are thoroughly mixed, and the
moisture content of the sample exhibiting the greatest bulkiness or mealiness of
texture is called the fluff-point. The only apparent reason for this choice of
moisture content is that there is 2 maximum void ratio and grain separation with
the minimum density. Evidently the logic of this choice was heavily influenced
by great faith in the validity of the plug theory*®. Moisture contents used in
mixing asphalt with soil include: optimum moisture for maximum density of
the soil, moisture content at the fluff point, optimum moistare for maximum
density of the soil minus cutback asphalt content and one-half optimum moisture
for maximum density of the soil. Different concepts of the relation of cutback
asphalt content to water content used vary from the belief that 2% cutback asphalt
replaces 1% water to the belief that cutback asphalt and water have an equivalent
lubricating effect on soil grains during compaction.

The effects due to asphalt volatiles during compaction of soil asphalt mixtures
are not clearly understood. Usual practice includes a period of aeration between
mixing and compaction of soil cutback asphalt mixtures with a wide variance
in the duration of the aeration. A reduction by aeration of the combined per-
centage of water and asphalt volatiles varies from one-fifth to one-half the
original content. The asphalt volatile loss is thought to be 1espon51ble for an
increase in strength of the compacted materials.

Purpose of investigation

The foregoing discussion emphasizes the need of this investigation which,
broadly stated, is to study and interpret the effects of water during mixing and
during compaction and the effects of asphalt volatiles during compaction on the
stabilization of soil with cutback asphalt. A complete understanding of the effects
of these variables on a compacted mix should aid in arriving at a more intelligent
and efficient design of soil cutback asphalt mixtures than exists today.

TaBLE I. LOCATIONS OF SOIL SAMPLES

Sample Tier Soil Sampling
no. County Section . North Range series depth, ft. Horizon -

20-2 Harrison S-15% 78 43-W  Hamburg 39-40 C
100-8  Scott NW%4, SE¥4, S-13 77 2-E  Fayette 25-25% C
S-6-2  Benton NEX, SEA, S-16 86 10-W  Carrington 3-6 C
411 Page S-27 69 36-W  Shelby 3-23 C
26-1 Shelby S-21 81 40-W  Marshall 4-5 C
43%-1 Fremont NW¥, NW¥%, S-36 69 40-W  Marshall 4%-5% C

" °Sample 20-2 was obtained behind the third ward school in Missouri Valléy.
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" MATERIALS

Soils :
Soil samples were chosen from the loess, glacial till and sand materials of Jowa
to represent not only widespread soil types but also textural variations of soil in
general. Samples 20-2 and 100-8 represent the friable, calcareous loess in western
and eastern lowa, respectively. 20-2 was sampled from the deep loess bordering
the Missouri River, and 100-8 was sampled from the deep loess along the Missis-
sippi River. A sub-study comparing testing apparatus was made using samples
96-1 and 43%-1, which represent the plastic loess in southwestern Iowa.

Sample S-6-2 is ‘a fine sand from east central Iowa with a low clay content
of only 2 percent. This material represents the fluvial fine sand deposits of the
area.

Sample 411 is Kansan glacial 4l from southwestern Iowa. Kansan till, one of
the most abundant surficial materials in the southern part of Iowa, may be
found in all parts of the state. The particle size distribution and mmelalogy of
Kansan till is in general similar in all areas?’.

Asphalt .
Cutback asphalts of grades MC-0, MC-2 and MC-4 were used. The properties

TaBLE II. PROPERTIES OF SOILS

Sample number

20-2 100-§ S-6-2 411 26-1 43%-1
Physical properties
LL.; % 30.8 7.1 N.P. 41.8 39.4 51.9
PL., % 24.6 19.8 N.P. 14.9 26.9 18.5
Pl, % 6.2 7.8 N.P 26.9 125 - 33.4
C.ME., % 19.6 o S 21.7 19.5 28.5
SL.,% 22.3 20.6 14.8 12.3 28.8 19.1
Sp. Gr. 2.71 2.72 2.68 2.67 2.71 2.72
Lower fluff .
point, %° 8 5 1.5 11.0 9.0 11.5
Std. Proct. .
density, pcf. 109.9 109.9 111.9 107.0 . 1048
opt. MC., % 18.2 158 12.3 155 177 19.1
Chemical properties :
Organic matter, % 0.17 0.2 0.04 0.11 0.18 0.37
Carbonates, % 10.17 20.0 . oL 0.5
Cat. Ex. Cap. 3.8 13.4 . 20.0 18.2 24.4
pH 8.7 7.9 6.5 o . 6.7
Textural composition, %t
Sand 0.4 2.8 94.4 32.7 0.9 0.4
Silt 79.8 85.2 3.4 30.8 69.7 60.2
Clay 19.8 12.0 2.2 36.5 8.1 39.4
Colloidal clay 14.5 8.9 1.1 26.0 21.4 29.8
Textural classification} Silty Silty Silty Silty
(B.P.R. system) loam loam Sand , Clay clay clay
Engineering classification
(AASHO) A-4(8) A-4(8) A-3(0) A-7-6(18) A-6(9) A-7-6(18)

* Defined by Bensonl2.

t Sand—2.0 to 0.074 mm, silt—0.074 to 0.005 mm, clay—less than 0.005 mm, coloidal clay—
less than 0.001 mm.

k Classified texturally by the Bureau of Public Roads System e‘{cept that sand- and silt
sizes are separated by the N. 200 sieve.
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of the asphalts were furnished by the manufacturer (table III). Medium-curing
cutback asphalts were selected for the reasons previously given.

LABORATORY PROCEDURES AND TESTS
Standard tests and laboratory techniques are not always sufficient or applicable
procedures for conducting research. This was found to be true, and a number of
sub-investigations were necessary to develop suitable methods of test'®.

Proportioning of materials

All additions of water and cutback asphalt were «calculated as a percentage of
the weight of oven dry soil with which they were mixed. Cutback asphalt percent-
ages represent the total weight of asphalt cement plus hydrocarbon volatiles. In
other words 6 percent cutback asphalt means a mixture having a ratio of 6 Ib of
liquid cutback asphalt to 100 Ib of oven dry soil.

Moisture and hydrocarbon volatile determinations

Determinations of moisture content in samples devoid of cutback asphalt were
made by drying the samples in an oven at 105° to 110°C. Moisture contents of
samples containing cutback asphalt were determined by distillation of all volatile
material from the sample with a subsequent separation and measurement of the
amount of water and hydrocarbon volatile material’®, The latter method de-
termines both water content and hydrocarbon volatile content of the sample.

Mixing of materials
Test specimens were prepared from batches mixed by a Hobart C-100 kitchen
mixer. The required water which varied in amount with the experiments per-

TasLE ITI. PROPERTIES OF CUTBACK ASPHALTS®

Test Specification designation
Properties method MC-0 MC-2 MC+H4 RC-2
Furol viscosity at 77°F., sec. ASTM D 88 98
Furol viscosity at 122°F., sec. 143
Furol viscosity at 140°F., sec. 211 138
Turol viscosity at 180°F., sec.
Specific gravity (77°/77°F.) AASHO T 43  0.939 0.967 0.949
Distillation ’
Distillate (percent of total ,
distillate to 680°F.) i ASTM 402
To 370°F. 2.8 0.0
To 437°F. : 71.4 20.9 9.5 41.7
To 500°F, - 72.1 57.1 73
Residue from distillation to 680°F.

Volume percent by difference 65 78.5 .89.5 76
Sp. gravity of distillate (77°/77°F.) 0.79 0.83 0.84
Tests on residue from distillation, i

pen. 77°F., 100g., 5 sec. 1000 210 215 96
Sp. Gravity of residue (77°/77°F.) ASTM D 71 1.005 1.015 1.005 1.012
Solubility in carbon tetrachloride . ASTM D.- 4 99.95 99.99 99.98 ' 99.56
Temperature of use for mixing, °F. 50-120 100-120. 175-225 80-150
Oliensis spot test Neg. Neg. Neg. Neg.

® Propertics furnished by the Standard Oil Company of Indiana.
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formed and 1500 grams of soil were first machine mixed for two minutes. The
sides of the mixing bow] were next scraped and the materials were mixed for an
additional three minutes. The soil, water mixture was then stored in an air-tight
container for 16 to 24 hours before adding the cutback asphalt. The cutback
asphalt was heated to the middle of the range of temperatures recommended by
the Asphalt Institute and hand mixed into the moist soil to prevent splashing.
Next the materials were machine mixed in the following order: 1% minutes of
mixing, sides were scraped, 1% minutes of mixing, sides again scraped and a final
two minutes of mixing?®

One of the sub-investigations was a study of the amount of hydrocarbon volatile
material lost during the process of mixing cutback asphalt with soil. Determina-
tion- of the loss of hydrocarbon volatiles while mixing 10 percent MC-0 at room
temperature with oven dry soil, and with air dry soil at room temperature showed
that the loss is very small; the loss after seven minutes of mixing with oven dry
soil at 110°C and cooling at room temperature in a desiccator was 1.27 percent
of the hydrocarbon volatiles and the loss using air dry soil was 1.21 percent. The
smaller loss in the presence of hydroscopic moisture can be explained by consid-
ering the mechanism of mass transfer:

Loss of hydroczubon volatiles through evaporation in a system of this type is
essentially a diffusional phenomenon. The system can also be considered to consist
of two immiscible liquids, water and kerosene or water and gasoline. Each com-
ponent liquid is in a pure state and therefore .exerts its normal equilibrium vapér pres-
sure at the existing temperature. The rate of evaporation in either a static or dynamic
atmosphere is proportional to the surface exposed multiplied by the difference be-
tween the partial pressures of the evaporating component at the interface and in the
surrounding atmosphere. Increased water contents do not affect partial pressures, and
therefore they reduce the amount of hydrocarbon volatile loss by reducing the
exposed surface area of the more volatile hydrocarbon material. Since the hydrocarbon
volatile loss in the presence of a small amount of water was negligible, the loss
with larger amounts of water present will be even less and for practical purposes
can be considered negligible.

Ageing mixtures

Batches of cutback asphalt, soil, and water mixtures that were used for
studying the amount of water required during mixing were stored four hours
in an air-tight container before molding specimens. The purpose of this aging

was to ensure soil mixture equilibrium conditions.

Drying-back mixtures

Batches of cutback asphalt, soil, and water mixtures that were used for studying
the amount of water and hydrocarbon volatile material remaining before molding
were air dried for various periods of time. The cutback asphalt, soil, and water
mixtures were placed in shallow pans and covered with a layer of gauze and a
one inch layer of cotton. The coverings reduced the thermal gradients and vapor
concentration gradients, which in turn reduced the rate of vapor phase mass
transfer from the surface of the drying material. The reduced rate of surface mass
transfer causes the liquid and vapor conditions to remain static and fairly close
to equilibrium throughout the drying mixture.
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Molding

Following either aging or drying-back, soil cutback asphalt mixtures were
molded into 2 inch diameter by 2 inch high specimens using standard Proctor
compactive effort?. The molds were 5 inch long brass cylinders having a 2 inch
inside diameter. Compacted material in excess of 2 inches was extruded from the
cylinder and trimmed. The specimen remained within the cylinder through test-

lngla

Testing specimens

The stability of specimens was evaluated by the Iowa Bearing Value test
immediately following the soaking period. The Iowa Bearing Value test, abbrevi-
ated to IBV test, was chosen as a means of stability evaluation for several
reasons™. The IBV test is believed to similate field conditions more nearly than
other tests, it requires one-twentieth the amount of material and less than one-half
the time required by the CBR test. The IBV test molds are small and require little
space in humidity or storage cabinets. A singular disadvantage is the fact that
the IBV test is limited to medium and fine-grained soils, "although a limited
amount of research indicates that materials containing up to 25 percent % inch
gravel may be tested®. The soil materials used in this study were medium and
fine grained.

The IBV test is a miniature bearing test patterned after the California Bearing
Ratio test. The test specimen is compacted into a 2 inch diameter mold and
struck off to a height of 2 inches. A % inch penetration rod is forced into the
specimen by a testing machine, and the load at various depths of penetration is
recorded and graphed. In this investigation the load couespondlng to 0.08 inch
penetration is called the IBV.

Soaked, air-dry or after freezing and thawing specimens may be tested in the
IBV test. In this investigation specimens in brass cylinders were immersed in
distilled water at room temperature with a surcharge (equivalent to that used
in the CBR test) and allowed to soak for seven days before testing. Seven days -
was chosen as the soaking period because it was found that a maximum loss in
stability, as measured by strength, occurs within this period.

Review of procedure
The laboratory procedure is presented for the sake of clarity:
1. Proportion soil and water
2. Mix
3. Store 16 to 24 hours
4. Mix by hand
5. Add liquid cutback asphalt - -
6. Mix by hand
7. Machine mix
8. Age or dry back
9. Mold
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10. Immerse in distilled water
11. Test

INVESTIGATION

Water contents during mixing and during compaction of soil cutback asphalt
mixtures have marked effects on the properties of the resulting stabilized material.
The amount of moisture present during mixing decidedly influences the final
distribution of cutback asphalt in the soil mass. The main purpose of this
investigation was to determine what moisture control should be exercised to
ensure a stabilized material having an optimum combination of properties. Two
processes of cutback asphalt soil stabilization were investigated: in process I,
soil, cutback asphalt and water were mixed and immediately compacted; in
process 11, soil, asphalt and water were mixed and the mixture was dried back
to some lower moisture content before compaction.

The difference between process I and process II was the stage in the process at
which the water content was varied. In process I the water content was varied
during mixing, and the mixture was compacted with a water content equal
to that used in mixing. In process II the water content during mixing was suf-
ficiently high to ensure good cutback asphalt distribution; the water content
was then changed from that used during. mixing by drying back before
compaction. '

Process I

The effects of moisture content during mixing on the density, IBV, absorption,
expansion and the total seven day soaked moisture content were studied by
testing specimens molded from different batches of soil, asphalt and water in
which the water content was varied. All other quantities and qualities such as the
amount and type of soil, and the amount and type of cutback asphalt were main-
tained constant for any one study. Each of the four soils was studied in this
manner and compared using admixtures of 6 and 10 percent MC-2 and MC-4
cutback asphalt. The sand sample (S-6-2) was treated with only 3 percent MC-2,
since higher percentages of MC-2 cutback asphalt produced mixtures of such a
liguid consistency that molding was impossible. The use of MC-4 with the sand
permitted treatments of both 3'and 6 percent. Again it is emphasized that water
content was the only variable in any singular study of constant cutback asphalt
content. The method of analysis can be clarified by an examination of the data
presented. ‘

Density was calculated as weight of dry soil per volume and is expressed in
pounds per cubic foot. IBV was expressed in pounds; absorption was calculated
as the amount of moisture gained by a specimen during the seven day immersion
period and was expressed as a percentage of the oven dry weight of soil contained
in the specimen. Expansion of specimens was expressed as a percentage of the
original height of the specimen concerned, since the specimens were laterally
confined and expansion occurred in one dimension only. Total seven day soaked
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moisture content was expressed as percentage of the oven dry weight of soil
contained in a specimen.
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Fig. 1. Graphs of moisture content during mixing versus the IBV, dry
density, absorption, expansion and total moisture content
after 7 days’ soaking of soil, cutback asphalt compacted speci-

: mens. The soil cutback asphalt compositions are listed on each

~ graph. The amount of residual asphalt cement in 6 and 10

' percent MC-2 is 4.93 and 8.2 percent, and in 6 and 10 percent

MC-4 is 547 and 9.11 percent. The vertical line in the center

of the graph indicates the CMC.
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B The data are presented in figures -1: Z‘aﬁd 3 as graf)hé with density, IBV,
absorption, ‘expansion and total seven -day soaked moisture. content treated as
dependent variables. The independent variable-is the water content during mix-
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ing, expressed as a percentage of the oven-dry weight of the soil in each specimen.
Each point on the graphs represents an average of three values.
The curves of IBV, density and of total moisture content after seven days’
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Fig. 3. Graphs of moisture content during mixing versus the IBV, dry
density, absorption, expansion, and total moisture content after
7 days’ soaking of soil cutback asphalt compacted: specimens.
The soil cutback asphalt compositions are listed on each graph.
The amount of residual asphalt cement in 6 and 10 percent

" MC-2 is 4.93 and 8.2 percent, and in 6 and 10 percent MC-4 is
547 and 9.11 percent. The vertical line in the center of the
graph indicates the CMC.
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" soaking all show either a maximum or a minimum where an optimum mixing
‘moisture content exists for each combination of soil and type and ‘amount of
cutback asphalt.- The optimum ‘muoisture contenrts f01 ‘the foregoing seldom

- coincide.

The absorptlon and’ expansion curves are similar in characte1 Both sets of ‘
curves- are, in general; a logarithmic type asympto’ac to some minimum' value. - R
. The curves indicate that the best absorption and expansion performances are’
" obtained with the hlghest mlxmg water content possible. However, a gain .in
absorption and expansion performance by increasing the mixing water content -
is obtained only at:the expense of other desirable properties. :

. Somewhere within the range of moisture studied there is a mixing mo1sture,
content which represents the best compromise when all properties are comn-
sidered. The compromise point was found by graphical analysis of the data, .
_using the method of first powers in which a minimization of the summation of
individual property deviations from a datum is calculated. More accurate
methods of analysis could be performed by ublng either the method of least
squares or the method of least cubes. However, the latter methods are far more
complex and require an exact knowledge of the equations of the functions = .
* relating the properties in question for accuracy. Curves could be fitted to -the .- '
“numerical data; but in so doing errors ef a serious nature are apt to be introduced.
Errors of this type offset the increased accuracy 6f the more complex methods, 50
. the simplest method was used. :

Each property exhibits one best value, either a maximum or a minimum,
which was used as a datum. The' difference between a property value and the
datum value was then calculated at each moisture content as a percentage of the
datum value. The percentage of deviation of all properties from their respective
datums were summed at eéach mixing moisture content and the summations 6f
deviations were then plotted versus mixing moisturé content. The mixing moisture
content corresponding to the minimum value of the summation of deviations is
then the best compromise moisture content (CMC). The mixing CMC was found )

" by this method for all soils and combinations of cutback asphalt used- except for
- some of the sand mixes in which no definite maximum or minimum were evident.
The CMC for the latter were visually estimated. '

In the data resulting from the tests and calculations optimum moisture for
the raw soil is included primarily as a matter of interest. The mixing moisture
content co1respond1ng to maximum IBV, maximum density and minimum total
moisture content after seven days’ immersion are shown for comparison with
the mixing CMC at which the best over-all results. are obtained (table IV).
Examination of these data show that the mixing moisture for maximum IBV
. and for maximum density closely correspond to the mixing CMC. Exact corres-
pondence would produce: a straight line graph passing through the origin with a
“slope of 45 dégrees.in each case. Both the plots of mixing moisture for maximum N
IBV.and for maximum density versus CMC follow a 45 degree line fairly well .
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TasLE IV. Data

; Optimum
Amount ' moisture
and type of  of soil,
Soil cutback asphalt® %

120-2 6% MC-2 18.0
< 10%
6% MC-4
10%

100-8 6% MC-2 15.8
10%

411 6% MC-2
© o 10%

6% MC-4
10%

5-6-2 3% MC-2 12.3
3% MC-4 :
6%

* Amount of residue in 6% MC-2
5.47% and in 10% MC-4 9.11%.

FROM PROCESS I—MIXED AND MOLDED |

Mixing moisture content required Calculated MC

to produce: where minimum
< Minimuim . summation of
. Maximum moisture deviations
Maximum dry . contentafter, ' occurs,
IBV density 7 days’ soaking CMC% -
..15.5 15.7 10.1 15.8 .
9.6 13.6 72 9.5
16.0 14.0 13.8 14.5
- 85 13.9 10.0 9.5
12.7 13.8 11.5 12.5
6.6 9.6 4.5¢% 8.0t
16.6 15.8 12.3 16.3
16.5 9.0 10.4 11.6
14.7 12.5 - '13.1 14.2
15.2 15.7 12.3 14.6
3.2 0.5% 0.5% 1.0+
10.0 9.8 117 10.5
8.5 8.0 0.5¢% 7.0t

cutback asphalt is 4.93%, 10% is 8.2% and in 6% MC-4

t Visually estimated because maxima and minima were indefinite,
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Fig. 4. Graphs comparing mixing moisture content for maximum standard

Proctor density and mixing moisture content for maximum IBV with the

, compromise moisture content. Exact correlation of the experimental data

. would fall on the indicated 45 degree line. This relation holds true for the
silty and clayey soils used in this investigation.
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(figure 4). The mixing moisture for maximum IBV -appears to give the best
correlation; however the mixing moisture for maximum density gives a good
correlation. ' .

Absorption or expansion due to soaking cannot be used as criteria for pre-
dicting mixing moisture for maximum performance because there is.no convenient
control point (figures 1, 2, and 3). The only possible point of control is the
minimum value in each case and the minimum values lie too far to the right of .
the moisture range in which maximum density, maximum IBV and minimum
total moisture content after seven days’” immersion occur. Inclusion of absorption
and expansion in the CMC computation would displace the CMC to the right

. far enough to be out of the moisture range previously mentioned. These prop-
erties are determined after specimens have been soaked for one week. The prop-
erties also depend on the moisture content at the beginning of the soaking period,
since the amount of absorption or ‘expansion is partially dependent on the amount

. of air void space available for the entry of water. The moisture content at the

begihning of the soaking period is also variable, so the amount of absorption or
expansion is a relative value. )

The mixing moisture for the maximum density of the soil asphalt mix is the
most practical moisture content for use as a guide in determining water re-
. quirements for cutback asphalt soil stabilization. The density tests can be run
in a relatively short time; the IBV test requires at least a week.

Process I

The effects of moisture content during compaction on the density, IBV, ex-
pansion and the total seven day soaked moisture content were studied by testing
specimens molded from different batches of soil, asphalt and water in which
the moisture and hydrocarbon volatile content had been changed by drying the
material after mixing. All other quantities and qualities such as the amount and
type of soil, and the amount and type of asphalt were maintained constant for
any one study. Batches were mixed at either the standard Proctor optimum mois-
ture or at the liquid limit of the raw soil and in some cases at the plastic limit.
Each soil was studied in this manner and compared to other soils using 6 and 10
percent MC-2 and MC-4 cutback asphalt. The sand sample was again treated as
stated in the previous section describing Process I. Property values were calcu-
lated and expressed in the same units as before.

The data are presented as graphs with density, IBV, expansion and total seven
day soaked moisture content treated as dependent variables (figures 5, 6, 7, 8).
The independent variable is the water content during molding. Each point on the
graphs represents an average of three values. The data are presented in the same
manner as were the data for process 1. The resulting curves are of the same gen-
eral type and were analyzed as were those for process I.

A close correlation, except for sand, is shown between either the moisture
contents for maximum density or maximum IBV and the dried back CMC
(figure 9); the results from sand tend to be erratic and the CMC must be
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estimated by eye. Both plots follow a 45 degree line and the same general
statements apply as for Process I. The dried back moisture content for maximum
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Fig. 5. Graphs of moisture content during molding versus the 1BV,
dry density, absorption, expansion, and total moisture content
after 7 days’ soaking of soil cutback asphalt compacted speci-
mens. The soil cutback asphalt compositions and the moisture
content at which the mixes were mixed are listed on each
graph. The amount of residual asphalt cement in 6 and 10
percent MC-2 is 4.93 and 8.2 percent, and in 6 and 10 percent
MC-4 is 547 and 9.11 percent. The vertical line in the center
of the graph indicates the CMC.
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density of ‘the soil-asphédt mix is the most practical criterion for determining
the water requirements of process II, except possibly for sand. The data indicate
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Fig. 6. Graphs of moisture content during molding versus the 1BV,
dry density, absorption, expansion, and total moisture content
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content at which the mixes were mixed are listed on each
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MC-4 is 5.47 and 9.11 percent. The vertical line in the center
of the graph indicates the CMC. -
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that for sand the CMC lies on the dry.side of the dried back moisture content

for standard Proctor density.
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The soil,

and the moisture content at whlch the mixes were mixed are
listed on each graph. The amount of residual asphalt cement
in 6 percent MC-2 is 4.93 percent. The vertical line in the
center of the graph indicates the CMC.
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Fig. 8. Graphs of moisture content during molding versus the IBV, dry density,
absorption, expansion, and total moisture content after 7 days soaking
of soil cutback asphalt compacted specimens. The soil cutback asphalt
compositions and the moisture content at which the mixes were mixed
are listed on each graph. The amount of residual asphalt cement in 3,
6, and 10 percent MC-2 is 2.47, 4.93, and 8.2 percent, and in 3, 6, and 10
percent MC4 is 2.7, 547, and 9.11 percent. The vertical line in the
center of the graph indicates the CMC.
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Comparison of processes I and IT

Processes I and II are compared on the basis of the values of IBV, density and
total seven day soaked moisture content obtained at the CMC of each process
(tables V, VI). All property values of specimens resulting from Process 1 were
superior to those of corresponding specimens prepared by Process II except for
the total seven day soaked moisture content of the sand specimens mixed with
MC-4. Process I seems to produce the best results with the textural types of soil
studied. :

Heavier clays may require the use of process II, since the CMC of process I
may lie within the plastic range of the soil. Should this be so, adequate mixing
of such a soil with asphalt at the CMC of process I is impossible. The higher
mixing moisture contents used in process II become the only possible solution
because mixing is done easily near the liquid limit of highly plastic soils. The use
of process II increases the cost, since the addition of the drying back stage may
limit the application and use of cutback asphalt soil stabilization to medium to
non-plastic soils.

Distribution of asphalt

The water in soil cutback asphalt mixtures not only aids in attaining maximum
densities but also aids in obtaining even distribution of asphalt throughout the
soil mass. A study of this was made by mixing batches of soil with a constant
percentage of asphalt and varying amounts of water from one percent to
percentages slightly above the liquid limit of the soil. Specimens were prepared.
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Fig. 9. Graph comparing compaction moisture content for maximum standard
Proctor density and compaction moisture content for maximum IBV
with the compromise moisture content. Exact correlation of the ex-
perimental data would fall on the indicated 45 degree line. This rela-
tion holds true for the silty and clayey soils used in this investigation.
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by compaction and curing. Curing was done to remove moisture so that the areas
containing cutback asphalt showed a high contrast with the areas containing
little or no cutback asphalt (figures 10 to 15). The percentages indicated repre-
sent the moisture content that lies closest (of those shown) to the compromise
moisture content as determined from the experimental data.

The asphalt tends to be locally concentrated and poorly distributed at low
mixing moisture contents in the compacted cutback asphalt treated loess and
glacial till, as indicated by the dark areas which contain the highest cutback
asphalt concentrations (figures 10 to 14). The distribution of cutback asphalt im-
proves as the amount of mixing water is increased, and the most uniform distri-
bution appears to be somewhere in the neighborhood of the liquid limit of the
soil. No difference in distribution pattern was noticed between MC-2 and MC-4
treatment of these soils.

Loess. The compromise moisture content (CMC) for the two loess (20-2 and

TaBLE V. BEST ATTAINABLE VALUES OF IBV, DENSITY AND TOTAL 7 DAY
SOAKED MOISTURE CONTENT AT CMC usiNG MC-2 CUTBACK ASPHALT

Process 1 Process I
M.C. during
Amount Total mixing Total
o moisture corre- moisture
Soil asphalt, IBV Density content, sponds = IBV Density  content,
no. % Ibs. pef. % % to Ibs. pef %
20-2 6 il 105 16.8 15.0 65 102 17.5
OME. .54 100 18.9
P.I. 42 99 21.2
L1 56 104 19.0
10 54 98 14.8 O.M.C. 86 93 19.4
| 74 42 96 16.9
100-8 6 78 107 153 1138 52 105 17.6
| ) S 5 106 16.5
i 1) 69 104 16.0
411 6 17 104 18.3 O.M.C. 15 105 21.3
L.Ls 12 108 19.7
$-6-2 8 10 106 7.0 15 101 13.0

TasrLe VI. BEST ATTAINABLE VALUES OF IBV, DENSITY AND TOTAL 7 DAY
SOAKED MOISTURE CONTENT AT CMC usiNG MC-4 CUTBACK ASPHALT

Process 1 Process 11
M.C. during
Amount Total mixing Total
of moisture corre- moisture
Soil asphalt, IBV Density content, sponds IBV Density content,
no. % Ibs. pef % % to Ibs. pef %
20-2 6 51 105 15.9 OM.C. 36 100 19.2
L.L, 50 101 20.1
10 43 96 11.5 OM.C. 32 93 19.8
L.L. 32 97 19.5
411 10 12 90 22.3 1o 2 11 94 24.5
S-6-2 3 17 105 17.0 10.0 24 98 10.0
6 19 105 146 10.0 10 99 9.2
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Fig. 10.

v

< <

23 % (P.L.) 32 % (L.L)

20 -2 (loess) 6 %,MC-2

Photographs of Process I compacted specimens of 20-2 (loess) treated
with 6 percent MC-2 and various percentages of mixing water. The per-
centage of mixing water is indicated below each photograph. The under-
lined percentage indicates the moisture content that is closest to the
CMC of the mixtures shown. Photographs of specimens mixed at the
plastic limit and the liquid limit of the soil are indicated by the initials
P.L. and L.L. following the appropriate moisture percentages. The
residual asphalt cement content is 4.93 percent.
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23%(P.L.) 32 %(L.L.)

20-2 (loess) 6%, MC-4

Fig. 11. Photographs of Process I compacted specimens of 20-2 (loess) treated
with 6 percent MC-4 and various percentages of mixing water. The |
percentage of mixing water is indicated below each photograph. The
underlined percentage indicates the moisture content that is the closest
to the CMC of the mixture shown. Photographs of specimens mixed at
the plastic limit and the liquid limit of the soil are indicated by the
initials P.L. and L.L. following the appropriate moisture percentages.
The residual asphalt cement content is 5.47 percent.
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20% (PL.) STHILLY - - AT%

100-8 ( loess) 6%, MC-2

Fig. 12. Photographs of Process I compacted specimens of 100-S (loess) treated
with 6 percent MC-2 and various percentages of mixing water. The per-
centage of mixing water is indicated below each photograph. The under-
lined percentage indicates the moisture content that is the closest to
the CMC of the mixture shown. Photographs of specimens mixed at the
plastic limit and the liquid limit of the soil are indicated by the initials
P.L. and L.L. following the appropriate moisture percentages. The
residual asphalt cement content is 4.93 percent.
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100-8) soils occurs at about the mixing moisture content where the asphalt
appears to be streaked or smeared in the soil rather than uniformly distributed.
The CMC also lies well below the plastic limit of the soil. Mixing moisture con-
tents above the CMC produce much more uniform distribution of asphalt, but
evidently the asphalt films resulting from mixing in this moisture range do not
produce optimum cohesion and lower permeability. The loess soils mixed easily
with asphalt at all moisture contents.

Glacial till. The photographs of the glacial till show that the asphalt is gen-
erally more poorly distributed than in the loess; but the asphalt also has a
smeared appearance near the CMC, though the smeared condition is not as
clearly indicated as in the loess samples. The glacial till was very difficult to mix
with asphalt when the mixing moisture was in a range of 2 to 8 percent above
the plastic limit of the soil. Resistance to mixing was sufficient to break the paddle
of the mixing machine, and machine mixing was only carried on for about one-
half a minute; no supplemental hand mixing was used. The mixing limitations
imposed by the highly plastic character of this soil are, no doubt, partially re-
sponsible for the poor distribution of asphalt. Extensive planes of asphalt re-
sulted in many mixes when the system was in a moisture produced plastic state.
Specimens prepared from mixtures with moisture contents above the plastic limit
showed a decided tendency to develop shrinkage cracks during drying; the
amount and size of the cracks increased with the mixing moisture content (figures
13 and 14).

Sand. Figure 15 shows that a different water relationship exists in the sand
(S-6-2) specimens treated with MC-2 and MC-4. The top six photographs are of
sand treated with MC-2 and the bottom six are of sand treated with MC-4. The
MC-2 treated specimens have an estimated CMC of 1 percent, and the MC-4
treated specimens have a CMC of 11 percent. Decreased coating of sand grains
is evident as the mixing water content increased above 1 percent. With MC-4
cutback asphalt, better distribution was obtained as the mixing water content
increased up to 11 percent. Evidently water is beneficial to asphalt distribution
with MC-4 treatment; with MC-2 very little water is needed because MC-2 is not
as viscous as MC-4.

Failure to coat some grains was also noted in the loess and glacial till
specimens that were molded from batches mixed with higher water contents.
The number of uncoated grains was small, since the failure to coat occurred
mainly on the sand grains which are only a fraction of the total soil used.

DISCUSSION
The data indicate that cutback asphalt stabilization of the sandy, silty and
clayey soils investigated is best accomplished by a process (process 1) in which
the soil, cutback asphalt and water are mixed for a specific period of time im-
mediately following which the mixture is compacted. The moisture content at
which the silty and clayey soils are best stabilized with either MC-2 or MC-4
asphalt corresponds closely to the optimum moisture content for maximum
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41% (L.L.) 43 %

411 (till) 6%, MC-2

Fig. 13. Photographs of Process I compacted specimens of 411 (glacial till) treated with
6 percent MC-2 and various percentages of mixing water. The percentage of mix-
ing water is indicated below each photograph. The underlined percentage indi-
cates the moisture content that is the closest to the CMC of the mixture shown.
| Photographs of specimens mixed at the plastic limit and the liquid limit of the soil
are indicated by the initials P.L.. and L.L. following the appropriate moisture per-
centages. The residual asphalt content is 4.93 percent.
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41%(L.L.) 43 %

4l (il 6% ,MC -4

Fig. 14. Photographs of Process I compacted specimens of 411 (glacial till) treated with 6
percent MC-4 and various percentages of mixing water. The percentage of mixing
water is indicated below each photograph. The underlined percentage indicates
the moisture content that is the closest to the CMC of the mixture shown. Photo-
graphs of specimens mixed at the plastic limit and the liquid limit of the soil are
indicated by the initials P.L. and L.L. following the appropriate moisture percent-
ages. The residual asphalt cement content is 5.47 percent.
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S-6-2 (sand) 3% MC-4

Fig. 15. Photographs of Process I compacted specimens of S-6-2 (sand) treated
with 3 percent MC-2 and MC-4 and various percentages of mixing
water. The percentage of mixing water is indicated below each photo-
graph. The underlined percentage indicates the moisture content that
is closest to the CMC of the mixture shown. The residual asphalt
cement content is 2.47 percent for MC-2 mixes and 2.74 percent for MC-4
mixes.
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standald Proctor denslty of the so11 asphalt mixture. The - -sandy soil requnes '
little or no moisture when stabilized with MC-2 asphalt, but it requires enough

" water for maximum standard. Proctor density when stabilized with MC-4. -

"The ‘process (process I1) of mixing the materials at high moisture contents .

with a drying back period between mixing and compaction produced specimens
inferior to those produced by process I, with the quantities of cutback asphalt
- used. The high mixing moisture contents resulted in a cutback asphalt distribu-
tion approaching that of an intimate mix. The drying back periods were necessary
to reduce the moisture content of the mixture to that needed for maximum

‘compacted densities. Even though process 1I ‘produces better: distribution of -

cutback asphalt than-process I, and both produce .comparable compacted densi-
ties, process I produces a compacted mixture that is more stable than that re-

sulting from process II. This indicates that the most thorough cutback asphalt dis-

tribution of the percentages used does not ensure the highest stability in silty and
clayey soils. Visual evidence indicates that for sandy-soils the moisture content for
maximum density and the mioisture conterit for maximum cutback asphalt distri-
bution are coincident.

The photographic sttxdy of the effect of moisture content on the distribution -

of asphalt is not as precise as the quantative moisture property studies, since
the photograph showing best distribution of cutback asphalt must be estimated.
- However, the general range of moisture content in whlch the best distribution
of cutback "asphalt occurs is quite obvious. ‘

The findings of this investigation are generally in agreement with other conclu-
sions that the maximum stability of cutback asphalt stabilized soil is reached
-at some definite degreé of cutback asphalt. distribution less than an intimate
" mixS. The structure of the soil cutback asphalt system at the point of maximum
stability is believed to consist of small irregular soil aggregates within which
there is no effective waterproofing or cementing bituminous material. The surface

of the soil aggregates is’covered with asphalt films that vary in thickness and - - .

. amount of coverage. Compaction of such a system produces a dense mass of indi-
. vidually waterproofed soil aggregate)s :

The basic structural system is thought to be estabhshed during the process of
mixing. The cutback asphalt is first dispersed throughout the soil in small glob—
ules as a djscontinuous. phase, with the soil as a eontinuous phase. At this point

in. the mixing process paths through the soil cutback asphalt\system may be .

found which do not pass through any cutback asphalt barriers. Continued mixing
causes an inversion of the phases of the cutback asphalt and the soil: the. soil

tends to become discontinuous, and the cutback asphalt tends to. become con-

tinuous. The continuity of the cutback asphalt. is probahly never completé be-
cause of the small amount of cutback asphalt that can ‘be used economically.

A phase mixing theory based on the above observatlons has been proposed®.
The proposal is in essence that the maximum protection occurs for a soil treated
with asphaltic material when the thickest film of asphaltic material which, can
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bé closely and permanently held on or absorbed. into the surfaces of soil aggre-
gates must contain sufficient absorbed moisture to develop certain degrees of
cohesiveness and plasticity. '

~ The present investigation indicates that the spatlal geometry of the theory is
correct and that moisture must be present’to produce cohesiveriess and plasticity
~“in tHe soil aggregates. This 1nvest1gat10n also 1nd1cates that moisture must be
present for the purpose of attaining near maximum density in the individual soil
aggregates and as an-aid in the-distribution of cutback asphalt. Maximum densﬂy
-of the soil aggregates must occur at nearly the same moisture content at which
" maximum density -of the soil cutback asphalt mass occurs since, for. the per-
centages of cutback asphalt used, over-all density is changed ‘very little due to
differences in specific-gravity. The, dens1ty of the mass depends malnly on the
density of the individual soil aggregates )

Any amount of water greater than that requned f01 maximum densities serves
only to aid in obtaining a degree of distribution of cutback asphalt approaching
‘an intimaté mix. The excess water must‘then be evaporated in order to obtain -
-good densification by ‘compaction. Evidently, enough mixing to give high de-
grees of asphalt dlStI‘lbuthn results in small soil aggregates in which some of the
strength properties are destroyed. The smaller the aggregates the higher the
total surface area. Coverage of a high surface area with asphalt results. in asphalt
films that are too thin for optimum waterproofing and. cohesion. , -

A soil aggregate particle coated with ‘cutback asphalt is pénetrated. to some
depth by the constituénts of the b1tumm0us material. The core of such a particle
remains in its natural untreated state and retains its inherent strength properties.
The soil material of the outer layer of the partlcle has lost its natural cohesion, and
the frictional properties have been reduced due to the Waterproofmg and lubri-
cating effects of cutback asphalt ‘A treated particle may be weaker than an
" untreated particle of equivalent size; however the tréated particle will be the
.. most waterproof. The strength data and the photographs indicate that as 1nd1v1du-

* al soil aggregate particles grow smaller and.smaller the strength of the mass also
decreases. This is thought to bedué to reduction in size of the natural soil cores-
with a proportional loss in strength, since the depth of asphalt penetration into a
soil aggregate will be the same regardless of the size of the aggregate particles. A
very small particle is apt to be thoroughly penetrated by cutback asphalt and .
will then have only the cohesive strength of the asphalt.

The following tabulation of generalized physical properties and phases of the
soil and the asphalt within compacted soil cutback asphalt mixtures have been
derived from the data

. SOIL )
Little or .no : ; Intermediate amounts High amount of
mixing- water . of mixing water o mixing water
Large aggregates Medium aggregates " Small aggregates
‘Low strength Maximurm strength Low strength
Low density ' Maximum density - Low density ‘

No - shrinkage - Little shrmkage . ' High shrinkage
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CUTBACK ASPIIALT

~ Little or no Intermediate amounts High amount of
mixing water of mixing water mixing water
Globules Thick films Thin films
Discontinuous phase Semi-continaous phase * Continuous phase
Low cohesion Medium cohesion High cohesion
Low waterproofing High waterproofing Low waterproofing

This tabulation indicates that the optimum properties of a compacted soil-
cutback asphalt mixture lie within the intermediate range of mixing moisture
contents. The determination of the compromise moisture content (CMC) indi-
cates a mixing water content at which the best combination of properties results.
The degree of distribution of cutback asphalt is a function of the amount of
mixing water, better distribution being obtained as the amount of water is in-
creased with this type of mixing. The CMC also represents a mixing moisture
content at which a compromise degree of asphalt distribution occurs. '

Cutback asphalt stabilization of the soil types investigated is best accomplished
as a general rule by mixing the moist soil and the asphalt at the water content
needed for maximum standard Proctor density of the optimum results, and it is
essential to maximum stability that compaction be carried out immediately
following mixing. ’

SUMMARY AND CONCLUSIONS

The effects of water content during mixing and during compaction of soil
cutback asphalt mixtures on the physical properties of the compacted product
have not been clearly defined in the past. The primary objectivés of this investi-
gation have been to study and evaluate these effects.

The following conclusions concerning cutback asphalt soil stabilization are
made on the basis of observations and results of the investigation. It is believed
that the conclusions should apply in general to all soils of similar textural and
mineralogical composition.

1. The degree of cutback asphalt dispersion in a soil mass is a function of the
amount of water present during mixing. The resulting mixture varies from poor,
when little water is present, to a quasi-homogenous or intimate mix when a high
percentage of water is present.

2. Compaction of a soil, cutback asphalt, and water system immediately following
mixing produces a more stable product than a procedure in which a drying back
period is included between mixing and compaction.

3. An intimate mix does not produce the most desirable stability properties of
the compacted mixture. : '

4. The percentage of mixing water required to produce maximum IBV maximum
standard Proctor density, minimum total moisture content after seven days’
immersion, and minimum expansion in compacted specimens is different for each
property mentioned. However, the range of water content over which these min-
imum or maximum properties occur is only several percent.

5. A compromise moisture content (CMC) for mixing may be found at which the
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variance from the best value of the properties will be a minimum. The CMC is
most advantageously determined by the method of first powers.

6. The CMC is very close to the mixing moisture content at which maximum
standard Proctor density of the soil, cutback asphalt, and water system occurs.
The moisture content corresponding to maximum standard Proctor density of the
soil, cutback asphalt, and water mixture provides the most convenient and easily
determined moisture control point for cutback asphalt soil stabilization.

7. The value of the CMC or standard Proctor optimum moisture depends on the
type of soil, the type and amount of cutback asphalt used.

8. The fluff-point moisture content and the mixing moisture content required to
produce an optimum combination of stability properties do not correspond.

9. The best overall stability results for a sandy soil and MC-2 cutback asphalt are
obtained when little or no mixing moisture is used; however when treating with
MC-4 cutback asphalt the moisture corresponding to the CMC or standard
Proctor optimum moisture content should be present during mixing.

10. Quasi-homogeneous soil cutback asphalt systems can be produced with silty
and clayey soils if the amount of mixing water used is at least equivalent to the
liquid limit of the soil being mixed. Mixing of clayey soil, water, and asphalt
systems is nearly impossible within reasonable mechanical limitations when the
moisture content lies within the plastic range of the soil-water system.

11. There is an optimum duration of mixing of soil, cutback asphalt, and water
systems for each type of mixing equipment.

The foregoing conclusions seem to explain the role of water in cutback asphalt
soil stabilization. The investigation should be extended to include the effects of
the amount and type of cutback asphalt, emulsions, and wetting agents on the
mixing water requirements of all types of soils normally found in the field of soil
stabilization. Field trials of cutback asphalt soil stabilization should be conducted
to adapt the findings of this investigation to the types of field equipment now in
use. :
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POLYACIDS AND LIGNIN USED
WITH LARGE ORGANIC CATIONS FOR SOIL STABILIZATION

by

R. L. Nicholls, Soils Engineer, Gannett Fleming Corddry & Carpentef
D. T. Davidson, Professor, Civil Engineering

(Highway Research Board Proceedings 37: 517—537. 1958.)

ABSTRACT

The immersed strength and air dry strength of an Iowa silty loam treated
with large organic cationic materials can be increased by-the addition of vari-
ous polyacids. This increase is apparently due primarily to an ionic adsorption
complex in which the polyacids bond between large organic cations coating -
the mineral surfaces. The strength of the treated soil can be further increased
by the addition of small amounts of ferrous carbonate.

" Also investigated were the use of spent sulfite liquor and zein, a protein
constituent of corn, with various metal salts and organic cations. Of the
chemicals studied, the use of spent sulfite liquor with large organic cations
appears most promising on an economic basis.

INTRODUCTION

The superior waterproofing ability of large organic cations in soils has been
demonstrated in previous studies at the Jowa Engineering Experiment Sta-
tion!- 2% 17, An investigation of methods of combining this waterproofing ability
of large organic cations with the cementing capacity of high polymers is the
subject of this paper. The mechanisms of waterproofing and cementing in soils
also are presented.

Waterproofing soil with large organic cations : '

Large organic cations are adsorbed on the negatively charged surfaces of
clay minerals, and their hydrocarbon groups impede the movement of water
. through the soil pores. Due to greater van der Waal’s attraction, the larger
cations are generally. difficult or' impossible to replace by smaller organic
cations or by inorganic cations!!. Organic cations are also adsorbed betwen lay-
ers of the expandable lattice minerals of the montmorillonite group!®. They retard
changes in the thickness of water films between these layers and thereby reduce
swelling and shrinking of the expandable lattice minerals. In general, the larger
the organic cation the. greater its effectiveness in reducing the water absorbing
capacity of the treated soil®.

The mechanism by which large organic cations influence the bonding of soil
particles by water films may be presented in the following manner.

A drop of liquid placed between two closely spaced parallel plates assumes
a minimum energy configuration which depends upon the force of gravity acting
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on the liquid and upon interfacial tensicns between the gas, liquid, and solid
phases. If the distance between the two plates is small, the gravity term is
negligible. and the configuration of the drop may be predicted from interfacial
relationships alone.

The range of configurations which the drop may assume under the influence
of varying contact angles with the two plates is illustrated by use of a soap film
analogy (figure 1.) Two laboratory funnels, their rims coated with a soap solu-
tion, were brought into superposition and then separated a short distance. The
upper funnel was closed to the atmosphere and a variable level water reservoir
connected to the lower funnel provided a means of varying the pressure within
the soap film. The law of surface tension governing the film tends to minimize
its surface area for any given pressure difference across the surface of the film.

118 ¥

k m

Fig. 1. Configurations assumed by liquid drops between two plates and between
two spheres for various contact angles. Photographs a to d are soap film
analogies for corresponding sketches e to h.
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In figure la the film has been slightly evacuated. In figure 1b the pressure on
both sides of the film is equal, and the surface becomes a catenoid, since the
minimal curve of revolution is a catenary. Figures lc and 1d illustrate successive
increases of pressure within the film. Figures le through 1h represent liquid
drops between two parallel plates having the same configurations as the anal-
oguous soap films pictured above.

In figures le through 1h the work required to separate the two plates against
forces which are caused by the liquid drop may be expressed by the equation:

dW/dD e vyLA (dS/dD) + (yas—yis) dA/dD + Pc—dPr/dD) (dA/dD) (1)

in which

dW =work:

dD =increase in distance between the two plates;

yLA =liquid air interfacial tension;

dS =increase in liquid air interfacial area;

yAs = air solid interfacial tension;

yLs = liquid solid interfacial tension; and

dA = decrease in the liquid solid interfacial area as represented by the

shaded portion of Figure 1j.

The pressure within the liquid differs from that in the gas and the term
(Pc—dPrL/dD) (dA/dD) accounts for the work done in moving the plates
against this pressure difference?. The value of Pc—PL comes from

S L ok ont) {
Pc—PrL = yLA [ R + R {2)

in which Pc is the gas pressure, PL is the pressure within the liquid, and R; and
Rs are the radii of curvature of the surface film in its two principal directions,
taking concavity toward the gas phase as positive.

Assuming comparable values of dS and dA for each of the conditions repre-
sented in figures le-1h, a quantitative comparison may now be made of the work
required to separate the two plates a given distance in each of these four cases.
In figure 1le both of the energy changes due to movement of the triple interface,
represented by the last two terms in equation (1), are positive. The term
(yas—yLs) is positive because the contact angle is less than 90° and the term
(Pc—dPL/dD) is positive in analogy to the evacuated soap film in figure la.
The catenoid of figure 1f represents a special case in which R; = —R. and the
last term of Eq. 1 drops out. In figure 1g the term (Pc—dPr/dD) becomes nega-
tive and in figure 1h both (Pc—dPL/dD) and (yas—yLs) are negative. These
comparisons yield

llW/(IDu.>dW/dD11>(lW/(ID]g>([W/(ID]h (3)
showing that any increase in contact angle results in a decrease in the work
required to separate the two plates.

If the two parallel plates are replaced by the curved surfaces represented in
figures 1k and 1m, the foregoing expressions will still be qualitatively valid. Be-
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cause the contact angle between water and most mineral surfaces is very small,
figure 1k may represent a water droplet between two idealized mineral particles,
and figure 1m may represent a water droplet between two similar particles
which have been coated with large organic cations.

To understand the action of large organic cations as soil stabilizing agents,
observe that mechanical failure of a soil mass involves shear planes along which
particles roll and slide past one another. If the soil is initially in a compacted
state, this process requires an increase in the void ratio and a separation of
individual particles as the mass becomes dilatent. Figures 1k and 1lm and equa-
tion (3) show that less work is required to separate the pair of idealized mineral
particles coated with large organic cations than to separate the uncoated pair.

Next, the work required to separate a group of eight cubically-packed spherical
mineral particles under different moisture conditions may be considered. In
figure 2a no moisture is present, hence no bonding. In figuré 2b only small
annular rings of water are present around the points of contact of the mineral
particles. The total liquid air interfacial area is very small, and all water mole-
cules are in close proximity to the two mineral surfaces. Under these conditions,
"bonding by oriented water dipoles between the charged mineral particles may be
large compared with the bond energy due to surface phenomena.

As more water is added (figure 2¢) the liquid-air interfacial area is increased
and the change in this area, dS, accompanying a given separation dD between
the particles also increases. Thus, the water bond energy in this range of moisture
content is increased by the addition of water. As more water is added, however,

“the interior void between the eight spheres may become filled (figure 2d). A
comparison of figures 2e and 2f, which represent top views of figures 2¢ and 2d,
respectively, illustrates the decrease in total peripheral length of water film
(dotted lines) connecting the two planes of four spheres due to filling the interior
void with water. The ratio dS/dD is therefore lower for figure 24 than for
figure 2c, and the water bond energy has been reduced. Figure 2g represents
total immersion of the eight spheres in water. There are no liquid air interfaces,
‘and any water bonding must be due entirely to oriented water dipoles in close
proximity to any two charged mineral surfaces.

Figure 2h illustrates the state of ‘water bonding when random areas of the
eight mineral spheres are coated with large organic cations. It becomes apparent
that the maximum bond energy represented by figure 2¢ can never be' realized
when parts of the mineral surfaces are coated with large organic cations because
‘the water-organic cation interfaces represent areas for which reduced energy
is required to separate the particles. However, the large organic cations may pre-
vent a transformation to the condition of figure 2d by inhibiting the entrance
of additional moisture into the central void.

These interpretations appear to be substantiated by the results of strength
tests performed after air drying and after immersion of soils stabilized with

large organic cations. Air dry strengths are decreased by the addition of large
organic cations, but immersed strengths are greatly increased. At higher percent-
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ages of trgatme'nt,rhéwev‘ér,'thé immersed $trengths also .decrease (figure 8)!7.
These. results indicate that there is a percentage of treatment above ‘which the
beneficial effect of restricting the entrance of additional water during immersion

Fig. 2. Effects of moisture content and of pdrﬁal coating with a surface”
" active agent on the bonding of eight cubically packed spherical
" particles by water. ‘ : : S

v
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of the soil is exceeded by the detrimental effect of reduced bond energy resulting
from the increase in water organic interfaces.

This presence of an optimum quantity of large organic cations also attests to
the relatively high bond energy of water films compared with that of any
bonding action which can be attributed to van der Waal's attraction between
large organic cations near the points of contact of the mineral particles.

In addition to coating the exterior surfaces of mineral particles and restricting
moisture movements through the soil pores, large organic cations are absorbed
between layers of the expendable montmorillonite minerals. Their stabilizing
action here depends upon _a- somewhat different principle. By minimizing
changes in the thickness of water films between these layers they reduce fractures
caused by differential swelling and shrinking throughout the soil mass.

CEMENTING SOIL PARTICLES WITH HIGH POLYMERS

High polymers, unlike large organic cations, increase the.air dry strength of
soils?”. Bond acticn apparently depends upon both air water interfaces and the
cementing action of the polymer.

Various authors have listed the characteristics which they believe to be impor-
tant for high polymers used as cementing agents®® 22, It is generally agreed that
the most essential characteristics. are that the polymer: - .

" 1. Be water soluble or water dispersible (either in monomeric or polymeric
form) when being added to the soil and during the period of mixing and
compaction. ' :
2. Be water-insoluble after the stabilization reaction'is completed. .

3. Bond in some manner directly between mineral particles rather than function-
ing as if the mineral were an inert filler.

4. Be resistant to biochemical decomposition. A

5. Be cheap and/or be capable of being used in small enough quantities to
make it economically feasible for large scale use.

In recent years a fairly rigorous theoretical analysis has been made of systems
in which the elastic properties of high polymers are improved by the inclusion

of small amounts (usually below 25 percent) of mineral fillers™ 29 3%. 32, Mathe-

Fig. 3. Comparison of the effectiveness of a non-bonded soil polymer sys-
tem (a)-with a bonded soil polymer system (b) in resisting shear
across the surface of b-b. ' ‘
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matical expressions to characterize these systems have been developed from
the classical derivation of Einstein® 3 and a subsequent modification® which are
based on the energy required for the displacement of a fluid around rigid
disperse particles.

Apparently no similar analysis has been made of systems in which the mineral
phase predominates; that is, where there are intergranular contacts and where
the voids are not completely filled with polymer. This is the condition in soils-
stabilized with polymers. Where the mineral phase predominates, an analogous
solution might be obtained by expressing the shear behavior of the rigid particles
as a function of alterations due to inclusion of the polymer, rather than
characterizing the fluid phase in terms of perturbations due to the inclusion of
rigid particles.

The resistance to shear of a granular matelml may be expressed by

S=Ntan¢ - (4)
where S is the shear strength, N is the intergranular pressure normal to the shear
plane, and ¢ is the angle of internal friction of the granular material. If there '
are interparticle forces operating independently of N, equation (4) becomes -

S=C+Ntand (5)
the Coulomb equation, in which C is cohesion. Although the physical signifi-
cance of cohesion is quite complex, a portion of this term can be attributed to
the resistance to dilation during shear which is offered by the large air water
interfacial areas in fine grain soils. This mechanism was discussed in the previous
section. ‘ '

An organic polymer in soil may decrease the total air water interfacial area,-
and thereby decrease that portion of ‘cohesion attributed to water bonding. On
the other hand, the polymer contributes cementing action of its own which is
apparently a function of the density of polymer chains crossing the shear plane,
their orientation, Young’s modulus of the chains in tension, and the lengths of
chains between points on each side of thé shear plane which are relatively .
fixed, such as between branch points in a polymer network.

Methods of employing a given amount of polymer in the soil to achieve maxi-
mum shear strength may be visualized in various ways. Two theoretical advan-
tages accrue from having the polymer chains connect directly between' soil

" particles (figure 3b) instead of passing around the particles (figure 3a). In
figure 3b the soil particles themselves constitute portions of the polymer net-
work. According to this scheme, a polymer network may be visualized in which
the branch points have been magnified many times and replaced by soil
particles. The smaller the void ratio of the soil, the greater will be the effective
portion of soil particles in the polymer network. Hence, a greater number of
chains (composite chains comprised of both polymer and soil particles) are
- made to cross a unit area on any shear plane with a given amount of polymer.

A second theoretical advantage of polymer bonding directly to neighboring
soil particles is the effect of such a system in decreasing the average length of
polyme1 chains between fix points. Two polymer chains crossing the shear plane
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b-b at an angle ¢ have different lengths between fix points on opposite sides of
the shear plane (figure 4). For a given shear displacement S, d'/d is greater than

D’/D. If both chains have the same Young’s modulus, the shorter cham wﬂl
therefore offer the greater resistance to shear.

The realization of both of these advantages depends upon the - format1on of
bonds between the soil particles and polymer which are-at least-as strong as those
within the polymer. Bonds between soil particles and- polymer- might be van .
der Waals, ionic, or covalent in nature. Interésting. examples of ionic and co- -
valent bondmg between polymer and d1spersed mineral particles are found in
the field of rubber technology. When highly positive fillers are milled into rubber,
which is itself very negative; the strong electrostatic bonds formed: give rise to
ddditional .increases in modulus of elasticity and tensile strength?S, By this
method, the tensile strength of pure gum GR-S stocks was increased more than
five-fold. When rubber containing carbon black is vulcanized using sulfur and
accelerators extensive chemical bording of polymer to the mineral surfaces
occurs®t, The bonds so formed constitute additional points of comstraint and
increase the modulus of ‘elasticity beyond that of a. system having no. bonding
hetween polymer network and mineral particles.

Another possibility may also be observed. If an initial tens1le stress can be
induced. in the polymer, the initial shear displacement will require greater
external force and the system will assume a character analogous on an infini-

" tesimal scale, to that of prestressed reinforced concrete. - | :

In summary, the-theoretically ideal conditions. for maximum ut111zat10n of a

polymer in soil appear to be direct’ bondmg between . nelghborlng soil part1cles
, and pretensmmng of polymer chains.

Methods of. attaining these two conditions are bemg stud1ecl and wﬂl be
“described in the experimental section. General mathematical éxpressions for the :
foregoing relationships are outlined in the following. : '

Assume that each of three soil samplés (row 1, figure 5) is subjected to a -

shear displacement dD. Since. shear failure in- granular materials "takes place, .

within a zone instead of on a unique plané, the shear planes indicated in the |
- samples may be considered as planes within a shear zone. Assume that sample’
lais stab1hzed with d polymer having an initial average distance L between fix’

/]
 bes
Fi 1g 4. Res1stance offered by a single polymer chain to shear across ‘the

surface b-b as a function of length of the polymer chain between fix -
points.
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points, which may be either branch points in a polymer network or bonds con-
necting the polymer to soil particles, Sample 1b is identical to la except that
the initial average distance between fix points is less than L. Sample lc will be
.identical to 1b except that an initial tension is placed in the polymer chains prior
to subjecting the sample to the shear displacement dD. A random initial
orientation of polymer segments in each of the three samples is assumed.

In row 2, figure 5, each polymer segment crossing the shear planes in the
three samples has been projected into the plane of the paper and placed on the

-

~——dD
./\| . =

[
dD—’-<—

3 P I
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Long polymer Short polymer Short preten-
segments ‘segments sioned polymer
: segments
2 ~
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. v - 3
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3 parullel 10 - N
. .direction -
- of shear /l
. | 3
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4 vector
normal to *
shear plane /\
Fig. 5. Tension vectors of randomly oriented polymer segments crossing a shear

plane as functions of segment length between fix points and pretension-
" ing. ' . .

N
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.abscissa scale accordmg to the angle ‘which' the p1o]ected segment makes with '

ithe shear plane: When the samples are subjected to thé shear displacement dD,

those segments lying between 90° anid.180° (row.2) will not be lengthened and - g

therefore will undergo no tensile stress. The tensile stress developed in segments
lymg between 0° and 90 can be expressed by

- L'—L

-S‘ %

where $’ is. the tensile stress per polymer segment, L and L.’ are the initial and

- final lengths of the segment between fix points. on’ opposite sides of the shear

plane and Y is the Young's, modulus of the segment. in tension* Ch XI.-
In row-3 the tension’vectors of the polymer segments parallel ‘to the direction

.of shear are shown as a function of @, the angle between the prO]ected segment SER

and the shear plane. These curves are obtamed from |

e g D e
[3]—S"cos¢’: [_L_ Y'—] cos ¢’ o (7a)

where [3] de51gnates the tension vector parallel to the shear plane and ¢ is the
- adjusted angle ¢ after the sample has been sub]ected to shear strair. From the

sketch at the top ‘of f1gure 5, and by the law of sines, ~
'T_ : . . Lsm(180 qs) .

_ L —
) o _sin ¢ S
.., Lt o RN
sine ¢ __h——dD_,_anjt(ﬁ e (8b) .
~.v,. Ls1n(180 &) I
. L = Ttng '_cos¢ (dD—i—Lcetqs) (8¢) .-
- " dD¥L<coté ' ‘ |
. YRS R Ltmng U
L sy =Ty = [ 1 [ ‘] : (8d)
Y dD—l—LCOtfl) .
' -Introducmg these values 1nto equation 7 g1ves ] ' '
I cos¢(dD—}—L cot¢) [ : "Ltang¢, -
Bl= L | i | @ires ) ().

7 As equat10n 7b indicates, the ordinate values in graph 3b (figure 5) are greater'
" than those in 3a due to the shorter polymer segment length in sample b.

‘Curve 2 in graph 3c represents the stress parallel to the direction of shear due

to pretens1on1ng the polymer segments, expressed by o T A

[3¢2] =Scos¢ . SR (9>'

Where S is the pretension stress per polymer segment Curve'3 in graph 3c repre--
sents the total tension parallel to the direction of shear due to pretens1on1ng plus )

shear dlsplacement or the sum of curves 1 and 2.
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Row 4 represents the tension vectors in the polymer” segrnents normal to the
shear plane, expressed by - - S :

T i ot v cos¢>(dD—|—‘Lcot'¢)"—L :Ltan-qs Y )
-[4]_8 Sm(ﬁ"—y [ . ' ] { dD—I—Lcot¢> ] (10)

"The contr1but10n of the prestress tens1on in thls case, represented by curve 2
mgraph401sx' - L . -

[4c2]—Ss1n¢ T Co - (11)

To find the components of total tension normal and parallel to the dnectlon of
shear the curves in rows 3 and 4, respectively; may be 1ntegrated between the
limits of 0° and 90°. Analogous to the bas1c Coulornb equatlon the followmg is -
obtained: :

. S = C—c+N tan d—}—tan 0f9°.° [4] + f"."" [3] ‘
(12)

.where S is the- apphed external shear stress, ¢ is the reduction in water-air-in- -

" terfacial bond energy due to the presence of the polymer, and the other quantities
are as designated previously. Maximum shear strength is developed at the
strain at which a combmatlon of the five terms in ‘equation (12) obtains a,
maximum. _ o -

SOIL- STABILIZATION WITH LARGE ORGANIC CATIONS AND
POLYACIDS-

The stablhzatlon method- 1nvest1gated in this part involves the use of lalgei
organic cations together with polymieric acids in the followinig manner: '
- L Negatwely charged clay mineral surfaces are partially coated with the large
organic cations'from an aqueous suspension.

2. Polyacrylic acid, ionized with potassium hydroxlde is added to the soil-
. organic cation system. The ionized polyacrylic acid expands from & randomly
kinked configuration to an elongated configuration due to electrostatic repulsions
between neighboring ionized acid groups. In addition, electrostatic attraction
between the ionized acid. groups of the polymer chains and the organic cations .
coating the mineral surfaces apparently causes orientation of the polymer chains
between the organic cations and .enables ionic bonding to them.

3. Addition of ferrous carbonate to the foregoing system increases the strength
of the treated soil. Ferrous ions are known to cause polyacid ¢hains to contract
and. become hydrophobic due to chelation with thé carboxyl groups of the poly-
acid. The fact that the ferrous carbonate also produces-a strength increase when
the polyacid is omltted however, may point to the precipitation of a hydrated
iren gel which becomes a cementing agént upon dehydratlon ‘

“The expernnental ‘work deals primarily with the dilation and - contraction of
. polymeric electrolytes and with the formation of metal chelates
Dilation and Contraction of Polymeric Electrolytes
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Polymeric electrolytes, commonly called polyelectrolytes, are a class of high
polymer molecules having ionizable groups as part of their repeating unit.
Electrochemically, the polyelectrolytes include polyacids, polybases, and poly-
ampholytes. The polyampholytes contain both acidic groups and basic groups.

The mechanism of swelling of ionic polymers may be explained on the basis
of osmotic pressure?: 13.18.19.20, 22 When a polyelectrolyte is ionized, as for
example when polyacrylic acid in dilute aqueous solution is neutralized with
sodium hydroxide (figure 6), the concentration of the mobile Na ions will always
‘be greater in the gel than outside because of the attracting power of the fixed
negatively charged carboxyl groups. Consequently, the osmotic pressure of the
solution inside will exceed that of the external solution and the expansive force
may be equated to these differenices in osmotic pressures of the two solutions.

Transferring polyelectrolyte fibers from one solution to another of higher
chemical potential required a larger force to maintain the length of the fibers
constant®. Thus, when polymethacrylic acid fibers held at a constant length were
transferred from a solution of sodium hydroxide to one of barium hydroxide,
tensile stresses were induced in the fibers. Exploiting this relationship to provide
the pretension stress in equations (9), (11), and (12) is one of the experimental
objectives of this study. :

Chelation of Polyacids

‘The ionic character of polyacids permits the manipulation of dilation and con-
traction; it i$ also responsible for an undesirable feature, water affinity. An ideal
solution to this problem would be to find a way to bond the polymer to-adjacent
mineral particles, and then alter it in a way to accomplish both tensioning and
waterproofing of the polymer chains. Fortunately the tensioning and water-
proofing appear possible by the reaction between polyacids and transition
metals such as iron, copper, zinc. and nickel. These metals react to produce

.
+
okl [reneen i *
9___01, a | (.;=0 Na + H,0
OH Jgx - 0

Fig. 6. Neutralization and consequent dilation of a polyacfylic acid gel
in dilute aqueous solution with sodium hydroxide.
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essentially covalent bondsfbetween nelghbormg 1omzed a01d groups: The reactron
_is called chelatlon (flgure 7)

EXPERIMENTAL PROCEDURE AND RESULTS

“The ob]ectlves of the experimental work were to ‘evaluate the use of polyacids -
with- large organic-cations for soil stabilization and to study the possibility of
chelating the polyacids at a reaction rate low enough to.permit ionic bonding of

- the .polyacids to the large organic: cations coating the mineral surfaces. before
. final waterproofing and tensioning of the polyacid chains, The effects of the fol-

lowing variables upon the 1mmersed strength of a s1lty loam C:horizon loess
* were studied: - . _ . Co

E _.1. Type and amount of polya01d

2. Type and amount of metal salt for chelation of the polyamd
3. Type and amount of large organic cation.

4: Order of mixing the various additives. =~ -+

‘5. pH adjustments in both acid and alkaline ranges .

Evaluatmn of Various Polyac1ds Used w1th Arquad 2HT

For the first phase of the work a single large organic cationic materlal ‘Arquad
2HT, was used: This quaternary ammonium chloride’ was chosen on the basis of '
- previous tests indicating its ability to restrict moisture tovements in the soil (8). .
The properties of the loess, of Arquad 2HT, and of dine polyacids and polyacrd
salts used as additives, are tabulated in the Appendlx ‘ .
Soil spe01mens were prepared and tested ‘by the followrng procedure
1. 'Add Arquad.2HT-in aqueous suspensron to 700 g of the s0il and mix in a
Hobart model C-100 mixer. , ;
. 2. Add the desu'ed polyacrd in aqueous solutlon or aqueous emulsmn to. the soil -

-Fig. 7 Contraction and Waterprooflng of & polyacrd chain by chelatron
. with a’ transition metal
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" near standard Proctor den51ty

in.unconfined compression.

‘.. Arquad 9HT as the only additive. Arquad 2HT hydroxide, represented by the
solid line. (figure 8), was prepared by mixing eqivalent amounts of potassium
‘hydroxide and the guaternary ammonium chloride in isopropanol -and filtering, -

- T T — T : ‘ -
2400 L : . 1 N
200013\ | ———o Arquad ZHT. hydroxnde 4 A
_ 6 - —X—=x- Arquad 2HT chlonde N o
- Average -
Average g0l -
unconfined
compressive T
- strength, 1200} o :
Ibs. '
‘860— T
“ 400/~ s 7 day .air dried - 24 t\our immersed
7 !

and continye- m1x1ng, the total Water added in stéps: 1 and 2 being enough to S
bring the soil to optimum moisture content for standard Proctor derisity. R i
3. Mold the soil in four 2 in. diameter by 2 in. hlgh spemmens compacted to ’
4. Air cure the specimens for seven days and test two of the spemmens in “ .
unconfined compression. . . e
5. Immerse the remaining two spemmens in' water for 24*hr, then test them’

. Figure 8 shows the compresswe strength of the silty Ioam as a functlon of

“off the precipitated potassium chloride. The percentages of treatment indicatéd
(figure 8) and subsequent graphs are based on the solid weights of chemlca]s )
added in solutlon and on air dry we1ght of the soﬂ '

. Lo P Ty
02"’ ‘04 06 08, k
Arquod 2HT, percent weight of dry soﬂ

Fig. 8. Effect of amount of Arquad 2HT on unconfined compresswe strength
of silty loam. Test spe01mens were 2 in. in dlameter and 2 in, high.
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In contrast to the Arquad 2HT treated soil, specimens treated with 0.6 percent
of the various polyacids and polyacid salts all slaked in water. The air dry
strengths of most of these specnnens were about 1% times the air dry strength of
the untreated soil.

When Arquad 2HT chloride was mixed in dilute aqueous solution with the
various polyacids, disperse floccules were formed. When Arquad 2HT hydroxide
was mixed with the polyacids the floccules formed were much denser and pre-
cipitated more rapidly than those formed with Arquad 2HT chloride, showing
the added effect of ionization of the polyacid by hydroxyl ions in bringing the
polyacid and.organic cations together. Van der Waal's attraction between the
polyacid and the long-chain cations-is apparently responsible for the stability
of the floccules in each case. These results are in substantlal agreement with the
_ béhavior of similar systems!* 21 23,

Polyacid used with ! ' !
Arquad. 2HT Arquad 2HT hydroxide
' §Arquod 2HT chloride
Acrysol A-l _ —
Acrysol A-3 — =
Acrysol A-5 : —
Acrysol ASE-75 ' —
Acrysol G-110 = —
Rhoplex AC-33 = —
Krilium B 3
Loamaker - _
Acrysol ASE-60 ——
Acrysol GS ‘ — .
) ) : 1 1 -
(0] 200 400 600

Average unconfined compressive strength, Ibs.

Fig. 9. Unconfined compressive strengths of the silty loam treated with
0.6 percent of various polyacids and polyacid salts and 0.2 per-
cent of either Arquad 2HT hydroxide or Arquad 2HT chloride.
Strengths of 2 in. diameter by 2 in. high specimens measured
after 7 day air-drying plus 24 hr. -immersion.
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percent weight

The compressive st1engths‘of the silty loam treated with, 0.2 percent Arquad

" 2HT plus 0.8 percent of the various polyacids and polyacid salts are shown._in

figure 9. All strengths represented and the following_ graphs are for 1mmersed
samples. The three polyacids giving best results, Acrysols A- 1 A-3, and A-5, are
members. of a homologous series of polyacrylic acids. :

The Arquad 2HT hydroxide was found to-produce greater strength with each’ -

of the polyacids than did Arquad 2HT chloride (figure 9): In agreement with
the results of the flocculation studies in aqueous solution, the hydroxyl ions ap- .

" parently ionize. the polyacid groups and thereby increase ionic bondmg between '

the. polyacid and organic cations in the soil: _
_To' test the theory that the strength of the stabilized soil is a functlon of the

number of cation, polyacid, and cation bonds formed between ‘neighboring

mineral particles, compressive strengths were measured for wide ranges of both .
Arquad ZHT hydroxide content and ‘Acrysol A-1 content (figure 10). It is inter-

.2,.0_'_ ;" » ,‘ | ‘ -]' ) ,'_

Acrysol A-I,

of ‘soil .
: : 1.0

051

o 05" 10 . 1S , 2.0
Arquaod 2HT hydroxlde percent \velght of soil’

. Fig. 10. Contours showing relat10nsh1p of unconfmed compresswe strength of

the soil to Arquad 2HT hydroxide and: Acrysol ‘A-1. contents. Contours
indicate 20 lb increments of strength for 2 in. ‘high by 2 in. dlameter
“soaked spe01mens - .
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esting to compare the curves for 1rnmersed strength (flgure 8),with the stiength * -

contour cuives (figure 10): When Arquad 2HT is used alone (figure 8) an
optimum- amount of -Arquad is réached for maximum immersed strength; when
Arquad 2HT is used with polyacryhc acid (figure 10) an incréase in Arquad 2HT -
content at any: point on the graph ylelds an increase in immersed strength. Ap-

* parently when Arquad 2HT and- polyacryhc acid are used together, the increase

in strength contributed by, cation, polyacid, and cation bonds, as more Arquad
2HT is added, outweighs the decrease in bonding by moisture films. The strength
contours over most of the area {(figure 10) are roughly parallel to the Acrysol A-1

. axis. Apparently the concentration of .organic cations is a much’ more critical

factor in’ establishing cation, polyacid, and cation bonds throughout the range of
additives investigated than is the concentration of polyacryhc -acid. - :

«-‘Chelatlon Studies

Havmg obtained a sketchy understanding of the behavior of large organic.
cations and polya.c1ds in the soil the next step was to study the effect of chelation
on the contraction and waterproofing of polyacid molecules. Because Acrysol
A-1 gave the hlghest strengths, this pelyacid was chosen for (chelatlon studies.

" First, the degrée of expansion of ‘Acrysol A-1 molecules as a function of neu-
trahzatlon with sodium -hydroxide, in accordance. with the principle outlined
under “Dilation and Contraction of Polymerlc Electrolytes,” was determined by
V150051ty measurements and use of -

P s [l [l - f
Lo ad = [l o I ‘(13)

* where a8 is the volumetrlc expansion factor of the polymer molecules [n] is the

intrinsic viscosity of the polymer in the presence of sodium hydroxide or other
reagent causing a dimensional change and [7]o is the intrinsic viscosity of the
unperturbed polymer?. Viscosities were measured with “an Ostwald v1scometer

“at 30° C (flow time of water=2 min. 56 sec). - S

To6 determine which- inorganic cations produce: greatest contractions of the

_ ionized polymer, and hence greatest tensile stress ‘in the polymer chains after

bonding to organic cations in the soil, viscosity’ measurements. wére made of
neutralized Acrysol A-1 in the presence of various salts (figure 11). The, fact -
that ferric chloride, added even in very small amounts precipitates Acrysol A-1
at the concentration used is stlong év1dence for formation of a covalent chelate.
The only ionic groups in Acrysol A-1, the —~COO - groups, haye apparently been

. rendered inactive by covalent bonding- with iron, causing water insolubility.

Because metal chelates are formed by the dlsplacement of acidic protons of:

‘the chelatlng agent by metal ions, the addition of a metal salt to, the polyacid-

causes a drop in pH. The greater the tendency for the metal to-combine with the. '

. polyacid, the greater the-drop in pH. This constitutes a s1mple method of testing

for chelation and it can.be used to determine the tendency of dlfferent metals..

- to combine with the polyacid.

The results of pH measu1ements~obta1ned by t1trat1ng Acrysol Al with these
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same salts ( f1gure 12) are in 1 close’ agleement with the results of the v150051ty :
measurements (f1gure 11). It is obvious that the ferric chelate is very strong, but-
the tendency, for:the alkaline earth metals (magnesmm calcmm, and barium )
to form chelates is quite weak. K ‘e
Ferrous and' férric salts in the low solub1hty range were chosen for use with
Acrysol A-1 in preparing test specimens of the soil. It was beheved that slightly
. soluble salts would allow time for mixing the chemicals, for coinpacting the -
specimens, and for bonding between polyacid and organic cations to occur be-
fore a sufficient number of metal ions could react with the remaining acid groups
to render the polymer chains insoluble.
Table I lists several shghtly soluble. ferrous and fernc salts in order of thelr"
- solubilities. oo
Compauson (table I.and figure 13) shows that the rate$ at whlch the vanous .

TABLE I

SOLUBILITIES OF SLIGHTLY ‘SOLUBLE FERROUS
AND FERRIC SALTS - '

R . k ] : " Water  Temp.
e B ) Salt - Solubility* ( C)
. T . 000061 - 18 -
. - Fez( SOl)d XHzO -

FeCO: 0. 0065 - 20.
Iy ¢ FCSO4(NH4)°SO4 6H:0 18 N ) 0 ~
: - .- FeSO.TH:O ~° ) 328 0
- "® Parts per 100 parts_ of water by weight. " -

I i AL I-

30F (NoGl T ezmGl, - ]
| 2k - 7.cuso, - S
3.MgC1, 8.CulNOy, - N R
~ 4.CaCl,  9.FeSO4 - - : :
25  58BaCl;. 10. FeCl3 (preclpltutes) T
Linear .
expansion ]
factor .

lGl- ‘ A R 0 i |
0 ol 0.2 03 04.
Equivolent ratio of solt to Acrysol A-l

F ig. 11. L1nea1 expansion factor-of Acrysol. A<l in 0.5 percent aque- .
ous: solution 80 percent neutralized w1th sod1um hydrox1de
in the presence of various salts.’

157




salts react with: polyacryhc acid to hbelate hydrogen ions is in the order of their - .
solubilities. Ferrous sulfide, ‘being very slightly soluble, causes no. detectable pH -
drop in the 6-hr period (curves 2, figure 13). Ferrous: carbonate’ produces.a very ‘
" gradual pH drop .(curves 4) and the more soluble ferrous sulphate produces a
_ rapid drop with early leveling off in pH (curves’ 6)
The purpose of plotting the data of figure 13 was to détermine what solubility -
range of iron salts would be appropriate for allowing a mixing and ‘compacting
~ period of approximately 30 min. and still react with Acrysol . A-1 within a few
- hours after compaction (before loss of m01sture from the soil due to air drymg)
Of the salts shown in figure 13, ferrous ammonium sulfate and ferrous carbonate
appear optimum in this respect. The remaining thrée salts either react too. quickly -
' or show very little reaction at the ‘end of 6 hr. It was ' recognized that the many
variables in soil environment may con51derably alter this time- scale, causing the
chelat1on reactions to occur either more rapldly or more slowly than shown

T = T
. 2.0+ -
1o}
. o5t -
Equivolent- | i
ratio. of
salt to [ 1
Acrysbl Al |
l. MgCl, CaCl, "BaCly -
‘2. ZnS04 -
o 3. FeS04
Colf 4, CuSOq -
- | 5. FeCl, .
. B _ .
35 C 30 : 2.0

: _ 0 pH o .
Fig. 12. pH titration curves for 0.0116 N Acrysol A-1 solution with various salts.
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The 1mrnelsed strengths of the sﬂty loam treated. with Arquad 2HT, Acrysol _
A-1, and various concentrations of the five. ferrous. and ferric salts, were then -
determined as a function of pH adjustments with hydrochloric acid and potassium-
hydroxide. The order of adding the chem1cals to the soil was: -
1. Ferrous or ferric salt in powder form. |
2. Arquad 2HT hydroxide in aqueous suspension.

| I
- Acrysol A-l 100% neutralized .. .
-8 . with- KOH : : A

———= Acrysol A-l, o KOH added'

o 1. No 'salt added 4, Feco 4 o
o« | 2Fes . -5, FeSO4(NH4) S04 6HP|
Y 6 3. FeplSOgly 9H0 6. FeSQp7H,0 - . |
- _
»-O--h‘~___°_ _____ — 4
5 . -

3R] : —
B = === S
Do,
2 5&:6.:_6_-‘_____; _____ # g —
I D LA RS P
0 2 4 ,_ 6 8
“Time, hours ‘ ' '

F ig. 13 pH time plots for 0.01168'N aqueous solutions of Acrysol
. A-1 in the presence of slightly soluble ferrous and ferric.
salts added in excess of their solublhty limits.
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»2 FeSO,(NH,), SO, 6H0
! 3. eSO, TH,D
~4 FeS ’
LT : . S0,z 9H,0 -
T ", oz(scn? l’i'd'de?
- ) === Basic pH adjustment with 2.5 N KOH soluhon,
. ‘4% by weight of soil - .
N - No pH odjustmem
. —-—— Acidic _ pH odjustment vuth 5N HCI soluhon,
- 700 . - 4% by welghf of soil | ' =
| - .
o soo- |
: 500} —
o . Averoge
o .7 uncontined
Tt ' - . compressive
; : sirength _
- : . ) - - —/ [ |
o . ’ . _/ o - .
2001 o L o, B
h 1~ - — o ——
_ "_&‘f——-/ -'_/'—____—_—-—o— 3
== S — — 4
1001~ - - ) N
RS ol 1 |
- oO : | ’ 2 -3
. Salt added percent by weiqm of air dry soil
- Fig. 14. Unconfmed compressive strength of the silty loam treated with 0.2°
: percent Arquad 2HT hydroxide, 0.8 percent Acrysol A-l and slowly
L soluble ferrous and férric salts. Strengths of 2 ‘in. high by 2 in
A diameter specimens measu1ed after 7. day air curing and 24 hr im-
- mersion in water. , . .
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o

_ droxide. -

~ In figure 14 each plotted point rep1 esents the. average of two specimens molded
from two separate mixes, or a total of four specimens. Ther several variables are -

3. Acrysol A-1 in aqueous solutlon with hydrochlorlc a01d or potassmm hy- . '

plotted on a smgle graph to facilitate the observation of certain trends. It is seen

that ferrous carbonste and ferrous ammonium sulfate’ do give slightly hlgher g

strengths than the other salts, as predlcted from’ the’ pH time curves in flgure 13

. 600~ . -

h 500
«

Average 400

unconfined

compressive
strength,

Ibs. 300~
200
|00f :

0

~

' +0 2% Arquad 2HT hydroxlde _
————02% Arquod 2HT hydroxlde plus 0.6% Acrysol A-

;l.

N b

.2
25N KOH odded percent weighf of soll

4 - 6

Fig, 15. Unconfined compresswe strength of the silty loam treated w1th 02,
. percent Arquad 2HT hydroxide alone and 0.2 percent Arquad 2HT |

- hydtoxide plus 0.6 percent Acrysol A-1 as a functior of basic pH ad-
justment with KOH. Strengths of 2 in. diameter by2 i in. high spe01—
mens measured after 7 day air drylng plus 24 hr immersion.

;-
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However, no evidence has been obtained to indicate that reaction time is the
only factor, or even the most important factor, causing the slightly higher
strengths with ferrous carbonate and ferrous ammonium sulfate.

The most obvious trend indicated by figufe 14 is that a basic pH adjustment
increases strength and an acidic adjustment decreases the strength for each of
the five salts added. Although this may be partly attributed to increased chela-
tion in an alkaline environment, the fact that a basic pH adjustinent also in-
creases the strength with ferrous sulfide and ferric sulfate (curves 4 and 5),
which decrease strength when no basic pH adjustment is used, seems to indicate
the presence of some other phenomenon. Figure 15 shows that a basic pH ad-
justment has little effect on the immersed strength of specimens containing
Arquad 2HT alone, but produces a prominent strength peak for specimens con-
taining both Arquad 2HT and Acrysol A-1. Figures 14 and 15 taken together
suggest that the beneficial effect of a basic pH adjustment is probably due more
to increased bonding between the ionized polyacid and the large organic cations
- than to an increase in chelation of the polyacid by the metal ions.

Although the work to this point has been based on the hypothesis that the in-
crease in strength due to the addition of ferrous carbonate is primarily caused
by a chelation reaction with Acrysol A-1 in the soil, this fact has not been experi-
mentally established. To determine the validity of this assumption, samples were
molded containing ferrous carbonate alone, Arquad 2HT alone, ferrous carbonate
with Arquad 2HT, and ferrous carbonate with Acrysol A-1. The samples contain-
ing ferrous carbonate with Acrysol A-1 slaked in water. It therefore appeared
that the chelation of ferrous ions by the carboxyl groups may perform a rather '
minor role in contributing to strength, and that the ferrous carbonate also con-
tributes an increase in strength by some other reaction. Samples containing

-ferrous carbonate alone also slaked in water and those containing ferrous car-
bonate and Arquad 2HT had strengths only slightly greater than samples con-
taining equivalent amounts of Arquad 2HT alone. The greatest strength increase
due to the addition of ferrous carbonate was found to occur only in.the presence
of both the large organic cation and the polyacid.

Other reactions were also considered as possible source of the strength increase
caused by ferrous carbonate. It has been noted that carbonates contribute a weak
cementing effect in some soils. The replacement of ferrous carbonate by equiva
lent portions of calcium and magnesium carbonates produced strength increases,
but of much smaller magnitude. Hydrous oxides of iron are also known to act as
cementing agents in soil**, Under alkaline conditions a hydrated iron gel may be
precipitated which would become a cementing agent upon dehydration, thus .
accounting for part of the strength increase due to the addition of ‘ferrous car-
bonate. The experimental work to this point, however, leaves undetermined the
nature. of the reaction or reactions involving the ferrous carbonate.

Evaluation of Additional Large Organic Cations

To determine the effectiveness of Acrysol A-1 and.ferrous carbonates used

with structurally different large organic cations, samples were tested. containing
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- Armac T, a primary amine acetate, gave slightly higher strength than Arquad :

four additional types of cations. The chemical structures ‘of thé cations. are in-
dicated in the Appendix and the results of strength tests are shown in figure'16.

2HT for 0.1 percent treatment. The 1ema1mng three organic cations, ‘all gave e
considerably lower strengths

SOIL STABILILATIO\T WITH LIGNIN CATION - AND
PROTEIN-CATION COMPLEXES

-In this part a study was made of lignin and ‘protein complexed W1th orgamc
cations and with metal ions for soil stabilization. The source of lignin was spent-
sulfite liquor, a waste product of the paper industry. The protein was zein, a
byproduct of corn processing. The organic cations were the same as those studied
- in"the previous section and the metal jons were of the heavy metal group, in- RN
cluding -chromium, iron, cobalt, copper, and mercury. These metals were chosen e
~ because they are known to be the most effective metals in formmg stable, water- - =
- insoluble complexes with hgnm and: various proteins.

f

" Lorge orgonic _
L‘coﬁons used with -
~ Acrysol A-l and

* ferrous’ carbonote -
Armac T = =

Arquad 2HT hydroxide F—— : ] - : T ST

Ethoduomene T/I13- S——

LN

CArquad 12 P/ s
“Polyrad 1100 — . T . ) T
Acetate , . . S T . : ST
’ ) L . :
0 200 - 400 600 _ 800"

- Average unconfined ‘compressive strength, 1bs.

Fig. 16 Unconfined cornpresswe strengths. of the silty loam treated with. ) L
'0.1 percent of various large organic cations with 0.6 percent R R
. Acrysol A-1'and 1.6 percent ferrous cdrbonate. Strengths of 2 in.- . | A R
- high by 2.in. diameter specimens measured after 7 day air curing ’ R
.and 24 hr 1mmer51on in water. i . . L

168



~

Lignin is the organic substance which holds plant cells together. Among plant
constituents, lignin is more resistant than other organic complexes to decomposi-
tion by fungi and bacteria®s. It accounts for 20 to 30 percent of the weight of
wo0d?% p, 241 and constitutes a major portion of the waste liquors from paper
pulp mills. Being an abundant waste material, it is a-constant challenge to

N : chemists.

Proteins are naturally occuring high organic polymers composed mainly of
alpha amino acids. Because most proteins have both cationic and anionic groups
they are classed as amphoteric polyelectrolytes. Similarly to the polyacids studied
in the previous section, proteins react with metal ions to form stable chelates
and complexes. In fact, certain metal ions, such as chromium and mercury, are ,
known to bond éffectively between the positive and negative ionic, groups of
proteins (figure 17). : '

o R o R -
- / /.
~NH-CO-CH . : -NH-CO-?H
| o L
CH2 ’ - . (l;HZ
o ' Glutamic.
- GII.J?OmiC CH2 ' acid (I;Hz
o -acid o residuve  ¢_g
' residue Cz 0=
‘ oL . 0
‘ Cr= H\g
NA NH
7 2 Nl
. CHg . C=0
. i ~ Asparagine |
Lysine (i‘,Hz residue (lin
residue . CHy  _NH-CO-GH
I . \
(|.7H2 - R:
-NH-CO-CH - : . '
,, | 3 | |
- R . : |

Fig. 17. Heavy metals as linking agents showing: (left) chrom-
ium linking carboxyl and amino groups, and (right)
mercury -linking carboxyl and amide groups. (After
Wormell, R. L., NEW FIBRES FROM PROTEINS. Academic
Press, New York.)
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ngno-Proteln Complexes o

Humus, representing the most slowly decomposable port1on of organic residues

- in soil; is composed of from 70 to 80 percent ligno protein complexes3*. Further-
more, lignin and proteins can both be made more resistant hydrothermally and
biochemically by reactions with metals such as chromium and niercury. These

facts suggest the poss1b1l1ty of using metal salts in con]unctlon w1th hgnm and o

readily available plant plotems for soil stabilization.

~ Figure 18 has, ‘been drawn as an aid in picturing the possible combmatmns of-
reactions which may occur between mineral surfaces, lignin, proteins, and either
.organic cations or metal ions. Any conceivable mechanism of ‘stabilization with -
 these additives can be pictured by starting with the mineral surface, going out-

ward on any series of lines and returning again to’ the mineral surface For exam-

ple, the . lines 5-7-5 would represert a system ‘in which lignin bonds adjacent .
“soil pa1t1c1es together through metal cations at the mineral sufaces. The chrome

lignin process3” is apparently an example.of this type of stabilization. Lines

© 6-9-6 would represent a system in. which soil particles -are bound together by

lignin_through basic proteins coating the ‘mineral .surfaces. Such ligno. -protein
complexes in soils have been studied extensively because of their significance to
agronomy?25: 34 38, Tines 5:7-9-6. might represent a- ligno-protein complex in.
wh1ch lignin is bound-to the mineral surfaces through both metal jons and basic
” amino groups. It'is read11y seen that a number of poss1b1ht1es present themselves
for study. - - ' -

Of the various agncultmal proteins ava11able as sulplus or Waste materials,
zein, a protein 1solated as a'byproduet in the production of ‘corn flour, was chosenv
for this study Be1ng a readﬂy available protein, it has been the subject of con-

- siderable 1nvest1gat10n by compames which plocess corn in large quantlt1es
for starch productlon e - ,
Zein has a molecular welght of about 40 OOO Although 1t contams a relatlvely :

Orgomc |
Cotion

Protein |.
- F1g '18. Possible comb1nat1ons "of . reactions -
between’ l1gn1n proteins, organic ca-
tions, metal iohs, and mineral sur- .
faces. S -

S 1

' R . kS




high proportion of amide groups, it is deficient'in other active groups by com-
parison with most proteins. It contains no lysine and 1elat1ve1y little arginine,
which may account for its low imbibition of water.

EXPERIMENTAL PROCEDURE AND RESULTS

The experimental work of this part of the study was limited to a brief evalua-
tion of the reactions represented in figure 18 by means of strength tests alone.
A general survey was first made of the use of spent sulfite liquor, zein, and com-
binations of these two with various metal salts and organic cations. Specimens of
the silty loam treated with spent sulfite liquor and zein, individually and in var-
ious combinations, slaked when immiersed in water. As shown in table II additions -
of metal salts to the foregoing treatments were also ineffective, with the exception
of the chromium and mercury salts. Of these two, mercury apparently reacts
only with zein, whereas chromium reacts with spent sulfite liquor as well as with
zein. The last two rows of table II show the beneficial effect of spent sulfite
liquor when used with the two large organic cations. Zein did not cause a similar
increase in strength. The ingredients shown in table II were added to the soil
in the following order: '

1. Organic cation or metal salt.

2. Zein. )

3. Spent sulfite liquor.

In all cases the organic cations, metal salts, and spent sulfite liquor were added
in aqueous solution. Zein was added in aqueous solution at pH12 inasmuch as
it is water-soluble only in the alkaline range.

The effect of spent sulfite liquor and zein on treatments with Armac T and
Arquad. 2HT are shown in figures 19 and 20. The strength curves for samples

TasLE 1II

UNCONFINED COMPRESSIVE STRENGTHS OF THE SILTY LOAM TREATED WITH
COMBINAHONS OF SPENT SULFITE LIQUOR AND ZEIN WITH
ORGANIC CATIONS AND METAL SALTS®

Organic Cations

and No Spent Sulfite Spent Sulfite
Metal Salts Treatment Liquort Zein} Liquor and Zein§ .
No treatment . Slaked Slaked Slaked Slaked
CaCl, Slaked Slaked Slaked Slaked
MgCls - - Slaked Slaked - Slaked Slaked
CuSO, Slaked . Slaked " Slaked _Slaked
FeCls Slaked Slaked Slaked Slaked
Co(NOs). Slaked Slaked Slaked Slaked
Cr2(S0s)s Slaked 1801b 1301b 2101b
Hg(CszO )= Slaked Slaked 2920 1b 2301b
Armac T 300 1b 350 1b 290 1b 260 1b
Arquad 2HT hydroxide 3301b _ 370 1b 340 1b 270 1b

® Percentages based on weight of an'-dry soil and solid content of additives.
Strengths of 2-in. dlamete"«bv 2-in." high specimens measured after 7 day
air drying plus 24 hr immersion.

1 2 percent.

1 0.5 percent.

§ 2 percent spent sulfite liquor plus 0.5 percent zein.
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éontaming Armac T generally lie 'some’whaf higher than for samples conta.i‘ning'
Arquad 2HT. In each case the addition of 0.5 percert spent. sulfite liquor in-

. creases the strength considerably, while the addition of 2 percent spent_sulfite =

- liquor produces only a small strength increase-(curves 2 and 3 of both graphs)..
Strengths were sharply reduced by “the addition. of . spent sulfite liquor in amounts

I.  Armac T alone” . R -
2, -Armac T, 0.5% spent sulfite |IQUOI’ :
-3, Armac T, 2% spent sulfite liquor
4, Armac T 0.5% zein -
5. Armac T 2% zein : : ) .
. "6, Armac T, 0.5 % spent sulfite liquor, 05% zein - v
© 7. Armac T 2% spent sulfite liquor, 2% zein
eoo- . . o .
500} .
. Averoge 400[ =
unconfined
,coinpressive
sfrengfh , .
Ibs; 300 -
200}~ -
Qo . . » . -
0 l 1 | 1
o ol ‘02 03 ~ 04 05

Armoc T, percent weight of soil

,.F1g 19. Unconfined -compressive strength of the silty loam treated with
' Armac T in combination with spent sulfite liquor and zein. Strengths
of 2 in. high by 2 in. dlametel ‘specimerns measured after 7 day air -

drylng plus 24 hr’ immersion.-

1,67




. greater than 2 percent. Strength changes due to the add1t10n of zein are neghg1ble .
(curves 4 and 5) and the add1t10n of zein and spent sulfite hqu01 together’
“lowered the strengths. :

~ N

Figures 21 and 22 show the relatively lower strengths obtamed for treatments
containing combmatmns of chromium and mercury salts with spent sulflte hquor

.I. - Arﬂqiu‘odAZHT ‘hydroxide. alone -
2. 2HT, 0.5% spent sulfite liquor
3. 2HT, 2% spent .sulfite hquor
. 4. 2HT, 05% zein
5. 2HT, 2% zein -
6. 2HT, 05% spent. sulflte llquor, 05% zein
) 7. 2HT, 2% spent sulfite liquor, 2% zein
600}~ o IR ~
5001 - —
Average 400 =
unconfined \
compressive _— .
strength,’ . N
200~ —
. 100~ —
0 | | | I 1
0 ol . - 02 03 - 04 . 05

Arquod 2HT hydroxide, percenf welth of soil

Fig. 20. Unconfined compresswe strength of the s1lty loam treated with
Arquad 2HT hydroxide in combination with spent sulfite liquor and
" - zein. Strengths of 2 in. Ligh by 2 in. diameter specumens measured

after 2 day air drying plus 24 hr immersion.
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and zein. Chromic sulfate w1th zein, and spent sulflte hquor (curve 7 of flgure |
21) gave h1ghe1 strengths than other combmatmns in this, group

SUMMARY

The mechamsms of soil.stabilization w1th large orgamc catlons and w1th hlgh

2

Cr, 0.5% spent sulfite liquor
" Cr, 2% spent-sulfite liquor
© Cr, 05% zein

Cr, 2% zein

NOgAGP—

1

500+

Chromlc sulfate olone slaked on lmmersmn :

Cr, 0.5% spent sulfute liquor, 0.5 % zein
-Cr 2% spent -sulfite’ liquor, 2% zein

Average 400
unconfined

compressive
strength, - |-
Ibs. 3001

i

2o .

100

- Chromlc sulfote percent weight of soil

.0l 02 03 - .04. 05 - 06

F1g 21 Unconfmed compressive strength of the s11ty loam treated \mth
chromié sulfate in combination with spent: sulfite liquor and zein.
Strengths of 2 in. high by 2 in: diameter spec1mens measured after

-7 day air drymg plus 24 hr immersion. B '
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_polymers have been dlscussed and an equation has been derived for the shear
strength of soil as a function of properties of the polymer. -

Methods were investigated for stabilizing soil by ‘the use of large orgamc
cations, polyacids and metal salts. Of these, highest strengths were" obtained.
by combinations of polyacrylic-acid and ferrous carbonate with two large organic
_cationic materials. ArmacT and Arquad 2HT. It was believed that a chelation
Areactlon between the polyacid and metal ions in the presence .of soil might
- increase the strength of the treated samples by. several fold. However, such
strength- increases ‘were not reahzed and: the exact degree of crosshnkmg by

Average
“ unconfined:

compressive -

strength,

1bs,

N???Pﬁr

500~

400}~

300~ 4
'200} . —o7 |
- 1001~ -1
)/‘
o . S|qked’,—'iﬁ - i l I

Mercuric acetate alone: sloked on immersion -
Hg, 0.5 % spent suifite liquor: sldaked
Hg, 2 % spent- suifite quuor $laked

Hg, 05% zein

Hg, 2% zein ’

Hg, 0.5% spent sulflte liquor, 05 % zein
Hg, 2%. spent sulfite liquor, 2% zein

0.2 03 04. 05 = 06

Mercuric acetate; percent weight of - soil

- Fig.-22. Unconfined compressive strength of the silty loam treated with mer-
curic acetate in combination with spent. sulfite liquor and: zein.

Strengths of 2

in. high by 2 in. diameter, specimens measured after

7 day air drymg plus 24 hr immersion.
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chelation in the soil remains undétermined. The use of 0.2 percent of each of the

two cationic materials with 0.6 percent polyacrylic acid and small -amounts of

ferrous carbonate produced strengths in slightly less than double those obta.med i

- ‘with-the cationic materials alone. On the basis of these tests the cost of polyacrylic
acid would probably prohibit its use for ‘most construction purposes. However,
the possibility of employing other cations and polymeis in similar_stabilization
mechanisms or of making a more thorough study of chelation react1ons in the s01l
‘seems to merit further study.

The use-of spent sulfite liquor with large organic cations gave smaller strengths
but appears more promising on an economic: basis, particularly since the spent
sulfite liquor seems to be most :effective in quantities less than about 2 percent.
"The use of large organic cations with various waste products containing hgnm
definitely appears to merit further study. .
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+ R = Rohm and Haas Co.; M = Monsanto Chemlcal Company, A =.Armour Chem- o
ical | Division; H = Hercules Powder Co.; S = Sulphite Pulp Mir. Research League :
N = Nutritional Blochemlcals Corp :

“APPENDIX

TasLE III. PROPERTIES OF CHEMICAL ADDITIVES:

v

Tasig 1V. Pnovmrrms OF THE SILTY LOAM"®

- . © - Amount or
o Ttem : - Classification
_Chemieal: - ’ N S, '
Organic matter Co- 0.17%
¥ Carbonates . 10.17%. .
Iron © - - ©1.69%
Sulfate 0.0% ’
Cation exchange capamty 8.7me/100 gm -
pH- S 8.7 .
Textural: P _
“Sand - 0.4%
Silt : 79.8%
Clay . 19.8%
Colloidal Clay, 14.5%

USBPR classif.

Silty loam

Mineral “comp., clay fraction—primarily ‘mont-
morillonite, with smaller- quantities, of illite .

" vand kaolinite . .
' "Labo;atory sam‘plg 20-2.
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R - . Actlve -
Commercial - Chemical . . - - "Fraction
Name N ! Description "Form® (%) - _Suppliért
. ) {a) Polyacids and Polyamd Salts
Alcrysol A-1 Polyacrylic acid _ Aqu. sol.- 25 R -
*Acrysol A-3 -Polyacrylic acid Aqu. sol. 25 R
Acrysol A-5 - Polyacrylic acid ‘Aqu. sol. 25 R
Acrysol' GS . Sodium salt of polyacryhc a01d . * Aqu. sol. 12% R ..
Acrysol G5110  Ammonium salt of polyacrylic acid Aqu: sol. 22 R
Acrysol ASE-75 A linear copolymer of acryhc ester with y ’ :
: . a carboxylic acid -Aqu. sol. T 40 . R
Acrysol ASE-60 A very. slightly cross-lmked copolymer ~ ) .7
- . - of acrylic acid Aqu. emul. 28 R
‘Rhoplex AC-33  An acryhc resin: " Aqu. émul. 46 ° R
. Krilium - _ ' S .
Loamaker - A hydroyzed polyacrylomtnle ) Powder M
L . (b) Large,Organic Cations:- o T
" Arquad 2HT - D1—hydrogenated tallow dimethylam—‘ : - o
. monium chloride " Isop. sol 75 _ A
Armac T Primary amine- acetdte denved from -
' tallow fatty acids Pure o100 - A
Ethoduomene ‘N-octadecyl , N/, N'=tris-( 2- hydroxy-- . Co .
T ethyl) 1, 8 trlrnethylene diamene ' Pure - 100 LAY
Arquad. 12 -~ Tnmethyl dodecyl ammonium chloride Isop. sol. - 50 A
Polyrad 1100 Reaction product of dehydroabietyl- . -
o : amine and 11 moles of ethylene ox1de Pure © 100 H
S n ~ ~(¢) Other Additives -
Spent Sulfite .
Liquor. . 71% hgmns, 24% sugars 5% resins and - Lo .
: other substances Agqu., sol. . B7% S
Zein - - Protein high in amide content, 1ow in - L ’ :
‘ " other functional groups Powder - 100 - N
* Aqu. sal. = aqueous solutlon aqu, emul. = aqueous "emulsion; isop. sol. = 1sopropanol
solution:




- LIGNINS AS STABILIZING AGENTS
FOR' NORTHEASTERN IOWA LOESS |

- by

- S. P. Sinha, Graduate ’Assistant :
D. T. Davidson, Professor, Civil Erigine_ering
J. M.-Hoover, Assistant Professor, Civil Engineering

ITowa Academy of Sc’ience Proceédiugs 64: 314—347. 1957.

INTRODUCTION

L1gnm is the natural cement that binds the fibers of wood together m pla.nts*”’7
Because the” chemical structure of lignin is still unknown, it is difficult to define,
The term lignin, therefore, cannot be considered the des1gnat1on of a coristitution-
ally defined compound. It is rather a collective term for a group of high molecu-

Tar, amorphous compounds which are chemjcally very closely related to other .

natural high molecular products®. :

Several processes, which vary with the properties. of- 11gn1n are used to isolate
lignin from pulping liquor. The most common of these is the sulphite process. The °
lignin obtained. is called * hgnosu]fonate and is water soluble. It forms a major
constituent. of solid residue of the so-called spent sulphite liquor.

"The lignin liquor comesfrom the digester in a solution’ havmg apprommatelv 8
percent ‘solids. In this form the liquor is commonly used on “gravel” roads and

streets near pulp mills to reduce dust and the effects of frost action: When used
for such purposes the spent sulphite liquor may be referred to as road binder.

Concentrated road binder can be prepared by condensing -the dilute liquor,
largely through evaporation, to a desir ed percent of solids-solution, usually 46 to

- 50 percent solids®. Complete drymg and pulverlzmg produces the powdered

form of lignin. -
The 113 sulphite pulp mills in the Umted States and Canada ploduce over

- 30,000,000 gallons of spent sulphite liquor a day. A ton.of pulp wood produces
.about 950 pounds of cellulose used. for paper, and the remaining 1,050 pounds of -
- solid is recovered in the spent sulphite liquor. This quantity of liquor contains
about 750 pounds ‘of hgmns 250 pounds of sugars and 50 pounds of resins and .

other substances®®. b
Since the development of uses for spent sulphrte l1qu0r is still in its 1nfancy, ;

_the material is abundant and is very economical as a read coustruction material;

the liquor is sold- at about 6 cents per gallon in 55 percent solids form at’ the
mill?*, When dlluted to 25 percent solids at the railroad: siding,’ ‘the cost would .

‘be about two cents per gallon plus freight; the latter being six cents per gallon

from Appleton, Wisconsin, to Des Moines, Towa. The northeastern Iowa area_
investigated for the possibility of the-use of spent sulphite liquor is mich nearer
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to the Wisconsin mills producing sulphite liguor than Des Moines; ‘thus reducing
the. cost. The cost would be further reduced if the lignins were available in a
more concentrated form, providing the cost of ‘concentrating the liquor does not
exceed the added cost of hauling the rnater1a1 at a lower concentrauon

Development of Lignin Soil Stabilization . -

So called road binders made from a.lignin base were first utilized in Sweden '
about 50 years ago!-28 31, The factor encouraging its use was primarily economic.

* Since the local supply of road.binding oils was inadequate, a large quantity

.of road binding oils had to be impmorted. In searchi for a cheaper road binding

' material, the Swedish Government: started experimenting with the sulphlte hquor -

available in large quantltles throughout the country, .
The use of spent sulphlte liquor as a road material in the United States re-
sulted from’ a search for methods of disposing of it. Fifteen years ago, this ma-

-, terial had no value and was wasted by dumping - 1nto streams or rivers. This

brought serious objections: from the public. »
In the early part of this century, several patents were 1ssued in the United
States, Germany, France, and in Sweden, on the use of spent sulphite hquor as a-
road binding material®: 10-15, 22, 27,31, 35, 89, 43, 44-46, 51, 55, 56, One of the most com-
mon uses of spent sulphite hquor in road construction has been as a dust
palliative®: 10, 15-19, 24, 28, 29, 83, 41, 4447, 54-55, 69, 63 [t has heen used to a limited ex-
“tent as a stabilizer for base and surface courses?: 12 3% 38, 6183 gpd jt has been
féund very successful in the prevention of frost heave!™ 23, Its action as a soil -
dispersant, and. thereby its beneficial effects on such soil properties as density,
compaction, optimum moisture content, capillarity, and permeability have been

 reported? 38, Spent sulphite liquor used in amounts ranging from 3 to 10 per-

.cent of the soil dry weight together with a chromium salt such as potassium
bichromate or sodium bichromate has. been foundto form a. tough gel havmg
binding and water proofing properties??.

Spent sulphite liqguor in Europe. Spent sulphite liquor has been used as a road.
construction material in. Europe for nearly six decades, Sweden topping the list
of the countries using it. Of the 55,000 miles of public roads in Sweden, 52,000
miles were gravel roads at the end.of 1939. During that year, 33,000 miles of the
gravel roads were ‘treated with dust binding material®t. The work in the-begin-
ning was confined mainly to dust control’. The Institute of Road Research. at
Stockholm found in their dust control experiments with sulphite liquor that it
reacted well with dust and bound the particles together if the road surface was.
rich in clay. The Institute also studied the binding power of spent sulphite’
hquor23, using a-mixture of stone dust and. the liquor. Molded specimens contain-
ing various percentages of liquor were tested for shearing. strength.. Good results.
were obtained when the amount of the liquor was 2 percent of the dry weight of

. the dust: Tt was also observed that. the use of lignin in dry solid form provided

higher early stréngth, and the concentrated liquor when thoroughly dry gave the -

-best 1esults after 28 days curing.
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The effects of spent sulphite liquor on soils susceptible to frost action has been

-investigated®. A mixture of ‘sulphite liquor and sodium bichromate was uséd as a.

binder. Since the addition of sodium bichromate with | spent sulphlte liquor forms
a gel and acts as a Waterprooﬁng agent, it was observed that a solution of 9 per-

. cent concentrated spent sulphite liquor (50 percent solids ) and 10 percent bi-chro-

mate solution (50 percent Na,Cr.O;) added to the soils in such proportions
that the amounts. of binder corresponded to 2, 4, 6, and 8 percent of the dry ‘soil
weight reduced significantly the.intaké of capillary. moisture. The use of 2 per-
cent of this binder was found -to be econoniical as well as beneficial. Eight per-
cent of sulphite Jiquor used alone reduced caplllary absorptlon -of moisture .

considerably?. During the 28 day testing perrod one observation worth men- .

tioning was that untreated soil continued to take up moisture even after 28 days,

“but the treated soil stopped such absorption long before the testing period was

over. It was concluded that a frost susceptible soil can be made resistant to frost
action through use of a binder of spent sulphite liquor and‘a bichromate.

Work done in America. The first published report on the use of spent sulphite .
liquor in this country originated with the work done. by the Raylig Division,
Raynier Incorporated, on the West Coast®2. The report gives the metheds of ap-'
plication of spent’ sulphlte liquor for various end results;

The states of New Jersey, Washington, Mdryland, and Idaho have made much.

. use of spent sulph1te liquor as a dust palliative road stabilizer, and base treat-

‘'ment with impervious wearing courses® ®2, The state ‘of New Jersey has used’
spent sulphite liquor for thirty years, ptimarily as a stabilizer preliminary to a

~ bituminous treatment. Spent sulphite liquor was found to be- benef1c1al in the

prevention of spring break-up of roads®?. : -
The state of Idaho in 1937 used concentrated spent sulphlte hquor for surface
treatments on several roads in the state. Inspection in the spring of. 1938 revealed.
that the binder gave relief from dust and had conserved surface aggregate during -
the summier. It-had slowly diffused downward, tendlng to produce a stabilized
base course of increasing thickness?2,”
The city of Spokane, Washington, réported in. 1943 that diluted sulphite liquor

‘had been used for twelve.years as a dust layer on secondary city streets, and
" indicated the results obtained were very satisfactory®®. Mason County, Washing- -

ton, has reported on the effects of heavy rainfall on sulphlte liquor treated roads.
Frequent apphcat1ons of sulphite binder and grading of the road surface were

~ found to be necessary during the rainy season. The sulphite liquor treated roads’

did not sufféer from frost heave, but untreated roads in the same nelghborhood ,
suffered badly: '
The Quebec Department of Roads conducted some laboratory tests to de-
termine the bearing capacity of raw gravel, clay stabilized gravel, and gravel,
treated with lignin extract?? 26, /The bearing " capacity of: gravel treated
with 1.2 percent lignosol was higher than that of the raw gravel and the clayr
stabilized gravel. Compression and -absorption tests were also made. Compressive”
strength 1ncreased w1th the addition of 2 percent of hgnosol The absorptron ot
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water through capillary action was reduced, and the unconfined compressive
strength of the dtied lignin treated gravel increased almost proportionately with
the amount of lignosol used. Moisture density relationship tests showed that an
increase in the amount of sulphite liquor added to the soil increased the density
and reduced the optimum moisture content. :

Calcium lignosulfonate has been reported as a dispersing agent with beneficial
effects on soil properties3®. An admixture of spent sulphite liquor and bichromate
in chrome lignin soil stabilization increases the stability of soil and acts as a
waterproofing agent?5,

Mechanism of Lignin Soil Stabilization

The binding effect of sulphite liquor appears to be due to the lignosulfonate,
which is the major constituent of the solids in it. Lignin serves as a glue?s. Sul-
phite liquor is believed to have an influence on the surface properties of the fine
particles of a soil system?2® 42, though there is no definite proof as to how it
alters the properties which improve soil stability.

Studies of the effect of calcium and magnesium sulfonate, used in ‘trace -
amounts with other additives, on the properties of soil indicated that lignin acts
as a dispersing agent®?. Because of dispersion, the largest voids are destroyed,
and since the breakdown of aggregates furnishes smaller particles that can fit

Ptimary factors Conmbutory facio(s

Properties of the soil

Degree of pulverization
before mixing

Soil

Moisture content before
mixing

Properties of the material

g i including kind and grade
Lignin
Amount fo be mixed with

the soil

Stability of
lignin-soil
mixture

Type of mixer

Mixing

Mixing time

Method and degree
: - of curing

Curing and Moisture content of mixture
compaction - during compaction

! 3 Method and degree
: of compaction

Fig. 1. Variables affecting stability of lignin and soil mixture.
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into void spaces, greater density is achieved. It is also believed that the permea-
bility of soil treated with spent sulphite liquor is decreased considerably. This
helps in preventing frost heave. Research carried out at Ecole Polytechnique in
Canada, under the sponsorship of the Department of Roads?¢, also showed that
spent sulphite liquor has a dispersing action on the soil fines and decreases the
required moisture content to attain maximum density.

LABORATORY INVESTIGATION

No standard method had been developed for evaluating the stability of lignin-
soil mixtures. Previous studies, however, have shown that there are several
variables which affect the stability (figure 1). Time has not permitted an investi-
gation of all the varibles shown; however, an attempt has been made to study
a few of them. The results to date are given in this report.

Properties of Soils and Lignins

Three samples of northeastern Iowa loess and loess derived soil (both C
horizon and solum samples) were used in this study. Loess deposits are over an’
area of about 4000 square miles in northeastern Iowa®4. Northeastern Iowa loess
for the most part is believed to have been deposited during the Iowan and Taz-
well substages of the Wisconsin glacial stage3*, Thicknesses of the loess are quite
variable throughout northeastern Iowa. Along the Iowan drift border it is
commonly 10 to 20 feet thick, but the thickness gradually decreases to a few
feet in the northeastern corner of Allamakee County.

ALLAMAKEE
207-21

© 212-5-]
CLAYTON

IOWA

Fig. 2. Sampling locations of loess and Joess derived soil used in lignin stabiliza-
tion studies. :
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The three soil samples used in this study, Nos. 207-1, 207-2, and 212-5, are
from two northeastern Iowa counties. Samples 207-1 (A horizon) and 207-2
(B horizon) came fromr Allamakee County, and sample 212-5 (C horizon) was
obtained from Clayton County (figure 2) The reasons for selecting these soil
samples are twolold: the samples represent the variations in properties of the
loess in northeastern Iowa (table I, IT) and the area is near the mills producing
spent sulphite liquors. The second reason is purely an economic one in that, if
the stabilization with lignin proves successful, it Would be economical to use in
northeastern Towa. :

Properties of lignins used

Five types of lignin supplied by four different companies were used in this
study. The lignins used were: .
1. Spent sulphite liquor, supplied by the Kansas City Star Co., Flambeau Paper
Division, Park Falls, Wisconsin.

TABLE I. SAMPLING LOCATIONS OF SOIL SAMPLES

Sample  County Township - Horizon Sam:
no. in Section and Soil series sampled depth%elow
Towa . range urface

907-1 Allamakee NEY4 SEX Jefferson  Favette A 0"-6"
Sec. 28 T97TN-REW

207-2  Allamakee NE%4 SEX  Jefferson Fayette B 2'9"-2'8"
Sec. 23 TI7TN-REW '

212-5 Clayton SE4 SW4  Lodomillo Tama C 12’3"7-12'9"
Sec. 27 . TY9IN-R5W |

TABLE II. PROPERTIES, OF SOIL SAMPLES

2125 - 207-2 207-1
Sample no.. (C-horizon) (B-horizon) (A-horizon)
LL., % 33.5 43.3 39.3
PL., % 21.5 24.0 29.0
Physical PIL, % 12.0 19.83 10.8
properties CME., % 16.9 23.3 23.2
’ FME. % 29.4 297 24.2
SL.% 20.4 6.3 N.D:
pH 8.0 7.1 7.5
Chlorides, % None N.D. N.D.
Calcium carbonate, % 16.6 - 6.8 1.3
Chemmical ) Iron, % 0.50 1.49 N.D.
properties - Sulphate content, % None None Trace
Cation exchange
. capacity, m.e./100g. 155 18.9 19.2
Organic matter, % 0.1 0.36 4,77
Sand 4.8 0.4 1.2
Textural composition,®  Silt 71.4 62.9 70.4
% Clay 23.8 36.7 28.4
Colloidal Clay 18.2 29.0 18.6
Textural classification (B.P.R. system) . Silty clay loam. Silty clay Silty clay loam
Engineering classification . : A-8(9) A-7-6(12) A-6(8)

® Sand—2.0 to 0.074 mm., silt-0.074 to 0.005 mm., clay—below 0.005 mm., colloidal clay——‘
below 0.001 mm. . ‘
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2 & 3. Sulphlte lignin grade A and sulphrte hgmn, grade D, supphed by Lake
States'Yeast Corporation, Rhinelander, Wisconsin. -
4. Bindarene flour, supplied by International Paper Company, New York ‘
5. Clarian extract, supplied by the New York and Pennsylvama Co ‘Inc., New”
York - : :

: No standard spe01f1cat10ns for the manufacture of hgnms have been developed
(table TIT). ‘ o _ o ‘ S

Method of Investlgatlon I o L N S

The test methods used in this 1nvest1gat10n to evaluate the effectlveness of the

¢ lignins as stabilizing agents for northeastern Towa loess and loess-derived’ soil

are of three general types: standard methods, ‘methods in common usage but not
yet standardized, and methods which have been developed and used in the soil
stabilization research of the Towa Engineering Expenment Station. Coe
Prepamtwn of lignin, soil ‘mixutres.. The three sojl samples- used in this in- -
vestigation were air-dried,. pulverized, and passed through a- No. 10 sieve prior
to preparing the lignin-soil mixtures;' the whole of each of the soils passed
through this sieve. Since some of the additives were. solid and some were liquid,
a slightly different procedure for mixing each type of additive was followed.
- The soil and powdered additives were mixed dry with-a trowel; the amount of
add1t1ve used was calculated on the basis of the oven dry weight of soil, The
‘ 1esult1ng dry mixture of hgnln and soil was, then transferred to a rn1x1ng bowl

T‘ABLE III. PROPERTIES OF -LIGNINS
, 2

Properties . Bindarene -~ Clarian - Sulphite - "Sulphite - Spent sulphite -
S B flour® extractt lignin lignin liquor®®
, ) i o ) . _grade Al  grade D§ e
Lignin, % 55.9 '‘N.D.tf. ;. N.D.#{" . N.D.1t N.D.}t
Total sugars, 7 20.8 - ND#4t. 20 © 4 N.D:#%
Moisture, % 4,07 © 50.0 " 50.0 . 6 “N.D.}t
Tron, % 002 025 ' --NDJ+ ND4f- NDH
Magnesium 0x1de, % . 1 . . ", ND.t¢t
Calcium oxide, % ~ 49 - | 601F 4 5 - N.D.}+
Sodium oxide, % - 0.3 . N.D.tt - “N.D.#+ . N.D.tt N.D.+t
Sulfated” ash.% 171 80 . - 5 " 94  'NDH
Sulfone So.,% ‘ 5.5 - N.D.t% N.D.¥+- - ND.+¢ N.D.}+
Sulfur trioxide, % - 0.9 "N.D.}+ -~ N.D.}t N.D.}t. N.D.++
_ “Free sulfur dioxide, % 0.2 - - 1.0 N.D.t# -N.D+t = ND.}t
: "Total sulfur, % 4.1 - 6.0 N.D¥1° .N.D.} N.D.}t
- Volatile 'lcnds % - - 89 N.D.t1 - N.D.#% - N.D.t1 N.D.}+
pH, average . 5.7 7.0 54 54 ‘N.D.tt
Color ; N + Light yellow Dark brown Dark brown nght tan - 'N.D.}4
. ) - ’ powder viscous liquid v1scous liquid ‘powder o
Calcium. lignosulfonate, %~ 80 N.D.H .90 N.D.t%
Fe and Al as oxides, % N.D.H, N.D.t} 0.05 0.10 N.D.}¢
Specific gravity B 7 N.D.t% 1.26 . 185 - N.D:+t :
* Contains 95% non-volatile material and -5% moisture; all percentages are based on 100%.
} 50% solid and 50%-moisture. C S o
_ 1.94% solid and 6% moisture. - C ,
§ 50% 'solid and 50% moisture. - o
© @* 57% solid and -43% moisture. . . : .
1+ N.D:, not determined, : : S
1t Magnesmm oxides and calcrum oxides are combmed - E
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Mixing was done with a Blakeslee Kitchen Mixer, Model C-20, at moderate speed.
During the first minute of mixing, distilled water was added to bring the lignin
soil mixture to the optimum moisture content. The total time of mixing was five
minutes.

The desired amount of liquid lignin was calculated on the basis of solids
content and was diluted with enough distilled water to make the amount of
liquid equal to the amount desired in the soil for compaction purposes. This
additive was mixed with the soil sample.

Moisture density relationship study. The effect of amount and kind of lignin
admixture on the optimum moisture content and maximum dry density of the
soils was studied by using the compaction apparatus developed in the lowa
Engineering Experiment Station for molding 2 in. diameter by 2 in. high test
specimens. This method of determining the moisture density relationship of soils
has been correlated with the standard Proctor method (ASTM Designation:
D698-42T ) and gives optimum moisture contents and maximum dry densities
that are very close to those obtained by the standard method?. With the soils
and mixtures used in this investigation, five blows of a 5 pound hammer falling
from a height of 12 in. on each end of the single layer of material being com-
pacted in the mold was equivalent to standard Proctor compactive effort (figure
3). The advantages of using this test method are in the savings of time and
materials as compared with the standard method.

Fig. 4. above. 2 inch
diameter by 2 inch
high specimen being
tested for unconfined
compressive strength.

Fig. 3. above. Apparatus for molding 2 inch diameter by 2 inch high test speci-
mens. At left, drop hammer and molding cylinder in place. At right,
center, drop hammer and molding cylinder in detail.
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The amounts of each lignin added to the soils were 3, 6, and 9 percent of the
dry soil weight. With the liquid lignins, the dry solid content of the additives
equaled these percentages. The maximum dry density and the optimum moisture
content values given in this report are the average of three determinations.

Unconfined compressive strength and moisture absorption study. The five
lignins were used in varying amounts with the three soils to determine the effect
of lignin admixtures on the unconfined compressive strength and capillary
moisture absorption of the treated soils. Test specimens 2 in. in diameter and 2
in. high were molded, cured, and tested for unconfined compressive strength
and moisture absorption by the methods described below. The amounts of each
lignin added to the soils were 1, 3, 6, and 9 percent of the dry soil weight.

Molding of specimens. Molding of 2 in. diameter by 2 in. high specimens was
begun immediately after the completion of mixing. Approximately 200 grams of
the soil mixture at optimum moisture content for maximum dry density was
poured into the cylindrical mold and was compacted as previously (figure 3).
Immediately after molding, the specimens were weighed and measured to the
nearest 0.1 gram and 0.001 inch, respectively.

Curing of specimens. The molded specimens were air cured for seven days.
This time was chosen on the basis of a supplemental air curing study. It was
found that 2 in. by 2 in. lignin treated soil specimens reached approximately
constant weight after seven days air curing.

Testing of specimens: After air curing. After seven days of air curing, test
specimens were weighed, measured, and tested for dry unconfined compressive
strength. The unconfined compressive strength was determined (figure 4). The
rate of load application was 0.1 inch per minute. The maximum test load causing
failure of the specimen was taken as its compressive strength. Compressive
strength values are the average of values for three specimens; the same is true
for moisture absorption values.

After capillary absorption. The capillary moisture absorption and its effect
on the compressive strength of test specimens were determined. Both “as molded”
and air-cured specimens were used in the test.

Felt pads a half inch thick were laid flat in the bottom of an air tight cabinet.
The water level in the cabinet was adjusted to just below the top of the pads.
The specimens were then placed on the pads with filter paper inserted between
the specimens and the felt to prevent loss of soil particles from the bottom of the
specimens. After three days, specimens that had not disintegrated were taken out
of the cabinet, weighed, and tested for moisture absorption and compressive
strength.

Consistency limits and pH study. The standard ASTM tests for liquid limit,
plastic limit, and plasticity index (ASTM Designations: D423-39 and D424-39)
were used in experiments to determine the effect of lignin on these soil proper-
ties. The effect of lignin on the soil pH was studied with a Leeds and Northrop
pH meter. Two in. by 2 in. test specimens with and without lignin admixtures
were molded and air cured at room temperature for periods of 0, 1, 2, 4, and 7
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days. At the end of each curing period, the specimens were broken. and ground
up by mortar and pestle to pass through the No. 10 sieve and then tested. Only
one additive each of two Wisconsin lignins, sulphite lignin grade A (liquid) and
sulphite lignin grade D (powder), were used. The percentage admixture of each

" lignin, selected on the basis of the results of density, compressive strength, and
moisture absorption tests, was 6 percent of the dry soil weight.

California Bearing Ratio study. Two Wisconsin lignins, spent sulphite liquor
and sulphite lignin grade D, were chosen for the evaluation of their effects on
the C.B.R. values of the three soils; the amount of each lignin used was 6 percent
of the dry soil weight. The C.B.R. test was performed esseritially according to the
procedure outlined by the U.S. Corps of Engineers®2. The raw soil and lignin
treated specimens were compacted to standard Proctor- density, and C.B.R.
values for “as molded” and “soaked 4 days” were determined. The swelling and
moisture absorption of the soaked samples were also determined.

Supplementary curing study using Iowa Bearing Value test. A supplementary
curing study using the Iowa Bearing Value test was made on a mixture of soil
212-5 (C horizon) and 6 percent spent sulphite liquor. Specimens 2 in. in di-
ameter and 2 in. high were molded at optimum moisture content to near standard
Proctor density (figure 3) in a brass cylinder having an internal diameter of 2

TaABLE IV. EFFECT OF LIGNIN ADMIXTURES ON THE OPTIMUM MOISTURE CONTENT AND
MAXTMUM DRY DENSITY OF THE THREE SOILS

Soil 212-5 (C-hor.) Soil 207-2 (B-hor.) Soil 207-1 (A-hor.)

Kind and Lignin Optimum .Maximum Optimum Maximum Optimum Maximum
grade of admixture.® moisture dry density moisture dry density moisture dry density
lignin % dry wt.  content, of soil,  content, of soil,  content, of soil,
of soil % dry wt. ~ pcf % dry wt. pcf % dry wt. pcf
of soil of soil .of soil .
Spent 0 17.10 109.0 20.00 1038.8 21.00 100.7
sulphite 3 15.40 114.8 18.00 107.9 17.00 103.6
liquor 6 13.70 - 118.0 17.30 108.4 14.60 106.3
9. 13.30 116.1 15.62 107.3 14.10 108.2
Sulphite 0 17.10 109.0 20.00 103.3 N.D.{ N.D.}
lignin 3 15.00 113.2 18.00 106.6 N.D.t N.D.t
grade A 6 14.90 114.2 17.80 107.5 N.D.t N.D.}
9 13.80 115.2 16.80 107.1 N.D. N.D.}
Sulphite 0 17.10 109.0 20.00 103.83 N.D.t N.D.t
lignin 3 15.00 114.7 18.70 - 107.2 N.D.} N.D.t
grade D 6 14.40 115.1 17.90 107.5 N.D.¢ N.D.}
9 14.40 115.1 17.90 107.5 N.D.t N.D.t
Bindarene 0 17.10 109.0 20.00 - 103.83 21.00 100.7
flour 3 14.00 1142 - 19.00 107.5 17.70 103.3
6 13.50 116.5 18.20 107.6 16.60 105.8
9 12.40 116.8 17.90 107.5 14.80 106.5
Clarian 0 17.10 109.0 20.00 103.3 N.D.t N.D.$
extract 3 14.8 1187 18.90 106.0 N.D.} N.D.t
6 . 14.7 114.7 17.70 106.2 N.D.t N.D.#
9 1483 - 114.8 17.52 105.6 N.D.t N.D.t

¢ Dry solid material,
1 N.D., not determined.

188 -



in. and a height of 6 in. The specimens were cured and tested in the cylinders in
which they were molded. ‘ ' ‘

Specimens were cured by two different methods. In the first, specimens were
air-cured at room témperature for a period ranging from 1 to 28 days. At the end
of each curing period, four specimens were weighed. Two of them were tested-

“immediately, and the other two were immersed in water for 7 days before being
tested. Before immersion, the molds were clamped to a frame (figure 5a). An
annular weight, weighing 1.1 lbs. in water, which has a stem projecting above -
the brass specimen mold for supporting an Ames dial to measure swelling and a
perforated disc at the bottom for the passage of water through it, was placed on
the top of the specimens (figure 5a). At the end of seven days immersion, the
specimens in their brass cylinders were taken out of water, drained, weighed,
and tested. The testing procedure was the same for both air-cured and soaked

IR

Oial, indicating
depth of
penetration
o]
S 41. wf’*j' level ;/ Guide deyice
S0 —| | = & : :
Annular ] < 0 [ i
v:li:? hg: Brass Speciman
Projected ' Mold 6" high, 5/8" b Steel
stem - ‘///2 .mternal\ Penetration rod
\ diameter
B
3/8" & Brass N -
rod

174" thick Te§t
perforated %pgumun
base plate 2’ diameter

2" height

Lmsse Nanananisnsiuanasnsasnanal
() (b)

Fig. 5. The Jowa Bearing Value test apparatus. (a) Immersion of a test specimen °
in water bath. (b) Specimen in position for testing. .
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TABLE V EFFECT OF LIGNlN ADMIXTURES ON U'NCONFINED 7
£ OMPRESSIVE, STRENGTH AND RELATED PROPERTIES OF 7 DAY AIR

Kind and
grade of
lignin

Spent
-sulphite
liquor

Sulphite
lignin -
grade A

Sulphlte
lignin
) -grade D

Bindarene.

flour.

Clarian
extract

N

Lignin
admixture,
% dry wt. -

of soil

;

;o;i:aoag—mo CRP—O ONWHS ORWHD OBM O

. Specimen Sp

DRIED SOIL 212:5 (C-HOR.) TEST SPECIMENS

ecimen  Unconfined

dry density, - moisture compressive
pef - content,  strength, Ibs.®.
’ % dry wt. )

) of specimen

. 109.4 "200 - 2847

<1112 3.67 2227
11256 . 3.96 2195
110.6 6.77 ¢+ ., - 1410«
112.9 6.50 .. 1255
109.4 - 2.00 - 2847 .
110.0 - 8.51 - 2058 -
1108 . . . 3.69 1855
111.2 - 480 1120
1115 - 7.21° . 988
1094 2.00 o .2847

-112.3 420. - 1975
110.0. 519 . . 1603
110.8. - 587 1278

o 118.2 551 -7 1145

109.4 - 200 - 2847

112.9 . -2.80 - 2300
1109  © 811 1785
109.6 5.17 1602
114.83 o 6.51 - +1290
109.4 - - 2.00 2847 -
112.2 ..2.81 2188
1114 - -4.87 1655
109.6 6.40 - 1565
11‘7 5. 6.52 Co 1490

" ®Pwo, mch diameter by 2 mch high test specunens )

"'Dry density,

pcf.-

7

Flg 6. Variation of maximum dry density of lignin treated C horizon
" loess (soﬂ sample 912 5) with the amount and kmd of hgnm_

" 120,

115

105

\

o -

&—~A Spent Sulphite.Liquor
&—a "Sulphite Lignin, Grade A’

. o—D Sulphnte Lugmn, Grade D —
'0—O0
*—e

Blndorene Flour

Clorgon Extract

|
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R
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specimens (figure 5b). The rate of penetration was 0.05 inch per minute. The
test load in pounds at 0.2 inch penetration was taken as the strength value of the
specimens. Moisture absorption and swell during immersion were also deter-
mined. All values derived from this test are the average of at least two specimens.

Specimens were moist cured using the other method for a period ranging from
one to twenty-eight days at a relative humidity of 90 to 95 percent and a tem-
perature of about 70°F. Testing of specimens with and without immersion, after
each moist curing period, was the same as in the first method.

The objectives of this study were to determine the effect of method and
amount of curing on the bearing capacity of lignin treated soil. The Towa Bearing’
Value test was used mainly because the large number of specimen molds re-
quired for the study and the moist cabinet space available, ruled out the use of
the C.B.R. test. Other advantages of the IBV are the saving of time and materials.

108

‘ 106
Dry density, pcf.

104

o——o Spent Sulphite Liquor
+ SulphiteLignin, Grade A
o——a Sulphite Lignif, Grade D
~—— Bindarene Flour
e———o Clarion Extract

‘ | _ I
"020 3 , 6 9 12

~ Lignin admixture,% dry wt. soil

Fig. 7. Variation of maximum dryrden‘sity of lignin treated B horizon loess (soil
- sample 207-2) with the amount and kind of lignin.
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Tapre VI. EFFECT OF LIGNIN ADMIXTURES ON UNCONFINED
COMPRESSIVE STRENGTH AND RELATED PROPERTIES OF 7 DAY AIR
DRIED SOIL 207-2 (B-HOR) TEST SPECIMENS

Kind and Lignin Specimen  Specimen  Unconfined
grade of admixture, dry density, moisture compressive

lignin % dry wt. pef content, strength, 1bs*®
of soil % dry wt. ’
. of specimen

Spent 0 103.0 2.71 2683
sulphite 1 107.0 6.79 2152
liquor 3 106.5 8.31 ) 1813
6 105.0 11.00 1100

) 9 - 100.0 8.18 1120
Sulphite 0 103.0 2.71 2683
lignin 1 106.3 4.77 2285
grade A 3 108.0 7.86 1688
6 106.5 7.90 973

9 102.8 6.77 973

Sulphite 0 108.0 271 2688
lignin 1 107.0 517 - 2292
grade D 3 105.1 5.97 1715
6 106.5 6.43 1655

9 103.2 6.42 1163

Bindarene 0 103.0r 2.71 2683
flour 1 105.5 3.13 2257
3 105.0 3.87 2107

6 104.5 3.58 1583

9 104.4 3.60 1290

Clarian 0 108.0 2.71 2683
extract - 1 106.2 7.08 1538
R] 105.8 8.25 1415

6 © 105.6 9.23 1387

9 105.7 11.28 880

® Two inch diameter by 2 inch high test specimens.

10 ] I
108 — .
) 106 — _
Dry density, pcf.
104 — ]
102 Spent Sulphite Liquor _
s~—= Bindarene Fiour
o L 1 |
10 0 3 6 9

Lignin admixture,% dry wt. soil

Fig. 8. Variation of maximum dry density of lignin treated A horizon
loess (soil sample 207-1) with the amount and kind of lignin.
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PRESENTATION AND EVALUATION OF TEST RESULTS

Effect of lignin on moisture density relationship

Work done in the past has shown that the compacted density of a soil is in-
creased by additions of lignin2%. This is a desirable property change, since an
increase in density is usually an indication of an increase in strength.

The test results (table 1V) indicate clearly that the use of lignin has a bene-
ficial effect on the compacted density of soil, though no correction has been made
~in the dry-density values for the amount of lignin present in the soil. The opti-
mum amount of lignin to produce maximum dry density for the compactive ef-
fort used lies somewhere between 6 to 9 percent of the dry soil weight (figures
6, 7, 8). No significant increase in density was shown above 6 percent in most.
Though it is difficult to single out the lignin having the best effect in density,
spent sulphite liquor and bindarene flour may give a slightly higher density.

All the lignin additives reduce the optimum moisture content; this reduction
being of significance when the amount of lignin -used was between 6 and 9
- percent (figures 9, 10, 11). :

Effect of lignin on unconfined compressive strength and moisture absorption

The results of the unconfined compressive strength study show that the 7 day
air dried strength of the B and C horizon soils were decreased by the addition
of lignins (tables V, VI, VII). This trend was not found with the A horizon

20 | —T— |

o————o Spent Sulphite Liquor

+ Sulphitelignin, Grade A
o0——a SulphiteLignin, Grade D
&~—— Bindarene Flour
Clarian Extract

Moisture content, |
% dry wt. soil

|
0 3. 6 9 T2

Lignin odmixfure‘,"/vo dry wi. soil

0 . * |

Fig. 9. Variation of optimum moisture content of lignin treated C horizon (sdil
sample 212-5) with the amount and kind of lignin.
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A&———A Bindarene Flour
e——e Clarian Extract
Ic | 1 2
loO 3 6 9

Lignin-admixture,

% dr;} wt. soil

Fig..10. Variation of optimum moisture content of lignin treated 'B
horizon loess (soil sample 207- 2) w1th the amount and klnd of

‘ lignin,
22 | T |
A o——0 Spent S!;llphite Liquor
N 20— ’ ) ‘&~ Bindarene Fiour
! — g . ‘ . .
18—
Moisture content, - .
% dry wt. soil ,
- N ’ Is_
14—
S el | qo .
e 6 9

. Fi 1g 11, Variation of optimum moisture content of-lignin treated A horizon

‘Lignin admixture, % dry wt. soil

loess ( 3011 sample 207-1) with the amount and kind of hgnm
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E I ' TasrLE . VIL EFFECT oF LIGNIN ADM]XTURES ON UNCONFINED
L - ) COMPRESSIVE STRENGTH AND RELATED PROPERTIES OF 7 DAY AIR
. ’ : DRIED. SOIL 207-1 (A-HOR.) ‘TEST SPECIMENS - ‘
T - Kindand =~ Lignin Specxmen Spegxmep Unconfined
fe - grade of admixture, dry density, moisture compressive
R © lighin % dry wt. pef content,  strength, lbs® - .
S - . T of soil k . %drywt)/ ‘ N
e . ’ o ' ' of specimen . .
Spent 0 99.0-° 873 1108 - Co N
- sulphite - 1 100.2 3.35 2350 o
' R . lignin, - 8. . 100.0 - 2.74 2325 '
: \ grade D 6 102.5 T 440 . 2188 .
- 9 980 - 718 1102
el o . Bindarene - 0 99.0 673 1108 :
e o flour. - 1 1100.1 198 2668
- 3 99.7. . ° 5.50 - 1980 .-
' 6 105:2 5.68 1687
9 N.D. . ND. . ND.
T o ‘ .
g #Two. inch diameter by 2 inch high test specimens.,
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T kind of lignin admixture. - - : .
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" ‘stfength, lbs:

N _ J Y

-y

soil, 207-1; whose strength was a 'mz'lximum>with‘_about 1 pér.cent of lignin

_.additive. The reason for the decrease in compressive strength seems to be that

the lignin treated soil retains more moisture than the raw soil. It is- difficult to ~
-rate the lignins on the basis of the comparisons of the effect of the different
lignins on the air dried compressive strength of the three soils (flgures 12, -
13, 14). Bat, since it is desirable to have as. little. reduction of strength as.

" possible, bindarene flour: and sulphlte hgnln grade D mlght be rated shghtly
* higher than the others. -

An increase in the amount of hgnm additive mcreased the thoisture retention’

eapdcity of the B and C horizon soils ( fignres 15, 16, 17). The different effect - ‘

of the lignins on the A-horizon soil was undoubtedly. related to the orgamc
matter content, and no attempt at further explanatlon w1ll be made.

When test specimens were air dried for seven days and thén were subjected to

: cqpﬂlary absorption of moisture for three days- before being tested for unconfined

compresswe strength, a different trend . :in the compress1ve strength data was
btamed (tables VIII, IX,X) - o . S

30007
2500
2000

J :
Compressive 500]-

1000

O0——o0" Spent Sulphite Liquor i
+——+ Suiphite Lignin, Grade A - '
s o———a Sulphite Lignin; Grade D. ; .

5001= s Bindarene Flour -
, e—e C(Clarian Extract
' S B “ L
0]
o. . 3 6 . 9 12

ngnln .admixture, % dry wt. soil -

Flg 13. Variation of 7 day air dried’ unconfined compressive strength of B
horizon loess -( soil sample 207- 2) test specimens with’ amount and kmd
of lignin admixture. , : -
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T

3000

g Sulphi}e Lignin Grade D
Bindarene Flour

2500

Compressive Strength
Ibs. 2000}

1500

10000 L 1 1
| 3 6 )

Lignin admixture,% dry wt. soil

Fig. 14. Variation of 7 day air dried unconfined compressive strength of A hori-
zon loess (soil sample 207-1) test specimens with amount and kind of
lignin admixture.

Tasre VIII. EFFECT OF LIGNIN ADMIXTURES ON UNCONFINED COMPRESSIVE
STRENGTH AND RELATED PROPERTIES OF 7 DAY AIR DRIED SOIL 212-5 (C-HOR.)
TEST SPECIMENS SUBJECTED TO 3 DAYS CAPILLARY MOISTURE ABSORPTION

Kind and Lignin - Specimen Specimen Specimen Unconfined
~gradeof admixture, dry density, moisture moisture  compressive
lignin % dry wt. pef content,  absorption, strength, Ibs.®
of soil % dry wt. % dry wt.
: of specimen  of specimen

Spent 0 109.4 22.40 18.70 Failedt
sulphite 1 110.7 19.83 16.21 35
liquor 3 112.4 1427 1154 , 63

6 1105 10.85 4.07 124

9 © 1127 14.20 7.25 22
Sulphite 0 109.4 22.40 18.70 Failedt
lignin, -1 110.7 - 1948 16.10 57
grade A 3 110.6 - 10.57 7.68 103

6 11094 8.45 2.51 262

9 112.8 10.27- 3.03 o144
Sulphite 0 109.4 22.40 18.70 Failedt
lignin, 1 112.2 18.07 - 14.08 63
grade D 3 110.3 12.83 8.33 142

6 111.3 .8.83 2.30 183

9 113.0 _12.69 6.99 73
Bindarene 0 109.4 22.40 18.70 Failedt
flour o1 114.3 18.20 15.90 98

3 110.7 10.40 7.30 120

6 109.2 8.39 2.50 167

9 113.8 12.06 5.75 20
Clarian 0 109.4 22.40 18.70 Failed?t
extract . 1 111.8 17.37 15.70 58

8 111.6. .10.00 5.29 105

6 109.0 10:00 3.13 200

9 112.5 12.10 5.98 38

® Two inch diameter by 2 inch high test specimens. .
} Test specimens failed during 8 day capillary absorption period.
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Moisture Gontent,
% dry wt. specimen

I

Spent Sulphite Liquor
Sulphite Lignin, Grade A
o—0a Sulphite Lignin, Grade D
&——4A ‘Bindarene Flour

®&——e@ Clarian -Extract

0 3 .8 8
Lignin admixture,% dry wt. soil

Fig. 15. Effect of amount and kind of lignin admixture on moisture re-
tention of C horizon loess (soil sample 212-5) test specimens
after 7 day air drying.

TasLE IX. EFFECT OF LIGNIN ADMIXTURES ON UNCONFINED COMPRESSIVE
STRENGTH AND RELATED PROPERTIES OF 7 DAY AIR DRIED soil. 207-2 (B-HOR.)
TEST SPECIMENS SUBJECTED TO 3 DAYS CAPILLARY MOISTURE ABSORPTION

Kind and Lignin Specimen Specimen Specimen Unconfined
gradeof admixture, dry density, moisture moisture  compressive
lignin % dry wt. pef content,  absorption, strength, lbs.*
of soil % dry wt. % dry wt.

) of specimen  of specimen
Spent 0 '103.0 26.40 22.40 Failed
sulphite vl 106.7 29.50 15.78 73
liquor 3 105.9 " 1556 6.74 142
. 6 104.7 18.93 3.29 220

9 100.0 . +..18.00 . 5.64 50
Sulphite 0 103.0 26.40 22.40 Failed
lignin, 1 106.1 22.70 18.10 87
grade A 3 107.5 - 18.04 4,70 217

6 106.3 . 16.47 . 240 228

9 102.5 . 13.66 536 - 26
Sulphite 0 -108.0 - 26:40 22.40 Failed
lignin, 1 1070 - 2210 16.88 - 55
grade D 3 105.0 10.07 5.16 224

. 6 106.5 9.21 3.50 200

9- 103.2 15.20 6.90 58
Bindarene 0 % 10307 ° 26.40 : 22.40 - TFailed
flour 1 - & 1040 18.70 . 15.80 63

3 - 103.0° 8.60 4.40 - 234

6 105.0.° ¢ 5.79 231 ° 209

9 N.D: .. ‘ND. ¢ N.D. ° N.D. .
Clarian 0 103.0 - - 26.40 22.40 - Failed
extract 1 106.2 . 22.80 .- 1550 - 45

8 106.4 14.63 6.40 - 210 .

6 .- 105.3 12.30 -~ 3.92 232

9 104.8 11.80 3.90 40

® Two inch diameter by 2 inch high test specimens.
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_ f
'o—o0 Spent Sulphitg—~ Liquor- )
~ - i x—x ‘Sulphite Lignin GradeA | - o .
' ‘ r : B—3- Sulphite Lignin Grade D 3 s
N o ' . 6—=o Bindarene Flour ’ : ’
. ' 12— &—e Clarian Extract ! —
/' ‘\
. > ]
~ Moisture . Gontent
} h % dry wt. specimen
2~ co o - ~ _
I ,.I.‘" - ' . L o l ' 3 0 Lo- 6 9 - ) . .
Lol - ‘ N : Lignin Admixture, % dry wt.
o Fi ig. 16 Effect of amount and kind of hgnm admixture on m01sture reten-'
D - tion of B horizon loess. (soil sample 207-2) test specimens after 7
S . - day air drying. : .
N ! . - -
e : TaBLE X. EFFECT OF LIGNIN ADMIXTURES ON UNCONFINED COMFPRESSIVE
s - STRENGTH AND RELATED PROPERTIES OF 7 DAY AIR DRIED SOIL 212-5 (A-HOR.)
: 'TEST SPECIMENS SUBJECTED TO 3 DAYS CAPILLARY MOISTURE ABSORPTION' <
s . Kind and . . ngmn Specimen  Specimen ‘Specimen - Uncc)nﬁnéd 1
Lo grade of ‘admixture, - dry density, moistute moisture compresswe
o lignin % dry wt. pef . content, absorptlon strength Ibs.®
e . of soil - . % dry wt. % dry wt . '
- ' R : o "of specimen. of specmlen
SRS . Sulphite 0 99.2 42.50 36.20 Failed
- _ lignin, 1 "99.5 26.80 93.60 - 25
- . grade D. 3 100.1 16.52 1341 56
- . . 6 102.8 11.02 " 6.10 200
» _ L 9 974 26.30- 1050 81
DR Bindarene 0 99.2 425 " 86:2 Failed .
oo : : flour 1. 99.4 27.80 ~ - . -25.20 26, !
n ’ . 8 103.2 - 16.52 12.20 - ‘87
. - 6 . 104.83 10:31 5.68 193
9. . 1020 18.30 - 7.20 40
: Ta Co o T e Two Jinich dlameter by 2 mch ‘high test. specimens, N
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0 _ Fig. 17. Effect- of amount and kind of lignin admixture on m01sture retention
' . of A horizon loess. (soil sample 207 1) test, specimens after 7 day air -
"y ' ) ' drylng ' . . L.
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Flg 18. Variation -of 7 day air dried plus 3: day capillary moisture absorption
unconfined compressivé strength of C horizon loess (soil sample 212-5)
test. spemmens with amount and kind of lignin adrmxtures
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. .\ ' : “Fig. 19. 'Variation of 7 day air dued plus 3 day caplllary moisture absorptlon -

_ ' unconfined compressive strength of B_horizon loess (soil sample
S . .- 207- 2)§t_est~ specimens. with amount and kind of lignin admixtures.

o ] B
g L T 300 - ) —
' ) n-—-u 'Su‘lphiteLig‘ni'n,Grade,D -
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: ) 200 |— o R —
! Compressive oo
strength,lbs.
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F 1g 20. Variation of 7 day air dried plus 3 day capillary moisture absorption
.- . unconfined compressive strength of A horizon loess (soil sample
207-1). tést specimens with amount and kind of lignin admixtures.
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Moisture content, 12

X

e

Spec1mens contalmng no lignin add1t1ve fell apart in the strength tests duung

the capillary absorption period (figures 18, 19, .20). Though the strength of the
lignin treated specimens was_greatly reduced by ‘capillary: absorption, ‘all re-

. mained intact and could be tested. Best strength results were obtained when the

amount of additive was'in the range of 6 to 9 percent; in most cases, about 6 per-

cent was the optimum amount. Inspection of the moisture absorption data -
(figures 21, 22, 23) shows that moisture absorption was -also near the minimum |

_amount when the lignin admixture was about 6 percent. . The correlation of
" specimen density (tables VIII, IX, X). with stréngth and moisture absorption is

not ‘as good as the. correlation between strength and moisture absorption, but 3
there is an indication. that some of the waterproofing and strength preservatwnr‘

is related to the beneficial effect of lignin on soil density.

The data presented are not enough to 1ate the lignins as waterploofels but.

note that the difference in results was least with the soil having the highest clay

content, the B horizon loess; all the lignins gave this soil about the same degree

of Watelproofness With the C horizon loess, sulphite lignin grade A, and clarian
extract gave the best results. Only sulphlte lignin grade D ‘and: bindarene flour

were -evaluated with ‘the A horlzon loess,. and there was only a slight dlfference ’
" in testresults: ' :

‘ ~ T

22—

o——o Spent Sulphite Liquor . -
+ + SulphiteLignin,Grade A .
o——a - SulphitelLignin,Grade D : ]
&~——n  BindareneFlour

. % dry wt.
specimen 10

8

) I N - i ‘l N . -' ’
o- . .3 6 . - e . 2
. o Lignin admleure % dry wt. soil

Fig. 21 Effect of amount and kind of lignin: admixture on imoisture confent of
7 day air dried C horizon loess (soil sample 212-5) test specimens
sub]ected to 3 days caplllary m01sture absmptlon.
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TasLe XI. EFFECT OF LIGNIN ADMIXTURES ON CONSISTENCY LIMITS OF C-HORIZON
AND B-HORIZON LOESS®

Types of mixture Curing period, Liquid limit, Plastic limit, Plasticity .pH
ays % % index -

Raw soil 212-5 0 34.7 20.3 14.4 1.5
(C-hor.) "2 33.4 20.3 13.1 7.4

7 33.8 20.4 134 7.4

Soil stabilized 0 33.4 14.4 19.0 6.90
with 6% sulphite 1 32.6 14.8 17.8 74
lignin grade A 2 36.7 15.2 21.5 7.48

: 4 35.4 . 14.9 20.5

7 367 165 20.2 .

Soil stabilized 0 33.5 14.9 18.6 6.85
with 6% sulphite 1 32.5 14.7 17.8 7.50
lignin grade D 2 37.0 19.5 185 7.46
: 4 36.5 17.9 18.6 7.62

7 N.D. N.D. N.D. 7.60

Raw soil 207-2 C . 47.2 22,3 24.9 6.95
(B-hor.) 2 46.3 20.4 25.9 6.94

7 46.2 19.8 26.5 6.93

Soil stabilized 0 46.0 16.1 29.9 471
with 6% sulphite 1 56.8 184 38.4 5.01
lignin grade A 2 53.8 19.0 34.8 5.08
4 50.0 19.9 80.1 5.10

. 7 44.6 20.1 245 - 5.18
Soil stabilized . 0 47.9 18.6 29.3 4.56
with 6% sulphite 1 56.9 18.4 38.5 5.05
lignin grade D 2 52.0 19.0 33.0 ~ 493
4 49.6 21.2 28.4 5.08
7 47.0 19.2 28. 5.10

* Two inch diameter.by 2 inch high specimens were molded, air-dried for the
period indicated, then crushed to pass the No. 10 sieve prior to performing tests.

. Effect of lignin on L.L., P.L., P.I, and pH

The test data definitely indicate that 6 percent admixture of sulphite lignin
grade A and sulphite lignin grade D increased the plasticity indices of the C- -
horizon and B-horizon loess (table XI). The increase is mainly due to the
lowering of the plastic limit, although there is some indication that the liquid
limit increased slightly with air curing. The increase in plasticity is probably
related to the fact that lignin is a dispersing agent, and when incorporated in
soil it increases the effective surface area, especially that of the clay-size fraction.
In general, the air curing data are too erratic for definite conclusions concerning
the effect of length of curing time on the consistency limits.

The pH of the raw soil was not significantly effected by curing time (table XI);
that of the lignin-treated soils showed a slight increase at 1 day c¢uring time, but
thereafter, the specimens remained more or less constant.

_ Effect of lignin admixtures on C.B.R.

The California Bearing Ratios of the three soils were decreased by the 6 per-
cent admixtures of sulphite lignin grade D, and spent sulphite liquor. This was
generally true for both' the “as molded” and “soaked 4 days” test condition
(table XII). Swelling -and moisture “absorption ‘were increased by the " lignin
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o——o0 Spent Sulphite Liquor .
+ Sulphitelignin,Grade A |
o——a Sulphite Lignin, Grade D
& Bindarene Fiour

Clarian Extract

Moisture content,

% dry wt.
specimen.
8 —]
4 — —
| [ ] |
%6 1 3 3 9 2.

Ligni‘n admixture ,% dry wt. soil

Fig. 22. Effect of amount and kind of lignin admixture on moisture content of 7
day air dried B horizon loess (soil sample 207-2) test specimens sub-
jected to 3 days capillary moisture absorption.

Tasre XII. EFFECT OF LIGNIN ADMIXTURES ON C,B,R. AND RELATED PROPERTIES OF
- A, B, anp C-HORIZON LOESS :

- .

As molded .7 Soaked 4 days
Mixture - C.B.R.0.1in. C.B.R.0.lin. Swell,%  Absorption, %
penetration penetration
Raw soil 212-5 (C-hor.) 17.8 7.7 0.36 N.D.
Soil 212-5 + 6% w0 ;
sulphite lignin grade D 14.2 7.9 0.34 3.2 N
Soil 212-5 1+ 6% . : ‘
spent. sulphite liquor 14.1 44. 0.52 5.1
- Raw soil 207-2 (B-hor.) 114 9.0 0.52 1.9
Soil 207-2 + 6% ° ' .
sulphite lignin grade D 75 0.7 @ . 260 .0 - 109
Soil 207-2 4 6% :
spent: sulphite liquer 7.8 1.4 218 . 8.8 -
Raw soil 207-1 (A-hor.) - 15.0 7.1 . 056 1.8
Soil 207-1 6% SO - :
spent sulphite liquor 10.7 L. 220 0 A82 12.1
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 admixtures. The soﬂs highest in clay and orgamc matter, the A and B honzon .

" soils, were most adversely affected by the admixtures.” The adverse effect of-

lignin on the bearing capacity of the soils, as measured by the CBR test

_ procedure used, may be due to:

" 1. The dispersing effect of hgmn onsoil, - : -
2. The leaching out of the lignin"during four days complete immersion, and

3. The lack of proper curing of the lighin treated. soﬂs pr101 to the C. B.R. test.

Effect of method of curing on bearmd strength

The Iowa Bearing- Value test study of the effect of m01st and air curing on the '
bearing strerigth and related properties of llgmn—treated soils was an extension of
the C.B.R. study, since in the. C.B.R. ‘study the method of  curing was not a -’

. variable. The reason for using the IBV test. method 1nstead .of the CB.R. has. .
. been discussed.

The ‘data 1ndlcate that- the str ength of air cured specimens increased with in-

* crease of curing time (tables XIIL, X1V, Flgure 24). The effect of curmg time is

- ‘ . . . -~

TasLe XIII. Jowa BEARING VALUE TEST DATA FOR AIR CURED SPECIMENS OF SOIL
212-5 (C-HOR.) TREATED WITH 6 PERCENT SPENT SULPHITE LIQUOR

No. of No. of Specimen Absorption, Expanelon § IBV strength,
days " days dry density,t . % % Ibs. at 0.2 in.
air-cured® immersed pc R - penetration
0 0 1184 o L 111
0 7 113.0 N.D. N.D: 62
1 0 115.0 tL CTT . 157
1 - 7. 115.0 -3.99 025 - 65
3 0 113.6 - - . .. 215
3 7 ~114.8 ) 6.36 © 7 0.08 . 63
4 .0 115.8 . .. ) 242
4. T .116.2 - 612 015 - 61
5 0 1152 - .. - . 260
5 7 115.2 ; ~'6.53 - . 55
6+ -0 1154 - - o o 285
6 - 7 116.3 . 644 0.64 60
\ . ) \ .
7 -0 118.4 . . © 290
7 7 114.4 . 6.8 03 67
10 0-. 114.8 ' .. . - 828 .
10 7 1146 .8.83 0.87 67 - :
12 ) " 114.9 L T 338
12 7 1151 10.57 © 085 48
' 14 0 - 1145 .. . . : 358
14 7 - 115.0 8.9 0.85 . 66
21 0 1145 S o 407
21 7

113.7 6.7 . 1 0.77 71 =T
® Curmg was at room tempelatule which averaged about 77°F.
 No corre¢tion was made in. the density for the amount of, hgmn _present in
thie specimens.
1 Absorption is the amount of water absorbed by- the specimens, expressed as
-~ percent dry weight of specimens, after 7 days complete immersion. i
§ Expansion is the percent increase of the specimen’s height over'its. original
helght after'7 days complete immersion., -
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Tasre XIV. Iowa BL‘ARING VAIUE TEST DATA FOR MOIST CURED SPECIMENS OF SOIL

212-5 (C-mHoR.) TREATED WITH 6 PERCENT SPENT SULPHITE LIQUOR

_ No. of No. of " Specimen Absorption, 1 Expanswn § IBV strength,
days days - dry density;} - % % . Ibs. at 0.2 in.
moist-cured® immersed pef . penietration
0 0. 1184 . C L 111
-0 7 113.5 2.57 075 58
"2 0 114.5" . L 152,
c 2 7 114.0 2.54 0.70 76.
6 0 115.5 y L T 145 B
"6 7 - 1148 - 2.78 0.62 65
7 0 o 11438 e -148
7 7 1155 °511 0.35 76
10 - -0 C 1142 L 147 -
i 10 T 115.0 1.33 : 0.48 79
14 0 116.2 . . 142 -
14 7 113.6 3.79 0.55 77
21 0 © 1158 e 137
21 7 '115.6 1.81 N.D.~» 72
28 0 115.0 .. 133
28 7. 116.0 - 0.86 - 0.35 Y5

~ * Relafive humidity was 90 to 95% and temperature about 70 F.
} Density’ was determined at optimum moisture content. No correction was
" made for the amount of lignin present in the soil sample.
¥ Absorption is the amount of water absorbed by the ‘specimens expressed as
- .. percent dry weight of specimens,.after 7 days complete imrhersion.
§ Expansion is the percent increase of the specimen’s height over its orlgmal
helght after 7 days.complete- 1mmers1on

40t

Moisture conten'f,‘ao
% dry wt.
specimen.

Sulphlte Lignin, Grude DF
- Bindarene Flour : .

ngmn udmlxture % dry wt. soil -

F1g '93. Effect. of amount and kind .o flignin admixture on mmsture content of
7 day air dried A horizon loess (soil sample 207-1) test specimens
sub]ected to 3 days caplllary moisture absorptlon ST
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Moist-curedﬂ
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Fig. 24. Comparison of air curing and moist curing on the bearing strength
(IBV) of C horizon loess (soil sample 212-5) treated with 6 percent .
spent sulphite liquor.

not very pronounced in the data on moist-cured specimens; they gained some
strength during the first seven days of moist curing, and then gradually lost
some of the strength gain throughout the remainder of the 28 day curing period.
Without the 7 day immersion treatment, the strengths of moist cured specimens
were much lower than those of air cured specimens.

After seven days of immersion in water, the strengths of both air cured and
moist cured specimens were low; length of curing prior to immersion had little
effect on the immersed strength. Moist cured specimens ‘showed less decrease
of strength'and had slightly higher strength after immersion than did air cured
specimens. Also, moist cured specimens absorbed less moisture than air cured
specimens. The expansion data are too .eratic for comparisons. :
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: CONCLUSIONS
1. Lignins used alone as admixtures do not show much promise as stablhzmg
“agents for loess or loess derived soils. The findings of the investigation do, how-
ever, indicate that lignins should be much more effective as stabilizing agents -
for glanular soils or soil aggregate mixtures. This should be verified. .

2. Lignin admixtures do improve some engineering, propeltles related to stab1hty
of soil; they increase compacted density - and _retard absorption of moisture,
“though-the latter benefit may be temporary if _leachmg(qut of the. lignin occurs.
The effect of the lignins en frost action was not inve'stigated : .

3. Lignin adml\{tures increase the moisture réetention capacity of soil. Because
of this, air dried strength of lignin treated soil may be lower than that of the raw
soil dried for the same length of. time. The strength of lignin treated soil in-
creases rapidly with increase in"lerigth of air curmg, and .- elevated temperature
drylng would probably be beneficial. :

«

4. Moist curing of- hgmn treated soil specunens results in much lower strength
than air curing, but moist cured specimens absorb less moisture and have slightly-
higher strength after immersion in water. The length of moist curing does not
seem to have miich effect on moist cured or immersed strength :

5. Lignin admixtures incréase > the plasticity index of soil; the amount of “increase
is greatest for soils having the highest clay and orgamc matter .contents. ngnms
- do not appreciably change- the soil pH value. :

6. Lignin in powdered form was easier to use than hgmn in hqu1d form other-
- wise, the five lignins used gave much the same results.

7. The1e is an indication that the optlmum amount of lignin admixture (dry .
solids basis) is about 6 percent of the soil dry weight. ‘
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STABILIZATION OF A CALCAREOUS LOESS
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 ABSTRACT

Spent sulfite liquor, a by-product of the paper industry, -is produced in large.

" quantities in many parts of the world. Because production far exceeds utilization,

and because spent sulphité liquor pollutes water, disposal is a difficult problem. -
_A: method .of disposal economical near paper mills is to use the liquor as a dust-
palliative for gravel surfaced roads; but the l1quor is water soluble and must be
periodically re-applied. Spent sulflte liquor is so-used only near paper mills

where theliquor is cheap.- A method of producing an insoluble .dust palliative
or soil stabilizing agent from spent sulfite liquor would greatly increase 1ts use
_ in states such as lowa, that do not have a paper industry. -

INTRODUCTION

Because of its water solub111ty the use of spent sulfite liquor in road con-
struction has been limited mainly to dust palliation in areas near paper mills pro--
"ducing large quantities of this by-product or waste chemical® 5 © 14, 19, 20, 22,
28, 24, 25, 26, 27,28, 29, 37, 38, 41, 42, 44, 45 Attempts. have been made to reduce the
water solubility by physmal or chemical meais. Selection of proper soil gradation
and compaction of treated soils to suitable densities to reduce leaching by water
-~ are the principal physical methods which have been studied?® 9. 32. 35, 48, Chern-
ical methods consist of producing insoluble lignosulfonates by use of secondary
additives!® 13, 16, 18, 81, 33, 35, 87, 80, 46 Calcium hydroxide and chromates ‘are the
“only chemicals extenswely studied for 1nsolub1hzmg spent sulfite liquor for soil
stabilization. =~ - - Sy N
Ca- hgnosulfonate the main constitient of spent sulphlte hqum forms 1nsoluble'
compounds with polyvalent metallic cations in an alkaline environment® 18 48,
This suggested the possibility "of using salts of polyvalent metallic cations. as
secondary additives for spent sulfite liquor” soﬂ stabilization. A~ prehmmary
- screening - of such chemicals' showed aluminum sulfate's: " to be the most
promising. The alkaline environment reqmred for the formation of the insoluble
lignosulfonate compounds was provided by CaCOs in the soil, either naturally
present or added. - ‘
"The effects of Ca-hgnosulfonate—Al sulfonate on’ the engineering properties
and behavior of a calcareous, fnable Wisconsin age loess were studied as the )
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major part of this investigation. The effects of amount of additives on optimum
- moisture, maximum dry. density, unimmersed strength, and immeérsed strength
were studied. Optimum moisture and maximum dry density of the soil were
greatly affected by the combination chemical treatment; unimmersed strength
was somewhat reduced, but satisfactory immersed strength was obtained. Both
strengths indicated that the degree of stabilization might be satisfactory for
road base courses. The durability of untreated and treated soil specimens was
-evaluated by a modified standard British freeze-thaw test. Though the untreated
‘soil specimens failed as expected, the durability of treated specimens was judged
sufficient for road subbases in northern climates. Shrinkage and expansion upon
wetting and drying of treated specimens were reduced.

The mechanism of, the waterproofing ebtained by the combination chemical
treatment was analyzed as to the effect of basic aluminum lignosulfonate
micelles on the surface tension of water. These micelles reduce the surface

"TanrLt I. DESCRIPTION AND PROPERTIES OF THE LOESS SAMPLE
(Las. No. 20-2-VII).

Geological description: .- Wisconsin age loess, oxidized;
) S . thickness over 100 ft.

Location: Harrison Co., S:-W. Iowa -

Soil series: *  Hamburg

Horizon . . C .

Sampling depth, ft 39-40

Textural composition, %
Gravel, (> 2.00 mm) o,
Sand (2.00-0.074 mm) 04 . T
Silt (0.074-0.005 mm) 80.0 ' -
Clay (<0.005 mm) 19.6

Colloids (<0001 mm) - 145 ‘

~ Predominant clay mineral:*  Montmorillonite )
Chemical properties: ‘ . Ca T ey

1+ Cat. ex. cap., m.e./gm} 134 , ) o
Carbonates,t by Versonate‘ ‘ A _}‘

<" method} © 1009 - . R
Fizzing when treated with . S '
N.HC1 Strong '
pH 8.7
Organic matter,t % 0.2

Physical properties:§

Liquid limit, % 308

. Plastic limit, % 24.6

. Plasticity index 8.2 -
Shrinkage limit, % ° . 2928

Classification: s,
Textural** Silty clay loam
Engineering (AASHO) A-4(8)

Max. dry density, pcf 197.5 : e

Optimum moist., % 18.0

*'By X-ray diffraction analysis.

t For fraction passing No. 10 sieve.

1 Includes all extractable calcium.

§ For fraction passing No. 40 sieve.

*® From triangular chart developed by U. S. Buresu of
Public Roads but 0.074 mm was- used as the, lower limdt -
of the sand fract1on ,
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tension of the water in which they are suspended Thus soil particles coated with
a.concentrated suspension have less surface free energy than those coated with
a dllute suspensmn and consequently absorb-less water.

LABORATORY INVESTIGATION

[Propertles of Materials Used = . : -

Soil. The soil used is typical of the thlek loess bordenng the M1ss0ur1 River

“floodplain in western Iowa. The sample was obtained from .a bluff behind the

Third Ward School in the city of Missouri Valley (table I). ) -
Cheniicals. Properties of the spent sulfite liquor sample used will be referred

to as Ca-lignosulfonate, the principal constituent of the solids fraction (table II).
The~alum1nurn sulfate sample (Al2(SO4 )s18H,0), a chemically pure grade,

* will be referred to as Al-sulfate.

Method of Investigation " - N

Mixing. Three orders of mixing chemicals with, the soil were tried. In the flrst
an amount.of spent sulfite liquor calculated to give a desired percentage of Ca-

lignosulfonate was added to the soil by weight and mechanically mixed with

- a Hobart mixer for one minute. This was followed by a hand mixing to insure

- proper distribution and pulverlzatlon Next a calculated -amount. of Al-sulfate

solution’ was added to give a desired amount of Al-sulfate (Al;(SO.)s'18H,O)"
and water. The mixture was mechanically mixed for two minutes. This-was fol- .
lowed by a hand mixing for pulverization, and another two minutes of méchanical
" mixing by the Hobart mixer. After the mixing operations the mixture was kept

covered with a damp cloth for fifteen minites to allow time for reactions to be,
completed. At the conclusion of fifteen minutes the mlxture was pulverized and

mixed with an additional hand mixing. The fifteen mlnute reaction period was *

deterrnlned experimentally; if this period was not used successive molded speci-
mens showed rapid increases in height and de01 eases in den51ty beheved due to

_chemical reactions taklng place.

\ .
TABL} IL. PROPERTIES OF SPENT SULFITE LIQUOR®

'

- Trade name . - Toraml A . .
- Concentration . ' 50% water solution ' T
Ca-lignosulfonate 96% of the total solid constltuents
Appearance ~ . . Coffee-colored viscous liquid
,Odor B 60". . : Characteristic tart
*Specific gravity B0°F . - 124 -
Baumé : _ - 285°, ’ S
Viscosity (cp) 70°C . ; 45 -
' 50°C. .. . - 130 ,
e 30°C -420. .
pH S 4.5-4.6 - e T T
Boiling range ) . 107°C-108°C '
Freezing range - .. - —~4°C- =6°C .
Surface tension, '
. Dynes/ cm (10% water solutxon) 48

“® From the data su plied by the manufacturer, Lake States Yeast
Corporatlon Rhinelander, Wisconsin.

‘ S9208 . - -'
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In the second order of mixing, the sequence of, adding spent sulfite liquor and
aluminum sulfate solution was revelsed but the rest. of the mixing procedure
remained the same. - ! .

In the third order of m1x1ng, spent sulfite liquor and-aluminum sulfate solu-
tion were mixed together before adding to the soil. The same steps of mechamcal

"mixing and hand mixing were: followed. . ‘

From the effect of mixing order on the strength charactenstlcs and related
pr operties.of a selected soil-chemicals mix, it was concluded that the first mixing

" order was. shghtly better, and this mlxmg order was used in the main stady
(table IIT). . —

Molding. Immedlately after mlxmg, six spec1rnens from each. rmxtme were:
*“molded into cylinders by means of a drop hamrner molding apparatus®. This
* apparatus produces a specimen two inches in diameter and two inches high. The .
cylindrical mold is filled with a sufficient quantity of soil, chemical,. and water
- mixture to produce a two by two inch spécimen, and the mixture is' compacted
by dropping a 'five ‘pound hammer through a distance of one foot five times on
each side of the specimen. A temporary support is placed under the mold to hold-
it in position and .is removed after the first blow.

After compaction, specimens were ejectéd from the molds with a hydrauhc
jack. They were then weighed to the nearest 0.1 gram and théir helghts measured
to the nearest 0.001 inch. A tolerance of +0.05 inch in height wis maintained in
all specimens molded Representative moisture samples were taken from the
mixing bowl, and a moisture content for each mixture was determined, on the
‘basis of oven dry weight of soil, to the nearest 0.1 percent This moisture con-
tént will be referred to_hereafter as m01sture at molding.” .

) Curmg The prepared specunens were cured by air drying for seven.days at
‘Toom temperatures and humidities. This time was, considered adequaté to
establish constant specimen weight3s, Heights and’ Welghts of specimens were
again measured after being cured. Three of the six specimens molded from each -
mixture were tested for -unconfined compressive strength, and the other. three
were completely immersed in dlstllled Water for. a period. of twenty-four hours,

TABLF II1. EFFECT OF MIXEING ORDER OF ADDITIVES ON STRENGTH OBTAINED 'BY TREA’I‘ING THE
- LOESS WITH 6% CA-I IGNOSULFONATE AND 5% AL-SULFATE. - '

. T _ Average
Mixing order . Monture Dry density Average Average . - relative
. First -Second - at  atmolding immersed  unimmersed - humidity
additive * additive .  molding, - moisture; strength,”  strength,t durmg-curmg
- <% © opef * psi psi © - period, %
Ca-ligno- Al-sulfate 19.1 108.4 122 - 556 70
sulfonate ; ] ¢ T
Al-sulfonate  Ca-ligno- 1190 1044 124 498 L 70
L sulfonate - N - ’ R
Mixture of e 19.0 -~ 101.1 99 . ~584 70 -
the two .- . R ' : . -
wddltlves : : B

. . * Air cured 1t room temperature 7 days, 1mmersed in- dlstllled water T day
1‘A1r cured at room temperature 7 days. ot . R
g PR 209 - o
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Each specimen was weighed, measured and tested for unconfined compressive
strength after it was taken from the water.

Testing for unconfined compressive strength. The unconfined compressive
str engths of the specimens in dry and immersed conditions were determined by
a proving ring type testing machine. Load was applied to each specimen with a
rate of deformation of 0.10 inch per minute until complete failure was reached.
The maximum load in pounds divided by the cross-sectional area of the specimen
was recorded as the unconfined compressive strength. The unconfined com-
pressive strengths after seven days drying in the laboratory atmosphere were
referred to as “unimmersed strengths.” The unconfined compressive strengths
after seven days drying in the laboratory atmosphere and twenty-four hours
immersion are referred to as “immersed strengths.” ' .

Determination of dry densities, Dry densities_of specimens were -calculated
from the weight and height measurements taken immediately after molding and
moisture contents dunng molding. This den51ty is referred to as dry den51ty at
molding moisture.” '

Determination of linear shrinkage. L1nea1 shnnkage -expressed as percentage
of air dried sample height was calculated from the height measurements taken
after molding and after'seven days drying. - C - : »

Determination of moisture retention. Moisture retention explessed as percent-
age of oven dry weight of sample was calculated from the weight measurements
taken:after molding and after seven days drying. ~

Calculation of linear expansion upon immersion. Expressed as pelcentage of
air dried sample height linear expansion upon immersion was calculated from the
height measurements taken after seven.days drymg and twenty -four hours im-
mersion. : :

Calculation of total water absorption during immersion. Total water absorption
expressed as percentage of oven dry weight.of sample was calculated from the
weight measurements taken after molding and after twenty-four hours immer-
sion.. The total water absorption is referred to as “water absorption.”

Effect of relative humidity variations during the curing (drying) period. Dally
records of relative humidity were taken and averaged for each curing period.
Specimens’ of ‘the same compositions but molded at different times and cured
in atmospheres with different relative humidities varied consider ably in strengths
(tgt_b]e IV).

Y

F'IV EFFECT oFr PELATIVL HUMIDITY DUBIN(’ CURING ON STRENGTHS OBTAINED BY TREATING

CE THE T.OESS WITH 6% CA-LIGNOSULFONATE AND 5% AL-SULFATE
- Dry Time of Relative Moisture Average
Moisture density  curing at Chumidity  Relative retention. Average unimmersed
at ° at  relative ' "builtup humidity after immersed  strength,
molding, molding, humidities by desicator + 35 7-day  strength, psi
% pef - indicated,  solutions, % curing, psi
days % - . v
19.3 103 7 35 1 7 101 406
19.8 103 7 - 65 1.9 9. 71 208 .
19.8 103 7 90 2.6 11 - 59 154.



Freeze-thaw test. Six specimens from a selected mixture (6% Ca- lighosulfonate
5% Al-sulfate, 19% water) and -six’ specimens from untreated friable loess were-
molded -at optimium moisture and cured. for seven days in the laboratory atmos-
phere. After curing they were sub]ected to a freeze-thaw test based on the
British Standard Test 1924:19578, Half of the specimens prepared from the same.
batch were immersed for fifteen days in. distilled water. The. remaining speci-
.mens were immersed one day in distilled water and then were given 14 cycles
of alternate freezing and thawing suspended in lolders in- thermos bottles’
_(figure 7) containing enough water at 82=2°C to cover the bottom 0.25 inch- ot‘ '
specimens. (The thermos bottle specimen container was used to cause freezing
to occur from the top™ down and ‘to supply unfrozen water to the bottom of the
specimen throughout ‘the test) One freeze-thaw cycle consisted of 16 hours
freezing at 5+1°C and 8 hours thawing.at 25°C.. At the* completwn of freeze-
thaw cycles and immersion, all specimens were. weighed, measured for helght
and tested for uneonfined compressive strength. :

PRESENTATION AND DISCUSSION OF BESULTS

Effect of the Additives on Optlmum Moisture
Maximum Dry Density, Immersed and ‘Unimmersed Strengths

Percentages of Ca- lignosulfonate added to the soil were 0, 2, 4, 6, and 8 per-.
cent, and those of Al-sulfonate were 0, 1, 3, and 5 percent, all on the basis of -
" oven-dry weight of the soil. For each combination of these percentages five sets
“of six specimens weére prepared with different moisture contents, maintained

within 0.5 percent'.- An average dry d¢n51ty was calculated for each set by

7= _  Opt Moisture Contents - YL o Max. Dry Densities

v‘.én / //

[
L]

Ca-lignosultonate — %

Al-sulfate —% ‘ 4 R , Al—suifate=%

Fig. 1. Relationship of mixture composition to optimum moisture, )
Fig. 2. Relationship of mixture composition to maximum dry density.- --
‘ b oo




the method given in the preceding section. Dry densities of individual specimens
of the same set were within =1 pef of each other. '

After curing, three of the six specimens molded from the same batch at one
moisture content were tested for unconfined compressive strength. The remain- -
ing three were immersed in water for twenty-four hours, then tested for uncon-
fined compressive strength as in the preceding section. For each set, average
unimmersed and immersed strengths were calculated. Individual unconfined
compressive strengths were maintained within' 10 percent of the average value
or tests were repeated®. Dry densities, unimmersed and immersed strengths
obtained for compositions tested, were plotted against molding moistures. From
these density moisture and strength moisture relationships optimum moisture
contents, maximum dry-densities and maximum strengths for different composi-
tions were obtained (table V). Optimum moistures for maximum dry density,
immersed and unimmersed strengths were found to be nearly the same.

Optimum moistures were .plotted against Al-sulfate contents at constant Ca-

TaBLE V. EFFECT OF CA-LIGNOSULFONATE AND AL-SULFATE ON STRENGTH AND RELATED
' PROPERTIES OF THE LOESS

Linear Water
‘ ' Maximum - Unim- expansion absorpbon
Ca-ligno-  Al- Optimum dry mersed = Immersed Moisture upon-im- upon im-~
sulfonate, sulfate,, moisture, density, strength, qtrength retention mersion,%  mersion, %

% % % pef psi psi %

0 0 18.0 107.5 - 915 Slaked 3.0

0 1 184 107.8 750 Slaked 3.0

0 3 - 198 105.8 515 Slaked 3.5 .

0 5 19.6 104.8 . 480 Slaked 3.7 -

2 0 17.3 109.8 875 Slaked 3.5

2 1 18.0 107.5 745"~ Slaked 3.6

2 3 194 103.8 655 2 3.6

2 5 20.8 102.9 620 10. 4.0 25

4 0 15.8 110.7 1000 Slaked 3.8

4 L 16.8 109.9 ‘800 Slaked 4.5 )

4 3 19.2 105.0 695 .70 4.5 1.0 14

4 5- 19.9 101.7 585 130 4.8 0.6 12

4 7 20.5% 21.11101% 101.0§ 5o5#*  155%¢@

6 =0 15.4 111.6 675 Slaked 5.9

6 1 16.0 110.8 665 55 6.0

6 3 18.1 104.8 535 125 6.5 0.5 13

6 5 19.0 108.0 520 160 5.8 04 115

6 6 19.5® 20.14102} 102.3§ 550%® 180*°* ’ )

6 -7 20.0° 21.21101% 101.2§  550°° 205**

6 8 20.5° 20. 5*101$ 102.2§ 570%® 260%°°

8 0 145 111.9 680 Slaked 6.4

8 3 17.5% 17.34104% 104.4§ 505%* 70°° . )

8 5 19.1 103.0 520 105 7.9 0.6 13

S g 19.1* 19.21102¢ 101.58§ 480°* 107%° -

19.5% 19.5% 97 8 442 83 : -

o Obtamed from Figure 1

} Determined at the time of moldlng.

1 Obtained from Figure 2. . )

§ Actually determined density. S : i
tH Interpolated from Figure 5. :




., Co-lignosilfonate ~%

lignosulfonate contents and against Ca-lignosulfonate contents at constant Al-
sulfate contents. From these curves contour graphs  were constructed (f1gure 1)
for “iso-optimum moisture contents.” In thé same manner curves were plotted'
to relate’ maximum dry density, unimmersed strenUth and immersed strength to
composition (figures 2, 8 and 4). ' A . :
To’ check these graphs, optrmum moisture-contents for several .compositions
were estimated,” and these compositions were molded and -tésted -according to
methods described in the preceding. section. Maximum dry densities thus
obtained . were found in close agreement with those obtainable from’ tigure 2. '

- However, inimersed and unimmersed strengths of the specimens were consider- -

ably higher than would be expected from the early results. This was believed

_to be due to the lower relative humidities during the second period. of investiga-

tion. In the fitst period of the investigation the average relatlve humidity was
65%; in the second period it was 36%.

To check on ‘this, three. composrtlons studied in the first perrod of mvestlga- .
tion were remolded and tested, and the strengths obtained during the first period -
of investigation are plotted against the strengths obtained during the second
period (figure 5). These curves were used to convert the results of the latter
period to the results obtained during the first period. , .

Examination of maximum dry density contours (figure 2) shows that for a

7 Day Cured Immersed. Strengths’ I 7 Day Cured Unimmersed Strangths )
R:H. = 65% R.H.=65%

N 500 psi

)

»

w

. 550//

3 4 5 6 T

Al- sulfate~3% - . . . Al-sulfore —%

v

Fig. 3. Belahonsh.rp of mixture composition to maximum immersed strength
F1g 4, Relatlonshlp of mixture composition to maximum unlmmersed strength
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~ fixed amount of Al- ulfate, add1t1on of Ca—hgnosulfonate up to a certain’ per-

.centage results in a. decrease in maximum dry -density. After this point is
reached, further addition of Ca-hgnosulfonate causes an increase in density.

- From this it was concluded that Ca-lignosulfonate reacts with Al-sulfate and

soil and forms agglomerates, thereby decreasing density. After enough Ca-lig- -

nosulfonate is added to-the mixture to complete the reaction, the excess Ca-
lignosulfonate ‘furnishes lubrication and possibly by the dispersivé properties
breaks the agglomerates and causes an increase in density. Further examination

1400 |—
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Flg 5. Effect of relative humidity on: maximum unimmersed and
immersed strengths of the loess treated with Ca-hgnosulfo—
" nate and Al-sulfate. :

214




shows that the Ca-lignosulfonate—Al-sulfate relationship for minimum density
which corresponds to complete reaction is a linear relationship with the equation

% Ca:lignosulfonate = 0.7 % Al-sulfate

% Ca-lignosulfonate

% Al-sulfate =07

Conversion to molar quantities gives:
(1000) (Moles of Ca-lignosulfonate)

[666) (Moles of Alsulfate)  — O/
Moles of Ca-lignosulfonate 666 466.2
pu— = — U = 0.5
Moles of Al-sulfate -~ 1000 0.7 1000 0466

Therefore each mole of Al-sulfate combines with about one-half mole of Ca-
lignosulfonate. (It has been- established that each lignin building unit contains
at least one phenolic hydroxyl group.) Assuming a Ca-lignosulfonate unit has
two sulfonate groups and two phenolic hydroxyl groups®, a basic aluminum
lignosulfonate having the following composition may form:

A1(OH),
0

| o
(OH)gAlO-SOg—Iigl‘nin unit - SO, - O Al (OH)»

0
AI(OH),
Basic -aluminum lignosulfonate

The condition for its formation is a basic medium?®, which would be maintained
by CaCOjz present in the soil. Although CaCOyj is insoluble in water, when an
amount of Ca-lignosulfonate solution is mixed with CaCQ; in a beaker and a
calculateéd ‘amount of Al-sulfate solution is added into the mixture, a sol forms.
Micelles of this sol are probably built up of the basic aluminum lignosulfonate
and may have positive surface charges due to the partial ionization of hydroxyl
groups attached to aluminum atoms surrounding lignosulfonate unit. When this
sol forms in a soil, micelles of the sol would be adsorbed by negatively charged
“clay surfaces. '

Surface tension of the sol should be considerably less than that of pure water
and should decrease with increasing concentration due to the fact that dispersed
micelles of the sol contain both polar hydrophilic groups and nonpolar hydro-
phobic groups®® p.487. But, on the basis of the surface charges, the predominance
of hydrophobic radicals, and viscosity characteristics of the sol, the solvation of
basic aluminum lignosulfonate micelles is due to electrostatic repulsions rather
than affinity for water; consequently the solvation energy of these micelles must
be considerably less than the solution energies of true solutes and solvation
energies of truly lyophilic- sols®® p. 508. Therefore the effect of the solvation

|
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‘erned by the thickness and swrface. tension of a liquid film coating individual .
‘grains of the soil; :;strengths increase with incréasing surface ‘tensions and de- :

!

energy on the free energy. of the system may be corisidered of secondary im-

~ portance as compared. to that of surface tension.
Since surface tension of the adsorbed sol increases by absorption of water, -

surface free energy of the system also increases upon water absorption, Accord-
ing to laws-of thermodynamics, reactions accompanied by an increase in free

enérgy cannot proceed spontaneOusly, therefore water cannot enter 1nto the

system unless it is forced in.
“The unconflned compressive stlengths of . compacted soil. specnnens are gov—

creasing film thicknesses of the liquid phase3!. When a chemically treated soil
specimen is dried, film “thickness decreases, and the specimen gains strength:
But drying may decrease or increase the surface tension of the. film, which may
decrease or increase strength accordingly. Other influencing: factors are that

‘surface tension of the solid particles and interfacial tension of the solid-liquid
. _phase affect the force with which the grains of soil are held together. The latter
“factor is also a measure of the affinity of the liquid to be, adsorbed -on thesolid

surfaces!!. However, the variations in the solid to liquid interfacial tension ‘are
unpredictable, and it is doubtful that ‘a sound speculstion can be madé unless
sufficient experimental data is available. L - -

In the present study the solid to liquid interface tension has been neglected

" and instead of the usual practice of considering the adsorption’ of the solute
from the solution, adsorption of . the solution itself has been ‘considered. Since
_the interface is excluded. from the study, a concentratron gradient through the.
adsorbed phase is not given any consideration. Such a gradient would be in the: -
interface®?, p. 504, and this is the basis for the:well-known Gibbs adsorption .

1sotherm for liquid vapor interfaces. The simplification is believed justified be-

cause, although thie interfacial tensions are of great importance in analyzing the .
affinity of the soil to bé coated by the stabilizing solution, strengths of the - -
mixtures are mainly governed by the characteristics of the liquid film because
this film is the weakest part of the mixture. That is, a solid burface can be coated )
with a liquid if its surface energy is reduced by this- process. This meansthat *
.- the surface tension of the soil- liquid, interface should be less than' that of the
solid surface. Furthermore the 1nterfa01a1 tension should be greater than surface-
- tension of the liquid. - . - - '

In those solutes whlch increase the surface tension of water no waterproofmg
is expected”since’ absorptlon of water will always result in a decrease in- free
energy and therefore will proceed.-But when the water is partially evaporated;
the factors of film thickness and surface tension of the. liquid phase are benefited
and increase strength. Therefore dry strengths increase on drymg, comparable
to untreated mixtures!®. - :

In those solutes which decrease surface tension of water, waterproofmg may
or may not occur, since absorption of water results in a compromise between the’
factors which both mc1ease and decrease the free energy of the system When\
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wate1 is. partlally evap01ated surface tensmn ‘of the liquid phase is affected
'in a direction which decreases stréngth Whereas film thickness changes to
inciease the dry strength Dry strength.is decreased- W1th the add1t10n of chem-

- 1eals (tigure 4.)

A qualitative companson of film thicknesses of treated so11s can be made on the

" basis of moisture retentions. Chemically treated mixturés generally show a

higher moisture retenition than untreated mixtures under the same curing con-
- ditions, and' the extent of the moisture retention. depends on the amount of
‘treatment (table V). Therefore chemlcally treated mixtures 'have- thicker liquid"
films than untreated mixtures, causing a reduction in unimmersed strengths.

* Partial evaporation- of water also results in increased 1mmersed -strengths. The
fact that immersed stiengths are considerably lower than ummmersed strengths
-is believed to be due to the -partial penetration of water under the hydraulic
head which results from ¢omplete immersion of spec1mens When évaporation
extends t0 an extreme and the solute crystallizes out as solid particles, the mdin
101e in binding' the soil grains together may be played by 1nterlock1ng crystals
or solid particles, and’ dry strengths may markedly increase. When such an’
extreme drying. takes place, the waterproofness of the stabilized-soil may be
. destroyed because rush of water into pore spaces when the soil.is suddenly

immersed may breakthe structure before water has a chance to dissolve or . .

d1sperse enough solid and form a liquid film- having the least surface tension?.
-.Moisture retention is a function of curing conditions, the effect of the curing
.condition on moisture retentions and consequently on” strength characteristics
(f1gure 5). Comparisons of strengths with those obtained by air curing showed
that drying was not so effectlve in the des1ccators ‘prepared for controlled
humidity as it had been in open air (table IV). This inconsistency is believed due
“to the formation of stagnant air films around specimens caused by the limited -
air circulation in small desiccators-and inhibiting the vaporization of water. How-
ever, the results show qualitatively that low relative humidities of the curing

- atmésphere reduce the moisture -retention and. consequently mcrease both

immersed and unimmersed -strengths. :

The ratio of immersed strengths of the 0:7-optimium Ca-hgnosulfonate to Al-
sulfate does not correspond to maximum immersed strength (figure 3). Instead,
h1ghest 1mmersed strengths for any. Al-sulfate content always occur with 6
percent Ca- lignosulfonate. This relationship ‘is represented by the line:

% Ca-hgnosulfonate =6

Ca-lignosulfonate alone fumlshes some waterproofmg38 because it apprecm.bly, :
reduces surface tension of ‘water {table II), Since it is highly and truly soluble
in water, complete waterproofing cannot be achieved with 'Ca-lignosulfonate -
alone. Therefore, Ca-lignosulfonate contents exceedmg ‘the optimum Ca-ligno-

" sulfonate to Al-sulfate ratio, 0.7, may aid” waterproofmg up to a critical per-
" centage, 6 percent, which gives an optimum coating of grains of the soil under ',

the curing conditions maintained in this.study. In -other words, the percentage

‘ of C a- hgnosulfon'lte is as cr1t1ca1 as.the Ca- hgnosulfonate to Al-sulfate ratio. If

‘)17




this is true, best results should obviously be expected with 6 percent Ca-ligno-
sulfonate at 0.7 optimum Ca-lignosulfonate to Al-sulfate ratio:

A previous study of spent sulfite liquor stabilization3® showed that two soils
texturally in the same class as the calcareous loess (silty clay loam) had best
waterproofness with 6 percent spent sulfite liquor solids mainly composed of
Ca-lignosulfonate. In the same study 4 percent liquor solids gave best water-
proofness to a silty clay soil. It is concluded that the optimum amount of Ca-
lignosulfonate depends on the texture and composition of the soil to be stabil-
ized, whereas the optimum Ca-lignosulfonate to Al-sulfate ration depends on the
chemical reactions.

Nearly all unimmersed strengths are reduced by the addition of any combina-
tion of Ca-lignosulfonate and Al-sulfate (figure 4). Under the conditions studied,
the maximum unimmersed strength is only slightly higher than that of raw soil
and is obtainable with about 4.5 percent Ca-lignosulfonate and zero percent Al-
sulfate. This slightly higher unimmersed strength is due to the formation of an
optimum amount of interlocking Ca-lignosulfonate crystals Wthh outweigh the
effect of low surface tension of binder films.

Effect of the Additives on Deformation Caused by Drying and Wetting
Shrinkage and expansion upon drying and wetting of an untreated cohesive soil
compacted on the dry side of optimum moisture are considerably lower than
those of-the same soil compacted on the wet side of optimum, but the rate of
water absorption is higher for the soil compacted on the dry side3$, »- 170, These
findings led the Road Research Laboratory of Great Britain to the following
conclusion: .

“It is considered inadvisable to compact cohesive soil subgrades below
their optimum moisture content in cases where they are likely to be subject
to the ingress of moisture during the life of the road.”

But compacting cohesive soils above their optimum moisture contents may cause

shear failure surfaces known as slickensides, to develop??, »- 835,

Shrinkage caused by drying specimens of Ca-lignosulfonate—Al-sulfate treated
loess compacted at moisture contents up to optimum moisture is low and con-
stant, but 'when compacted above optimum moisture contents the shrinkage is
greatly increased (figure 6). But expansion, caused by wetting loess specimens
effectively treated with Ca-lignosulfonate and Al-sulfate and compacted at
moisture contents below and above the optimum moisture, was low and of nearly
the same order regardless of moisture content. Therefore it appears that Ca-lig-
nosulfonate and Al-sulfate treated loess should be compacted at or below opti-
mum moisture content to avoid the danger of excessive shrinkage or slickensides.

Selection of a Mixture for Further Study

Selection of the mixture for further evaluating the effects of Ca-lignosulfonate
and Al-sulfate on stability was based on unimmersed and immersed strengths
and economic considerations. v

A mixture composed of 6 percent Ca-lignosulfonate and 5 percent Al-sulfate
gave satisfactory strengths (figures 3 and 4), and cost-wise it was considered
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equivalent to Portland cement stabilization. A mixture composed of 6 percent
Ca-lignosulfonate and 3 percent Al-sulfate gave immersed strengths of 120 psi
(figure 3), and its cost would be about two-thirds that of Portland cement
stabilization.

On the basis of the above reasoning, the mixture composed of 6 percent Ca-
lignosulfonate and 5 percent Al-sulfate was selected for further evaluation.

Frost Susceptibility
Evaluation of frost susceptibility was based on two criteria, namely, deforma-
tion caused by alternate freezing and thawing, and the accompanying reduction

TasLE VI. EFFecT OF 14 CYCLES OF ALTERNATE FREEZING AND THAWING ON UNTREATED
AND THEATED LOESS

Dry Linear Total Unconfined Unconfined Average
Ca- Al- Moisture density expansion moisture compressive compressive relative
ligno sul- at at after 14 absorption strength strength  humidity
sulfo- fate, molding, molding cycles of  after 14 after 14 after 14 during 7
nate, % % moisture, freezing cfyclcs of cycles of days of days
% pef and reezing reezing  immersion,  curing
thawing, and and psi period
% thawing, thawing,
% psi
0 0 18.4 108.2 Bulged ‘ Slaked Slaked 70+
6 5 19.3 108.1 2 22 17.5 Cracked 70+
é 3170 % Ca-lignosultonate + 52 % Ca-lignosulfonate + 54 % Ca~lignosulfonate +
- Indicated Percentages of Al-suifate Indicated Percentages of Al-sulfate Indicated Percentages of Al-sulfate
:: 5 g A
3 - ix
§ 3‘— X3 3 /
:. | /T T /
g i 2
: "f{ 5%
»”
o RN PRI L A | e St (Pt el )
3 5 7 19 21 23 3 (L) (14 19 21 23
Moisture Content — % Molsture Content % Moisture Content = %
-
5| 6% Co-lignosuifonate + 5t-8 % Ca~lignosuifonate +
S Indicated Percentages of Al-sulfate Indicated Percentages of Al-sulfate
i g
i |
4+ i ! ,t-
s f
E /I L3 | f
&y 0% i //o':.
é 3% /{ 5%
i' & i il d
: Gl ! ’/
s 5 ) Teredl ] e S . H 5 Lot}
13 15 ” 19 21 23 ” 15 " 19 21 23

Moisture Content -9 Moisture Content — %

Fig. 6. Effect of Ca-lignosulfonate and Al-sulfate on linear shrinkage of speci-
mens molded at various moisture contents.
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in strength (figure 7). Untreated specimens bulged after the first cycle, but
treated specimens did not show any noticeable deformation even after 14 cycles.
At the end of the 14th cycle, the untreated specimens were completely destroyed,
but specimens prepared from the selected mixture showed 2 percent expansion,
22 percent absorption, and gave 17.5 psi unconfined compressive strength (table
VI). Specimens immersed in water for 14 days were cracked. For this method of
stabilization the most severe simulated weathering condition appears to be
excessive exposure to water.

CONCLUSIONS

The following conclusions are made on the basis of the experimental findings:
1. A slightly alkaline environment or the presence of carbonates in soils is es-
sential to this method of treatment.

2. The order of mixing the additives with soil is not critical, but best results
are obtained by mixing Ca-lignosulfonate before Al-sulfonate. When both ad-
ditives were combined before adding to the soil an 18% reduction in immersed
strength was observed. From a constructional standpoint, the latter method of
mixing is more desirable and could be used when satisfactory strengths are
obtainable.

3. There is an optimum combination of Ca-lignosulfonate and Al-sulfate which
gives maximum immersed strength. The optimum combination can be estimated
from the effects of the additives on dry density and the effect of Ca-lignosulfon-
ate on immersed strength. For the calcareous loess studied, this optimum com-
bination was estimated to be 6% Ca-lignosulfonate and 8.5% Al-sulfate; this was
verified by experimental results.

The optimum combination leads to the formation of a chemical compound

Fig. 7. Effect of Ca-lignosulfonate and Al-sulfate on frost heave. The first three
vacuum flasks contained specimens treated with 6% Ca-lignosulfonate and
5% Al-sulfate; the other three contained untreated specimens. Specimens
were subjected to 4 freeze, thaw cycles.
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(probably a basic aluminum lignosdlfo‘nate) which is formed when the, Ca-

lignosulfonate to Al-sulféte ratio is 0.7. Nevertheless, the combined-amount of _
Ca-lignosulfonate and Al-sulfate’ in thls rat1o needed to produce maximum

stability varies with soil type.

4. The degree of stability obtaindble by this t1eatment depends on the COndlthIl:'

of the atmosphele in- which the.compacted. mixture is'cured. Tt was, found that

humid atmospheres hinder- drying and strength development The calcareous

loess treated with 6% Ca—hgnosulfonate and 5% Al-sulfate gave immersed strengthis
‘of 122 psi, 160 psi and 230 psi when cured in atmospheres having average- rel-
ative humidities .of 70%, 65% and 36% respectively. When: specimens cured in. the
atmosphere having 70%- relative humidity were sub]ected to 14 cycles of freeze
and thaw, the unconfined compressive- strength. was reduced to 17.5 psi. No
excessivé linear ‘expansion took place-during freezing and thawing.

5. On the basis of these strength .data, in humid ‘climates having severe winter -
freezing and thawing, this method may be satlsfactory only for subgrade or.

subbase ‘stabilization. of fin€ grained soils. In, areas having dry construction
seasons and mild to moderate wmters ‘the method may also be cons1dered f01
- base course stabilization. : :
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ABSTRACT
The chemicals used in a series of tests of four Iowa soils were a quaternary
ammonium chloride and a fatty amine acetate known commercially as Arquad
" 2HT and Armac T, respectively. The lignins used were either commercially
available or in pilot plant production and contained varying sugar contents, The
four soils used ranged in clay content from 10 to 74 percent.

Preliminary studies of the chemicals and lignins on one of the soils, a friable -
calcareous loess from southwestern Iowa, indicated the most desirable mixing: ~
chronology to be the addition of chemical solution first, followed by the addition:

of the lignin solution. The most beneficial lignin for each organic cationic chem-
ical was also chosen and was used throughout the remainder of testing.

In general the use of the soil, organic cationic chemical, and lignin combina-
tion indicates increased compressive strength of the soil with reduction of
moisture absorption and expansion during complete immersion in water, these

benefits being somewhat greater with the combination. of soil, chemical and )

lignin than with the soil and chemical only.

INTRODUCTION

Studies of the use of organic cationic chemicals for soil stablhza’aon at the
Iowa Engineering Experiment ‘Station date back to 1947. Results with several
Towa soils and soil mixtures have been reported* 5 6 910,11 and two of the
organic cationic chemicals appear to be promising. Known commercially as
Arquad 2HT and Armac T, they are respectively a quaternary ammonium
chloride and a fatty amine acetate. : )

It has been shown that organic cationic chemicals act primarily as water-
proofing agents, which tend to maintain the béaring capacity of soil even under
adverse moisture conditions. Investigations have shown that, the addition of
lignin to a soil and organic cationic chemical mixture may further improve
waterproofing and strength characteristics'?. Lignin, a waste product of the
paper industry, is available in large quantities, and its cost depends on the dls—
tance it must be shipped. :

The purpose of this investigation was further to evaluate the use of hgnm in
soil-organic cation mixtures. The criteria used in evaluating the effectiveness
of stabilization were the air-dry and immersed unconfined compresswe strengths,
and moisture absorption and expansion after immersion. -
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MATERIALS

The s011 samples used represent important soil types found in Iowa and also
provide a wide range of clay content for study of. this variable. The dominant
clay mineral in the saniples is montmorillonite (tables I, II). Because the dune

- sand lacked-clay size particles; the plastic loess was blended and' mixed with the-
* sand to make a soil mateiial having a clay content of about 10 percent. This dune

TaBLE 1. FIELD DESCRIPTION OF SOILS USED 7 o . ’ \

Dune sand "Plastic loess " Friablé Toess Glacial Hll- Gumbotil

. Soil:  * lab. no. $-6-2  lab..mo. 119-5  lab. no..20-2VI  lab. no. 416-4  lab. no. 528-8
Location = NEY, SEX, S-16 NEY, NW4, S-31, S-15, T78N- SW¥, SW¥, S-6, NW%, NW¥, S-7

_T86N-R10W ~T78N - RLOW, . R43W, Harrison T76N-R25W - T75N - RIOW-
Benton County Iowa County . . County; SW lowa Warren County Keokuk County

o E.Towa". - E.Cent. Iowa « . Cent. Iowa ~ SE Jowa

Geological Wlsconsm age  Wisconsin plas- Wisconsin fri-  Kansan glama.l Kafsan glacwl
description: aeolian sand, tic loess, able. loess, «. . till, umoxi- till, oxidized §
. fine-grained, oxidized, oxidized,. - - dlzed ‘calcar- calcareous
0x1dlzed leached leached ’ calcareous ' ", eous ' :

Soil series: Carr;ngton .. Fayette. ' _,Ha‘mburg - Shelby "Mahaska - !
Horizon - C . c - . C C . ‘Buried B
Sarfnphng depth 2-4 : 6%-9 © -39:-40. : 7-16% . Th-8% ¢

. .
TABLE IL PBOPERTIES OF SOILS SELECTED FOR STUDY

‘. Dune Plastic ~Sand-loess Friable -Glacial Gumbotil

Properhes - .- Sand  loess Mixture  loess 4l
Physmal Propertles S - ) . . o0
-~ -Liquid limit, % '19.0 .. 384 N.D.* 329 . 382 87.1 ,
. Plastic limit, % , R NP. 172 -:- N.P 211 151 - 843
Plasticity mdex % S 21.2. N.D 11.8 23.1 " 52.6
Shrinkage lumt % 12.64 174 _ N.D 283 °~ N.D. .- N.D. :
Specific gravity - . t 2,64 270 N.D 2.68 2.65 N.D. -
~Standard Proctor- denslty : ) - -
© Max. dry density, pcf . 109.9 1108 - 129.0 105.0 .112.1°~ 95.2™
Opt. moist:- cortent, % i 1283 - 166, 96 . -.181 - 141 - 28.0
Chemical Propertiées: S .
Organic. matter, % . - 0.04 0.3 0.3 0.2 0.75 0.2.
. Carbonates % CaCOq . 0.02 1.8 . 0.35 10.2 3.5 0.8 .
. pH’ - 85 , 57 6.3 " 7.8 74 . 65 °
Cation exchange capac1ty, . . : ] Cs
me/100g 1.76 15.28 4,66 134 14.8 ~ 453
Particle size analysist, %: . 7
Sand (2mm to 74y) . 95.8 1.0 70,0 . 02 320 175
Silt (74 pto 5u) B 1.2 . 65.0 20.0 82.6 2.8 8.5
Clay: (<5 p.; . Co. .80 . 840 100. . 170 *40.0 74.0 .
<2 .29 210. 40 128 340 - 710 -
Engineering classification - A-3(0) A-6(13) A-2-4(0) A-4(8) A-6( 11) A-7-5(20)
“"AASHO CT . o ) . B
Textural" classification (BPR)' E Sand'  Silty clay Sa.ndy Sllty Clay Clay Clay
' ‘ : loam loam’. - e

¢ Not detenmned ’ R ' )
4 Based on that fraction, of the soil materlal passing the No. 10 U.S. Standard sieve. Normal B
samples of the glacxal till and gumbotil contain small quantities: of gravel. .
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sand and plastic loess mixture ( hereafter referred to-as the sand, loess mixtire )

was'prepared to provide a mearis,for the cation exchange' process. to occur,

Chemlcals .

Arquad 2HTZ3 is a dl-hydrogenated tallow dl-menthyl ammonium chlonde\
; w1th the following general structural formula

[ CHs l-!—‘ ) -
I{R-l\lf-cﬂs - [CL]— -

in wh1ch R repr esents a fatty acid derivative. Arquad 2HT will retain its surface
" activity at either high or low pH and is nof precipitated by éalcium or magnesium -
in water solutions. It is easily dispersible ‘in water up to about 8 percent by weight

and is normally supplied by the manufacturer as 75 percent active in 1sopropanol

It has an average molecular welght of about 585. This chemical is also commer-

c1ally available under the trade name Aliquat H2268. Concentratlons referred to
in this paper were calculated from the active chemlcal content of the materlal
supplied. R

Armac T?: 2 is a water d1spe131ble primary amine acetate denved frorn tallow .

fatty “acids. The general structural formula is RNH; + Ac—.- Armac T has an

average molecular weight of about 310 and is mérketed as 100% actlve material. .
Preparation of chemicals.- Drsperswns of Arquad 2HT and Armac T in water,

‘were prepared by dissolving. each chemical in distilled ‘water- prev10usly heated

‘to 60°C. “After being thoroughly mixed, the mixtures- were allowed to cool to ’

room temperature, The concentrations were adjusted to provide the desired mix
water. for compaction and the desired amounts of chemical in the soil. Treatments

! varied frorn 0.1 to 0.9 percent chemical by dry soil welght -y

ngnms

The lignins used are labeled A through E dnd were obtamed from several;

Wisconsin producers (table IIT). :
'Preparation of lignins. Solutions of the lignins were plepared by d1ssolv1ng each
lignin in distilled water at room temperature. The concentrations of each lignin

solution were adjusted to prov1de for concentratlons in the soils varying from .

0.25 to 2.0 percent by dry weight. The concentrauons of lignin are based on the
total amount of sohds o .

' METHODS OF INVESTIGA’IION

- The 1nvest1gat10n was divided into- three: phases ( ) A prehmmary study

with the friable loess was made to determine the best order of mixing. the
" chemicals and lignins with the soil. Oné amount of each orgamc chemical and
" varying amounts of Lignin A were used. (2) Using the best mixing order, varying

amounts of each of the five lignins were evaluated with thixtures of friable-loess .
_ and varying amounts of the-cationic chemicals. (3)  The lignin producing the
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best results was used in the third phase, an evaluation of chemical and lignin
treatments with all the soils.

Techniques for mixing, molding, curing, and testing are given in the following
paragraphs.

Mixing and Moldmg The mixing was with a Model C-100 Hobart mixer at
moderate speed. Six 2 inch diameter by 2-inch high cylindrical specimens were
molded to near standard Proctor density for each combination of soil, chemical
and lignin evaluated?® % 1%, The height and weight of each specimen were re-

_corded following molding. Representative samples of the mixture were obtained
from the mixing bowl for moisture content determinations after molding the
second and fourth specimens. -

Curing. Air drying has proved to be the best method of curing soils treated
with organic cationic chemicals!?, All specimens in this study were air cured at
room temperature for seven days, weighed, and their height was measured. Three
specimens for each soil, chemical, and lignin combination were then tested for.
unconfined compressive strength and three were immersed in distilled water for
24 hours. Following immersion the specimens were weighed, measured and
then tested for strength.

Unconfined compression testing. Specimens were tested for unconfined com-
pressive strength at a deformation rate of 0.05 inch per minute per inch height
of specimen. The maximum load, in psi, causing failure of the specimen was
recorded as the compressive strength. Moisture determinations were made after
testing on two whole specimens of €ach air dry and immersed group.

TasrLe II1. PROPERTY ANALYSIS OF THE LIGNINS®

Rapids, Wise.

= -9 Mostly contributed by the manufacturer.

- 1 Not-determined.
{1 Not a commercial product.

" *§ Supplied by Sulphite Pulp Manufacturers Research Leéague.
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Property Lignin A Lignin B Lignin C Lignin D Lignin E
Total solids, % 50. 52.4 51.0 94, 94.
Total sugar, % 1.2 8.84 19.9 1.2 5.70
Total sulfur, % N.D.} N.D.} 6.02 N.D.} 5.73
Ash, % 17.3 8.7 154 17.8 9.15
Calcium and/or -
magnesium oxide, % 7.50 N.D.t 5.68 7.50 N.D.t
Methoxyl 8.8 N.D.} N.D.1 8.8 954
‘Specific gravity 1.24 1.281 1.2764 N.D.t N.D.t
pH - : 4.55 4.0 47 4.65 - N.D.}
Physwal state . Water ‘Water Water Powder Powder
! solution solution solution
Chenncal name Calcium lig- Calcium lig- Calcjum lig-  Calcium lig- Ammonium
nosulfonate . nosulfonate nosulfonate nosulfonate Iig?osul-
N ) onate
Trade name Toranil A 3 Norlig Toranil B
Manufacturer Lake States- Consolidated Marathon Lake States
. Yeast Corp. Water Power Corporation Yeast Corp. .. §
Rhinelander, and Paper Co. Rothschild, Rhinelander,
‘Wisconsin Wisconsin Wisconsin Wisconsin



MIXING ORDER STUDY

A preliminary study was made to determine the best order of mixing the
chemical, lignin and soil. Various percentages of lignin A and 0.2 percent of each
chemical (dry weight of soil basis) were mixed with the friable loess. Three
orders of mixing were tried: ’

The organic cationic chemical dispersion was mixed with the soil for one minute
after which the mixture was scraped from the sides and bottom of the bowl. The
lignin solution was then added and mixing was continued for one minute.

The second procedure was the same except that the lignin solution was intro-
duced first and the chemical second.

In the third order of mixing the chemical dispersions and the lignin solutions
were mixed together and then incorporated into the soil. The two time 1ntervals
of mixing were the same as in the first.

The best results were obtained from the first mixing order (figure 1). Two
percent Lignin A and 0.2 percent of each chemical produced the highest air dry
and immersed strengths. The second order gave slightly lower air dry and im-
mersed strengths. The third was the least desirable procedure as shown by the
reduced immersed strengths. A flocculent precipitate was formed when the
chemicals -and Lignin A were combined. The precipitate may indicate a poly-
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8 lignin A
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1 aR-DRY STRENGTH
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pSl 800 _‘ - L] ——‘ N —
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Fig. 1. Effect of mixing order on the average unconfined compressive
strength of the friable loess using 0.2 percent cationic chemical and
varying amounts of lignin A.
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* merization of lignin and cationic. chemical. Moisture absorption, expansion and

- density variations generally followed the pattern of the immersed strength

X A:iditives,

results, being most desirable with the first mixing order and least desirable with
the third mixing order. The first was thelefore chosen for use throughout  the
remainder of the study -

- ' COMPARISON OF LIGNINS

To determine the lignin producmg maximum benefits with each of the organic
cationic chemicals, varying percentages of the five lignins were evaluated with
the friable loess and various amounts of each chemical. -

The air dry strength of the friable loess generally increased with increased
lignin content for each concentration of Arquad 2HT (figure 2). The immersed
strengths show the same general trend except for a few in which the effect of
the Arquad 2HT was slightly better than the combined effects of chemical and
lignin. This is most noticeable with Lignin A and 0.3 percent Arquad 2HT. The
best overall compressive strengths were obtained at 0.2 percent Arquad 2HT for
Lignins A and B; for Lignins C and D' the compressive strengths remain nearly
constant for Arquad percentages of 0.2 and above; very little benefit is shown for
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Arquad percentages above -0.2 with ngnln E. The percent moisture absorption
of the friable loess-Arquad 2HT-lignin combinations was generally lowest with
lignins A and B; the percent expansion after immersion was a minimum with
Lignin B. The dry densities were consistently greater with Lignin B, which may
have contributed to the good results with this lignin. Lignin B was .chosen f01
.use with Arquad 2HT for the remainder of the investigation.

The air dry strengths of the loess, Armac T, and lignin mixtures generally
increased with increasing amount ‘of lignin, but the air dry strengths generally
are not as high as those obtained with the Arquad 2HT (figure 3). In general 2.0
percent of each of the lignins gave the highest immersed strengths for each
amount of Armac T. The variation of immersed strengths with additive content
was much more erratic than with the Arquad 2HT. The ‘highest immersed
strength for each lignin was not obtained with the same amount of Armac T.
Lignins C and E produced best immersed strength results at 0.1 percent Armac
T; lignins A, B and D were best at 0.5, 0.3 and 0.2 percent Armac T, respectively.
Minimum expansion and moisture absorption with each lignin appeared at or
near the respective Armac T concentrations noted above.' Lignin C generally
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gave the lowest expansion and moisture absorption, and lignin E gave the highest.
The dry densities of the loess, Armac T, and lignin mixtures did not correlate
well with the strengths, though lignin C generally produced the highest densities.
Lignin C was chosen for use with Armac T in the remainder of the investigation.

Three known lignin variables which could have affected the results of this
phase of the investigation were commercial form, total sugar content and ionic
composition (table III). Lignins A, B and C were supplied in water solutions;
D and E were powders. The test results do not indicate that the commercial
form of the lignins prior to preparation of solutions and incorporation into the
soil contribute to the variation in results.

With Arquad 2HT the total sugar content of the lignin does not appear to
affect strength. With Armac T the sugar content may have affected strength
results:

Lignins A and D (1.2 percent sugar) gave the lowest immersed strengths.
Lignin C (19.9 percent sugar) gave high. immersed strengths at low Armac T
contents.

Lignin B (8.8 peicent sugar) gave slightly higher immersed strength than lignin
C but only with higher Armac' T contents.

Lignin E (5.7 percent sugar) gave the highest immersed strengths but also gave
the greatest amount of expansion and absorption.

Lignins A, B, C and D are calcium lignosulfonates, and lignin E is an am-
monium lignosulfonate. The lignin E gave the poorest results; possibly due to
the ammonium ion.’

EFFECTIVENESS AND CLAY CONTENT"

The rest of the investigation was an evaluation of combinations of the cationic
chemicals and the lignins selected for use with each chemical. The combinations
were used with four soils in which the 5mu clay content ranged from 10 to 74
percent (table II).

Unconfined Compressive Strength

Unconfined compressive strength results were obtained with mixtures of the
four soils and varying amounts of Arquad 2HT lignin B and Armac T lignin C
and are recorded (figures 4, 5). The maximum cationic chemical content shown
is 0.7 percent; with the glacial till and gumbotil, treatments of 0.9 percent showed
no difference in results and were not included in these figures.

Air dry strength. Air dry strengths of all.the soil and organic cationic chemical
mixtures (no lignin) decreased as the amount of chemical increased. This is in
agreement with previous investigations® ** and is attributed to reduced bond
energy due to increased amounts of the organic material on the particle surfaces.

The dry strengths of the sand and loess mixture and the friable loess generally
were increased by increasing amounts of lignin when the amount of chemical was
constant. This, strength increase was as much as 75 percent with 2.0 percent
lignin and Arquad 2HT in the sand and loess mix. Strength is decreased at equal
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lignin contents as the cationic chemical content increases. An exception is the -
maximum friable loess dry strength with 0.2 percent Arquad 2HT and 2.0 percent
lignin B.

The additives produced erratic air d1y strength results with glacial till and
gumbotil particularly in the latter soil. Most of the erratic data may be attributed -
to the extreme difficulty in mixing and molding these highly plastic materials.
The gumbotil exhibited considerable balling during mixing and molded samples
were not uniform in quality or density. This also was true to a lesser degree with
the glacial till. The addition of lignin does not matenally increase the air dry
strength.

Immersed strength. The cationic chemical and lignin treatments benefited im- :
mersed strengths of the sand loess mixture and the friable loess (figures 4, 5). The
glacial till immersed strength was very slightly benefited by the cationic chem-
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comparable to the value obtalned w1th Armac T alone higher lignin percent— ,
ages increased the immersed strength to values: above the original value with -

the exception that lighin ‘decreased the immersed strength of sand Toess treated
‘with 0.3 and 0. 5 percent Armac T. Also, the 0:5 percent Armac T treated friable
loess immersed strength was benefited very little by the addition of lignin.

Moisture absorption and expansion.-The amount of moisture absorption -and-

expansion measured after 24 hours- immersion in water was generally inversely
related to thé immersed strength and directly to the clay content; that is, as the
immersed strength increased, moisture absorption and expansion decréased. As
clay content increased, m01sture absorption .and expanswn increased. The -sand

‘and loess mixture showed the least amount of moisture absorption (2 to-3 per-’

cent) at the maximum immersed strengths for each concentration of Arquad 2HT
and Armac-T. The amount of swelling was negligible for the sand and loess

" mixture and ranged from zero to about 0.3 percent for all combinations of Arquad

2HT and Lignin B. ‘Moisture .absorption and expansion of the friable loess was
generally low though shghtly greater than for.the sand and loess mixture. The

absorption and expansion of the glacial till was generally excessive; and due,to

the fajlure of all immersed spec1mens of gumbotil, absorpnon and swelling data
were unobtalnable ,
Density. In gene1a1 when cationic chemical contert was constant- the oven dry

-densities increased with ‘increased hgmn contents for the sand and loess mixture

and the friable loess. The maximum dens1ty obtained with each cationic .chem-

" ical content decreased slightly with increased amounts of chemical. Densities of

the glacial till and gumbetil spec1mens decreased ‘with mcreased amounts of both
cationic chemlcal ‘and lignin. S o .
’ TABLE 1v. Suwvx \RY OF RE$ULTS WITH' ADIITIVES SHOWING THE BEST
- ' STABILIZING EFFECTS
Sand-loess Friable Gla_cig.l " Gumbotil

) ) : o mixture loess - tll i
Clay content,< 5 u, % ’ -10.0 A7.0 . 400 74.0
' Arquad 2HT, % dry.wt. of seil 01 02 = 05 - 0.7.

Lignin B, % dry, wt. of soil 05 2.0 0.0 - 05"
Air dry strength, psi® - 1244 1377 588 603

~ Immersed . strength, psi 248 256 48 .
Shrinkage during’ curing, % 0.1 04 ., 08 4.7
Expansion during.immersion, % 0.0 - 02 .- 26 ..®
Moisture absorption after . : .

~  immersion, % oven-dry wt 24 . 7 61 15.8

Dry den51tv, pef 1284+ 1067 113.6°

Armac T; % dry wt. of soil 0.1, 0.1. 0.5

Lignin G, % dry wt. of soil g " 2.0 2.0 0.0
Air dry strength, psi " 1509 1158 595
Immersed strength, psi h 192 176 " 381 - LR

-~ Shrinkage during curing, % - 01 0.5 1.1 5.9
Expansion durmg immersion, % . 0.0 . 0.6 3.6 .®
Moisture absorptlon after .o ‘ L B

immersion, % oven-dry wt: 2.4 7.9 12.6 Y

Dry den51ty, pef 126.2 . 1063 114.0 92,4

T o o e
_ ® Specimens failed-during immersion. -
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Discussion of effect of clay content. The results with additives showing the
best stabilizing effects with the four soils of differéent montmorillonitic clay
contents were summarized (table IV). The best treatments for the gumbotil
were- chosen on the basis of dry strength, shrinkage and dry density.

As reported in previous investigations the optimum amount of cationic chem-
icals required for maximum immersed strength increases with incréasing amount
of ¢lay® 1. The data presented in the summary indicate that within a range of .
montmorillonitic clay contents cationic chemicals and lignin are effective (figures
4, 5 and table II). The data also support the findings of previous investigations,
although amounts of cationic chemical necessary to- stabilize the high clay
content soils were not investigated. At some clay content between 17 and 40.
percent the cationic chemical and lignin treatment will produce an optimum
immersed strength. Soils containing different clay minerals may exhibit different
results' with this type of treatment. '

CONCLUSIONS

The following conclusions, based on phases one and two of the investigation,
represent the use of the chemicals and lignins with the friable loess only:
1. The cationic chemical should be mixed with the soil prior to the addition of
lignin.
2. Commercial form, solution or powder, of the lignin does not appear to affect
the stablhty of the soil.
3, Total sugar content of the lignin does not affect the stability when used with
Arquad 2HT. The stability of soil, Armac T, and lignin mixtures appears to be im-
proved by higher sugar contents. '
4. The use of calcium lignosulfonates appear to be more beneficial than am-
monium hgnosulfonates

The remaining conclusions are based on the third phase of the investigation
and represent the use of the cationic chemicals and lignins with four Iowa soils
ot different montmorillonitic clay contents.
5. The usé of lignin and small amounts of tlhie organic cationic chemicals is
beneficial to stabilization of Towa soils with low to medium clay contents.
-6. Lignin is detrimental when used with the- organic cationic chemicals to
stabilize medium to high clay content soils.
7. Soils of low clay contents may be adequately stabilized with 0.1 percent Ar-
quad 2HT-0.5 percent hgnm or 0.1 percent Armac T-0.2 percent lignin.
8. Soils of moderate clay content may be adequately stabilized with 0.2 percent
Arquad 2HT 2.0 percent lignin or 0.1 percent Armac T-2.0 percent lignin; the
stability benefits may be higher-using the Arquad 2HT.
9. Cationic, chemical, lignin stabilization can be economical w1th low to medjum

clay content soils. .
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INTRODUCTION
The use “of phosphates for stabilizing soil to be used for road building is a:

néw, development’. Compacted plastic clay -soils containing about 2 percent

phosphoric acid greatly improved resistance to water and weathering, but the
mechanism of soil-phosphoric acid stabilization was not explained. 1In agricul-
ture it has been known for some time- that phosphates are fixed in soil2. It is
also known that sodium phosphates may be used to d1sperse soils in water for

particle size analysis®. S
Laboratory Experiments- '

Mixtures and Materials. Four different _soil, " chemical  mixtures were
studied: soil, phosphoric acid; soil, calcium hydroxide, and phosphoric acid;
soil, aluminum chloride, and “phosphoric acid; and soil, magnesium acetate, and

. phosphoric acid. Only one soil was used, a silty clay, C horizon Wisconsin loess

(table 1). The phosphoric-acid (75%) was commermal grade; the other chemicals
were laboratory grade. (table II). - ' ]

Methods. The soil (passing No. 10 sieve) and the sohd chemicals in powdel' ’
form were first mixed in the dry state. Phosphoric acid and distilled water were

~ then added to increase the moisture content of the soil to its optimum value for

1

compactlon Immediately after thofough mixing, 2 inch diameter by 2 inch high :

specimens were molded to near standard Proctor’ density. The specimens were
weighed, measured and wrapped in Saran Wrap. Half of the specimens were-
cured for seven days and half for fourteen days in a moisture cabinet at a tem-
perature of 70 == 3°F and a relative humidity of not less than 90 percent. At the
end of each curing period the specimens were-completely immersed in distilled
water at room temperature for 24 hours and then were tested for unconfined ‘com-

- pressive strength. This strength is hereafter referred to as immersed strength. An
. Xeray diffraction analysis was made on air dry, oven dry (80°C), and wet

samples of some of the tested specimens to measure the basal spacing ‘of the
montmorillonite in the soil and 1o check for the presence of crystalline phos- -
phates. Other specimens after’ testing for strength were air dried and then im-
mersed again in distilled water to detemnne thelr re51stance to soakmg in the

dry state ' : . S ;
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F ormatlon and Nature of - Phosphate Gel

" The development - of immersed strength by treated- spemmens is- believed'
due to the formation of insoluble -amorphous phosphate compounds, phosphates
of aluminum, iron, or alkaline earths, apparently in a ‘gel® ¢, The gel- concept is
suported by. the X -ray data/vvhlch indicated no newly formed crystalhne com-

Tasre I PBOPERTIES OF SOIL USED

)

. Textural éomposition %*
Gravel (> 2.0 mm)
Sand (2.0-0.074 mm),
Silt (74-5 ) -

" Clay (<5 u)
-Colloids ( <1 g) -

Pledommant clay mineral}

Probable predominant e\changeable catlon ’

. Specific gravity, 25° C/4° C
" Chemical properties
Cat'ex. cap.,
m.e./100 gmi
carbonates .8
pH
-Organic matter, %
" Physical propertles P
Liquid limit, % . C !
- Plastic limit, % . .
Plasticity index
. Shrinkage limit," % .
Centrifuge rnonst equiv., %
. Classification
- Textural®® . -
.- Engineering (AASHO)

1

" D1spersed by air-jet ‘with sodium metaphosphate dlspersmg agent
"} From ' differential* thermal analy51s and X-ray dlffractlon analysis

of fraction. passing’ No, 200 sieve.
_ § Fraction ‘passing No. 40 ‘sieve.-
§ From. differential thermal analysis..

@9 Textural c1a551ﬁcatlon is based on former Bureau of Public Roads
System (8 'P. 18) except that sand: and silt sizes are separated on

No 200 sieve (0:074 mm).

T ABLE II EQUIVALENT TERMS EXPRESSING CONCENTRATION OF ADDITIVES

L

2
58.0
41.8
31.0.
Montmorillonite “and illite
Caleium - . .

S o2y

®oOo.

no

HONOW oo ®
o= Uioocite

1O hORO G

.S1lty clay a ' Lo ‘ I
A76(18) oL

AR

B -

¢

Corresponding amount ‘
expressed as milli-

’ " Amount equivalents of posi-

Additive, Dlssomatmg of additive tive ions per 100

. - T . lons % . grams of soil -
H:PO. (75%) - H+ - HPO~ 1 7.65 -

- : 2H+ H PO= 1 ©.15.30
: T sH+ PO4 1 A" 22.95 - ’

AlCla c6ILO Al+++ - 1 12.42
Mg(CH,COO)s + 4 H.O' Mg+4- . 1 9.32 -
Ca(OH). Cat++ - i1 27.00 .
CaCO.* Ca++ R 1 © 16.00 ’

* CaCO: was not used as an” addltlve in this study but is often present
in Towa soils. It is listed here to estimate the amount of phosphono ‘
ac1d required to. decompose naturally occurring CaCO.; . .
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pounds It is not known whether the gel cémerits as well as waterploofs since
the effect on dry strength was not evaluated.

Treatiment with. phosphoric acid only. The formation of phosphate gel‘* is
probably the result of the reaction between the phosplioric acid and the cations
* in the soil. There may be three sources of cations, exchangeable cations of clay’
_ mmerals cations of other compounds present in the soil such as Fe,O3 or CaCOs,
and cations from positions in the lattices of clay minerals. Cations from the latter -
source would be predominatly aluminum,; magnesium; or iron. Adsorption
of the H+ cations of phosphoric acid by clay minerals is believed to be ‘of great -
“Significance in the availability of cations from' the -clay mineral lattices. The
adsorption of phosphate anions through anion exchange may also be effective

in this cation migration?.

L - LEGEND - L
700|-.  ©—0 H,PO,(7days) | '
o =1 05%Ca(OH),, H,PO, (7 days)

S &—=A H.PO, (14 days) "
600 L *»—x 0, 5%CO(OH)2, H3P°4( |4 doys)

-

500

immersed -
strength,
Ibs.

400

" 300

200

1001

| S I B L
% 1 = 3 4, 5 6
q Amount of 75% Phosphoric “Acid, %
Fig. 1. Unconfined compressive strength of 5011 phosphonc acid and soil, lime,

and -phosphoric acid mixtures after 24 hours immersion in water. (2 inch
diameter by 2 inch high specimens). : :
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Since the formation of.the gel must take place in solution, moist curing -of the .
-soil specimens is - essential. The immersed strength of soil, phosphoric acid . . .~ ... |
.specimens is a function of both amount of phosphoric acid dand the length of o
curing . (figure 1). Ini the range of acid treatment studied. an optimum strength . R
-+ occurred with seven day curing, but the strength increased with fourteen day . R
- curing when increased amounts of acid were used. The point of intersection of =~ .~ ~" .
the curves may tepiesent the minimum treatment level for satisfactory long -~ = - &
term strength. From the data it appears that for a certain amount of phosphoric . e
acid a certain time interval is essential for the formation of the insoluble phos- - .. 1 -
phates, and the gel, orice formed, undergoes either a physical or a chemical re- ) '
arrangement, or both, which for sinall amounts. of phosphorlc acid may be at the o
expense of the 1mmersed strength of the 5011 ’ PR

Use of metalic salts as an additional source of cations for phosphate gel forma-‘
tion. In the order of abundance the cations in the soil from any of the three
sources mentioned which give insoluble phosphates, are’ calcium, aluminum,
_magnesium, and iron®. For this reason additives of salt of calcium, -aluminum and
magnesium were studied as an additional sourcé of cations for 1nsoluble phos- x
- phate formation in soil and phosphoric acid mixtures, : o

Effect of calcmm hydroxzde Only 0.5 percent of calcmm hydrox1de was used g . .
in this experiment, and the effécts on the seven day and fourteen day stréengths " T
of soil-phosphoric acid mixtures were studied: (figure 1). In general the trends of T "
- ddta representing calcium hydroxide treated specimens are similar to those
obtained. for soil, phosphoric acid alone. _Although strengths were shghtly low-

“ered by calcium hydroxide treatment, the differences between seven-day ard
- ‘fourteen -day’ strengths were less, perhaps ‘indicating less sensitivity. to curing - _
time. The seven and fourteen day curves intersect at about the same phosphoric =~ - e
acid content as the curves for soil, phosphorlc acid alone, lending further support ‘
to the concept of a critical minimum phosphoric acid content. Further study: is LT e
needed to determine the effects with larger additions of calcium hydrox1de Dol )
- A limited amount of experimenting ' was. done with soil and phosphonc acid -
‘mixtures treated- with 0.5 percént and 1 0- percent of aluminum chloride and
magnesium acetate. Test results 1nd1cate that aluminum and magnesium cations |
may react with phosphonc acid to form befter phosphate gels for soil stabilization L
than those obtalned with calcium cations-or with the acid alone. o S

o Effect of air drying-on imiersed: strength. When the immersed strength tests = .~ - - "7
were comipleted, some soil specimens’ were air dried and again immersed in dis- " oo
tilled water. All specimens thus treated, .except | those containing aluminum chlor-

. ide or magnesmm acetate, slaked in water. ’ -
The resistance to slaking is a further indication of- the watelproofmg effective-
B - ness of aluminum or magnesmm phosphates e

~
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~  SUMMARY .

. Use of phosphori¢ acid alone or with salts of calcium, magnesium, or aluminum
improves the water resistance of compacted, moist cured scil, probably through

B : . - -the formation-of amorphous phosphates of these metals in a gel. When salts of
7 . these metals are not,added with phosphorlc acid, the metalhc catlons may be
S furnished by the soil.’ ‘ o
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USE OF PHOSPHORIC ACID IN SOIL STABILIZATION -
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‘ ’ - ABSTRACT : o=
The | purpose of th1s 1nvest1gat10n was to determine the effect of phosphorlc
acid treatments on the stability of compacted. calcareous and. noncalcareous. clay -
soils. Unimmersed and immersed strengths and freeze-thaw resistance of -phos-
phoric acid treated soil specimens were used as criteria for stability. -
The unimmersed and immersed strengths: of phosphoric acid treated soils
were studied. relative to the curing conditions, carbonate contents of soils; and
use-of sécondary additives. Moist curing was.found beneficial to strength. Soils
containing CaCOjz required more phosphoric acid than CaCOj free soils because
CaCOj; reacted with the acid available for stabilization. No worthwhlle beneflt
was found from the use of secondary. additives.
© X-ray diffraction analysis_and quantitative chemical analyses were used to

- trace the chemical reactions after treatmient. These analyses lead to the con-

clusion that phosphoric acid’ and clay minerals react to -produce an amorphous

B aluminum phosphate gel which serves as a cementmg agent.

. _ INTRODUCTION
Phosphonc acid stabilization of clay soils is.relatively, new®. Compacted speci-
mens. of clayey soils treated with as little as 2% phosphorlc acid were found to

-withstand exposure to water and to wintering.

An evaluation study by the Soil. Research Laboratory, Iowa Engmeenng Ex-

" periment Station, showed’ that the water resistance. of a non-calcareous plastic:

loess was 1rnproved by treatments with phosphonc acid, or phosphonc acid. and .
salts of calcium, magnésium or aluminum?. It ‘was -hypothesized that the im-

~ mersed strength of the compacted moist cured mixtures was due to the forma-

tion of amorphous phosphates in a gel form, and that the metallic cations néeded |
for the insoluble gel formatlon could be prov1ded by the soﬂ or by addmg salts

. of the desired cations. - -

‘Previous work ‘indicated that phosphonc acid, used in amounts between.1%- and

+10% of the dry soil weight; was a. promising stabilizer for fine grained soils®.
SStrengths depended on moisture content and density; highest strengths were de-""

veloped when specimens were cured under humid conditions; and certain ad-

.ditives accelerated the curing process and 1mproved the strength retentjon after

immersion. On the basis of more recent studies it was concluded that phesphoric

acid with added fluorine compounds and/or amines promised low-cost: stablhza- .

tion of fme grained, carbonate free soﬂs under field cond1t10ns7 S
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This investigation was undertaken to evaluate further the use of phosphoric
acid for stabilizing clay soils. The principal objectives of the investigation were:
" 1. Determine the effect of phosphoric acid treatments-on the strength of com-
pacted clay soils.

2. Determine the resistance of phosphoric acid stabilized clay soil to alternate
cycles of freeze and thaw.

3. Determine the factors and soil compositional variables, if any, which may limit
the use of phosphoric acid stabilization.

To accomplish these objectives it was first necessary to determine:

1. The relationship between the molding moisture content for maximum dry
density and the molding moisture content for maximum immersed strength for
the phosphoric acid treated soils. »

2. The best method of curing phosphouc acid treated soil specimens.

A preliminary study was made to determine whether combination treatments
of a clay soil with phosphoric acid and other chemicals would give better im-
mersed strengths than obtainable from phosphoric acid treatment alone.

MATERIALS USED
Soils ' .
Of the seven soils investigated the first five were used in the strength studies;

the leached and unleached Kansan till samples were used in supplementary
studies (table I).

TABLE 1. DESCRIPTION AND PROPERTIES OF SOIL SAMPLES

Plastic loess Kansan gumbotil
Sample (lab. No. 528-4) (lab. No. 528-8)
Geological description: Wisconsin-age - Kansan-age gumbotil,
Ioess, noncal- highly weathered,
careous noncalcareous - -
Location: i(eokuk County, Keokuk County, Ia.
Soil Series: Mahaska | Mahaska
Horizon: : C Fossil B®
Sampling depth, ft.: 3 to 6% 7% to 8%
Textural composition, %:
Gravel (> 2 mm) 0 0
Sand (2-0.074 mm) 0.2 16.0
Silt (74-5 w) 60.8 13.5 N
Clay (< 5 w) 39.0 70.5
Colloids (< 1 u) 31.0 66.0

Predominant clay minerals: -t Montmorlllomte Montmorillonite
Chemical properties:

Cat. .ex. cap., m.e./gm{ 235 41.0
Carbonates,§ % 0.0 0.8
pH**# 5.6 6.5.

. Organic matter, % 0.2 0.2

Physical properties:
Liquid limit, % 52.1 75.6
Plastic limit, % 20.0 25.6
Plasticity index, % 32.1 50.0

- Classification:
: Texturaltt Silty clay Clay

Engineering (AASHO) A-7-6(18) A-T- 6(20)
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Cat, ex. cap., m.e. /gmt . 964 145
Carbonates § % 51 . 7.2
pH** 8.0-.. 84
. Organic matter % - 1.8 0.6
Physwal propertles :
Liquid limit, % -65.8 44,0
Plastic limit, % 26.4 21.1
Plasticity 1ndex % 39.4 22.9
Classification: . -
- Texturaltt Clay Clay -
Englneermg (AASHO) - A 7-6 20) A-7- 6(14) R
- TABLE I, CONTINUED
- ) - " Virginia clay Leached Kansan till
Sample (lab. No. AR-3) . _ (lab. No. 416-4) .
Geological description: .Residual soil over Kansan-age till,
. ’ -diorite, nonecal- - noncalcareous .’
. careous -
‘Location: * Virginia "Warren Co Iowa
Soil Series: .Davidson Shelby .
Horizon:. B. -
Sampling depth ft: Unknown . 7 to 9
. Textural composmop, %: - ‘ o
Gravel > 2 mm) - 0 k3 -
Sand (22-0.074 mm) 21.0 32.6
Silt (74-5 ,u.) SRR 37.0 29:1 -
Clay (< 5 g) . 42.0 37.0
oloids <1 . 290 270

- TABLE I, CONTINUED

. Alluvial clay
Sample ~ (lab. No. 627-1)
_ Geological description: Missouri River -~
- . floodplain alluvi-
um, calcareous

Locatlon R g Harrison Co., Ia.

Soil Series: - .. . : None'
Horizon: - None
. Sampling depth f: 0-4

Textural compaosition,-%:-

Gravel (> 2 mm) : 0.0
“Sand (2-0.074 mm) 0.5
Silt (74-5 w) . 275 |
Clay (< 5 p) 720 ¢
Colloids (< 1 ) 50.0

Detroit clay
(lab. No. AR-4)

Probably Wisconsin-
age glacial #ll,

* calcareous' -

Monroe Co., Mlch
Unknown

Unknown

QAP -
[=Y=f=F=Y=}

N

Predominant clay minerals: t Montmorlllomte Illite- Chlorlte

Chemical properties:

Chemical properties:
Cat. ex. cap., me/gmt 12.4
Carbonates,§ g 07
pH** - .

Orgamc matter, %
Physical . propertes: .
Liquid Iiunit, %
Plastic limit, %
Plasticity mdex %

Classification:

=,
DNW . g

Textural}t . Clay -
. Engmeermg (AASHO) -A-7-6(12)

48

ot OO

‘ Predominant. clay “minerals: {Kaolinite (Halloy- Montmorlllomte
51te)-verrmcu11te

=1 O 00
|

D= .
 B5® smew

e

' Cl‘ay . i
A-6(11)
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The five $oils were chosen so that the effects of different clay minerals and of - .
varying calcium carbonate content could be evaluated. Three of these ‘soils had ’
montmorillonite as the dominant clay ‘mineral: the noncalcareous plastic loess;

- the noncalcareous Kansan gumbotil .and the calcareous alluvial clay. The domin-~

ant clay minerals in the caleareous Detroit clay were illite-and chlorite; kaolinite
(halloysite) and vermiculite were the dommant clay mmerals in the noncalcareous .
Virginia clay. - ' :

Phosphoric Acid - S ‘
The phosphoric acid used was reagent grade 86 percent orthophosphonc
acid, H;PO,. All additives-are expressed as percentages of pure (100‘7) phosphonc ,
acid, based on the oven dry welght of -the soil. . o . s

. Other Chemicals

The following chemicals were used with- phosphorlc acid. Additives of these
chiemicals are expressed as percentages ‘of 'the oven dry welght of .the soil, \mth
no correction made for 01ysta1 water or solvents :

i

TABLE I CONTINLED

Sample

'Geologlcal descnptxon

- Location: _ ', -
" Soil Series: -
" Horizon:" - N
. Sampling depth, ft:
- Téxtral composmon, %
" Gravel > 2 mm)
© . " Sand (2-0.074 mm)
- © Silt (74-5 u)
© Clay (< 5 u) v
.Colloids .(< 1 ) .

Predominant clay minerals: 1
Chemical properties: .
- Cat. ex: cap., me/gmt
Carbonates§ %
pH** .
-Organic matter; % °
Physical properties:
Liquid limit, % T o
. Plastic limit, % ) o -
Plasticity index, %
- Classification: .
Texturaltt -
" Engineering (AASHO)

t By X-ray diffraction’ analysw "
t For fraction passing No. 40 sieve,

§ By versenate method, mcludes all acid exnactable calcmm as

calcium ¢arbonate.
*# For fraction passing No. 10 sieve.

Montmorillonite

. Unleached Kansan bll

(lab. No. 409-12C)
Kansan-nge glacial till, _

. calcareous .

. Ringgold County, Towa " -~ . .
* Shelby (Burchard) oo _ o

. C.
4%-10%

0
315 /
30.0 .
38.5
31.0

29.5

N .-

8.
0:
2.4
0.
1

1O 10 B
@m»umm

a

4% From triangular .chart- developed by - US Bureau of Pubhc .

.o -Roads, but 0.074 mm was used as ‘the lower limit of the sand
' fraction. S
* Underlies' c horizon loess of Mahaska series. . . : )
244 SN : R )
, ) ) . -



Aluminum sulfate. Reagent grade aluminum sulfate with 18 moles of crystal
water, Al5(SO,); - 18H,0, was dissolved in distilled water before adding to the
soil.

Arquad 2HT. Suspensions of Arquad 2HT in distilled water were prepared
from chemical supplied by Armour and Company, Chicago, Illinois. This chem-
ical contained 75% active Arquad 2HT.

Sodium fluoride. Reagent grade sodium fluoride, NaF, was added to the soil
in powdered form.

Aluminum hydroxide. Reagent grade aluminum hydroxide, Al.Oj3 - 3H-O, was
used in powdered form.

Calcium Chloride. Reagent grade anhydrous calcium chloride, CaCl,, was
dissolved in distilled water before being added to the soil.

Sodium metasilicate. Reagent grade sodium metasilicate with 9 moles of crystal
water, Na.SiO; * 9H,0, was dissolved in distilled water before being added to
the soil.

Calcium carbonate. Reagent grade calcium carbonate, CaCO;, was added to
the soil in powdered form.

METHODS OF PREPARING AND TESTING SPECIMENS

Preparation of Mixtures

Air dried soil passing the No. 10 sieve was weighed and placed in an aluminum
mixing bowl. Distilled water for the specified moisture content was added slowly
to the soil while it was being mixed with a Hobart Model C-100 mixer. ( Allow-
ance was made for the water in the 86% phosphoric acid and the hygroscopic
water of the soil in calculating the mix water needed for a specified moisture
content.) After adding the water, phosphoric acid in the required amount was
added slowly as mixing continued. This mixing of water and phosphoric acid
took about one minute. The mixture was then machine mixed for an additional
one minute, hand mixed for thirty seconds to insure that no unmixed soil ad-
hered to the bottom of the bowl, machine mixed for another minute, and finally
hand mixed for approximately thirty seconds.

Chemicals used in the dry form were dry mixed with the soil for one minute
prior to the addition of water. The other chemicals were added to the soil in the
mix water before adding the phosphoric acid.

A two minute period of machine mixing following the addition of phosphoric
acid was chosen because longer mixing produced a hard and lumpy mix. A
shorter period of machine mixing did not properly mix all the ingredients with
the soil.

Molding

From each mix, six 2 inch diameter by 2 = 0.05 inch high test specimens were
prepared by use of the molding apparatus (figure 1). The 5 1b. hammer was
dropped a distance of twelve inches. The specimen was compacted by five blows
of the hammer on each end of the specimen for a total of ten blows. This gave
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a compactive effort approximately equal to the standard ASTM (Proctor) com-
pactive effort (ASTM Method D 558-57) when the molding is done on a wooden
table?. Immediately before molding the first specimen and immediately after
molding the last specimen, a sample was taken from the mix for moisture con-
tent determination, and the two moisture contents were averaged. A moisture
content of = 1 percent of the specified moisture content was maintained. All
specimens were weighed to the nearest 0.1 gram and measured for height to the
nearest 0.001 inch.

COMPACTED

SPECIMEN— [~
| 71
|

SWING - OUT ES
3 2] BRACE—\ -
' WIRE SPRING Kg{ =

B 10 GAUGE

-
&

1] L U J
[ — MOLD = 1
| s R i
‘ L R < Sy 115 1N = £
| Sz S| Ti I I
| oz il DIA. PISTON—& ¢
| & y T L
Yo 1175 N ST
: oxi S| 3z = W ]
[ gz \9 < 4 /J L\
| | Ex N o
5 LB. | | g;_): \
OROP HAMMER—HH— : | > HYoRauLic ! .
| JACK
| A 2Tl 1l
. s 1
COLLAR—— | | (b) DETAIL OF L 44 £
X | ,L DROP HAMMER HEAD & + i{’

SPECIMEN MOLD—+

INTERNAL DIA. [ L specIMEN
=2 IN.

HEIGHT =5 IN.

‘| TEMPORARY

[,—‘—SUPPORT

ol

() MOLDING SPECIMENS

(d) HEIGHT MEASURING APPARATUS

Fig. 1. Apparatus for molding 2 inch diameter by 2 inch high test
specimens.
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Mixtures of plastic loess and varying percentages of phosphoric acid were used
to determine the optimum molding moisture content for maximum immersed
strength. Specimens of each mixture were molded at different moisture contents
to determine the dry density versus moisture content relationship. After the
specimens had been weighed and measured for density calculations, they were

RT 81*
—tal PLASTIC LOESS wi PLASTIC LOESS
&7 1-DAY MOIST CURE  AND
24-HOUR [MMERSION
(—_
=
Ly
l__
=z |
(@]
Col ol-
e
Q
< t
. L
o
o]
Lot ol
T _
n
g ]
. o ey S
6~ 30 10 0 i,
MOISTURE CONTENT MOISTURE CONTENT
FOR MAXIMUM DENSITY (%) FOR MAXIMUM STRENGTH (%)

Fig. 2. Effect of phosphoric acid content of mixtures with plastic loess on
the optimum moisture contents for maximum standard Proctor den-
sity.and for maximum immersed strength.
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i ) moist cured for seven days and then were immersed for twenty-four hours in
- distilled water before being tested for unconfined compressive strength. Opti-
L mum moisture contents for maximum dry density and for maximum immersed
strength of each mixture were interpolated from graphs of density versus mold-
- ing moisture content, and of immersed strength versus molding moisture content.

e .

PLASTIC LOES S I DETROIT CLAY

o —
=

S : I X
o 1 1 1 L J 0 1 N IS —— |
o 15 20 25 30 35 . o 15 20 25 - 30 3s
— OPTIMUM MOISTURE CONTENT (%)
=z
T8}
'—
=
- O o
O 4
+ . VIRGINIA CLAY
g Q I
O | .
< ol
(&) L
/ o
o .
I ° 1 1 ! 1 1
o o s 20 28 3o 35
o OPTIMUM MOISTURE CONTENT (%)
O
I '
Qe . e
L KANSAN GUMBOTIL L o ALLUVIAL CLAY
. | I
o Wl
, o 1 1 ! 1 o L’ 1 L 1 1
o 15 20 s 30 a5 0 15 20 25 30 *as

OPTIMUM MOISTURE CONTENT (%)

Fig. 3. Effect of phosphoric acid contenht of mixtures with plastic
loess, Detroit clay, Virginia clay, Kansan gumbotil, and alluvial’
clay on optimum moisture content for maximum standard
Proctor density.
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These - optimum moisture contents were then plotted against phosphoric acid -

content (figure 2). The two optimum moisture contents are nearly identical; S
hence optimum molding moisture contents for mixtures of phosphoric acid and

each of the other soils used in the main study were interpolated from dry density o
versus moisture content curves and specimens. for strength studies were molded 4 o
at these optimum moistures. The effect of phosphoric' acid content on thé opti-
mum molding moisture contents so selected was determined for. each of the five '
soils (figure 3). The data indicate that there is an inverse re]atlonshlp between

optimum noisture contént and phosphoric acid content, with optimum moisture

decreasing about 3 to 5%, based on the dry soil weight, as the phosphoric acid. .

content is increased to 10%. The ‘untreated soil generally had a slightly lower N
optimum moisture content than after treatment with 1 to 2% acid.

Curlng

Two methods of curing phosphoric acid-treated soil were compaled before
selecting a curing method for the main study, The test specimens for the R .
comparative study were prepared from a mixture of plasti¢ loess and 7.5%
phosphoric acid. In both curing methods the molded specimens, wrapped in o
wax paper aiid sealed with cellophane tape, were first placed in a curing room
at 70 = 4°F and 95 =+ 5% relative humidity for 7, 14 or 28 days. In one method
the specimens were unwrapped after each moist curing period and immersed in
distilled water for 24 hours before'testing for strength. In.thé other method,
after moist curing 7, 14 or 28 days the specimens were unwrapped and placed
in open air for 7 days and then 1mmersed for 24 hours in dlstllled Water before ST
testing for strength. : ' ‘ .

The ‘specimens cured by the first method were molded at optimum m01sture TN
for maximum dry den31ty because maximum dens1ty gives near maximum im- - ' .
mersed strength as previously discussed. In the second curing method the speci- e
mens were molded at various moisture contents for 7 days moist curing and 7 ST
days air curing; all specimens cured in this manner slaked upon immersion. The S
last specimens to slake were those molded at optimum moisture for maximum LY
dry density. For this reason all the specimens prepared for 14 or 28 .days moist - S '
curing and 7 days air curing were molded at optimum moisture content; how- '
éver, these specimens also slaked upon immersion.

On the. basis of these results it was decided to cure all specimens in the humid

“room for most of the investigation, and immediately after each curing period
either to test them for unimmersed strength or to immerse them in distilled
water for 24 hours before testing for unconfined compressive strength. -Immer-

- sion in water before testing was to simulate the detrimental effect of water on .

'madequately stabilized soil in the field, although complete immersion for 24
hours is a more severe treatment than usually encountered in roads.-

Unconfmed Compresswe Strength Testmg ' ne S )
" -The specimens were tested for unconfined compressive strength by a testing - Lo
machine having a‘load-travel rate of 0.1 inch per minute. The compressive
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strength was taken as the maximum test load in psi sustained by a specimen. Un-
less otherwise indicated, strengths reported in this paper are averages for three
specimens. In only a few did the difference between the individual values and
the average value exceed 10% of thé average value.

Freeze Thaw Testing

The resistance of phosphoric acid stabilized soil to alternate cycles of freeze -
and thaw was evaluated by the modified British standard freeze-thaw test.
Only one soil, the plastic loess, treated with 2, 4.5 and 7.5% phosphoric acid was
used in this study. For each curing period, two identical 2 inch diameter by
2 = 0.05 inch high specimens were molded from each mixture at optimum
moisture content; the curing periods were seven and fourteen days. One speci-
men was designated the control specimen and the other the freeze thaw speci-
men' 2 ¢ After moist curing the top flat surface of both specimens was spray
painted with a resin base paint to a thickness of approximately 1 mm. The con-
trol specimen was immersed for fifteen days in distilled water at a temperature
of 77 = 4°F and then tested for unconfined compressive strength. The freeze-
thaw-specimen -was immersed in distilled water at a temperature of 77 = 4°F
for 24 hours, then was exposed alternately to temperatures of 23 = 2°F and 77
=+ 4°F for 14 cycles, each cycle lasting 24 hours, and finally tested for uncon-
fined compressive strength. (A vacuum flask specimen container was used to
cause freezing to occur from the top down and to supply unfrozen water to the
bottom of the specimen throughout the test.)

PRELIMINARY STUDY

Previous work had indicated the possibility that metallic salts or amines with
phosphoric acid might give better results than phosphoric acid alone. A prelim-
inary study was made to check on this. The soil used was the leached (noncal-
careous) Kansan till (table I.

In the. 14 day cured immersed strengths ploduced by soil- phosphonc acid
mixtures with and without aluminum sulfate, at 0.6% phosphoric acid, 3% alumi-
num sulfate increased-immersed strength; at 2% phosphoric acid, 3% aluminum
sulfate decreased immersed strength, and 10% caused a further decrease; at
4% phosphoric acid, 1% aluminum sulfate only slightly 1ncreased immersed
strength (figure 4).

The 7 day cured immersed strength results obtained with treatments of the
other chemicals show that the highest immersed strength was obtained with 9%
phosphoric acid and 0.2% Arquad 2HT; but it is probably only slightly better
than obtainable with 2% phosphoric acid alone (figure 5). The other additives
also did not produce promising results.

STRENGTH STUDIES

Unimmersed Strength
The phosphoric acid treatment on the unimmersed specimen strengths of the
five soils after 7, 14 and 28 days moist curing resulted in the montmorillonitic
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clay soils (Kansan gumbotil, alluvial clay, and plastic loess) generally reaching
a maximum strength with from 2 to 10% phosphoric acid (figure 6). More chem-
ical generally caused a decrease in strength. '

No optimum phosphoric acid content was observed with the illitic-chloritic
clay soil (Detroit clay). Up to 10 percent phosphoric acid, strength increased
slowly at a uniform rate with increased acid content; but at 10 percent or above,
the rate of strength gain increased sharply, and at all curing times it continued

ADDITIVES
0.b%HPO, ot 14-DAY MO!ST CURING -
O.b%H, PO+ 3BAILS0) 1810 [ 1243 AND 24 HOURS IMMERS ION
2% HyPO, _ " 100
2% H,PO.+ 3% Al (50,018 H,0 : 1 ses
2% H,Po, * 0% A1, (500 18H,0 [ Jazss
4% HyPo, | 74.3
4% H3PO, + 1% Al (S03)y 1BH,0 1782
o B 4 8 o ko

IMMERSED STRENGTH (PSI)

Fig. 4. Immersed strengths of 14 day cured specimens of nonealcareous '
Kansan till treated with phosphoric acid and with phosphoric
acid plus aluminum sulfate.

ADDITIVES
2% HP0,+0.2% ARQUAD ZHT | e3.6psi
0.2% ARQUAD 2HT 1 e3s
4% HyPO, +02%NaF 1 185 -DAY MoiST CURING

AND 24 HOURS IMMERSION
4% HyPO, 102 ¥ NaF +1% AL (SO 1810 1 234

2.5% HyPOy + 3% Al,0, *3H,0 . ] 440

2.5%H3PO, +2%AL0; +3H,0 1 5538
2% HyPOy + 3% CaCly | 535
0,:822%H, PO, +0.66%CaCly — 1 32
3% HyPOy + 3%Na, Si0y* IH,0 0
% HyPO4 + 3% Na,Si03° IH,0 o
o 20 40 60 % 100 -~ 120

. ‘ IMMERSED STRENGTH (PSI)

Fig. 5. Immersed strengths of 7 day cured specimens of noncalcareous
Kansan  till treated with phosphoric acid plus various other
chemicals.
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at the increased rate up to 18% acid, the largest amount used. This change in the
rate of strength increase, discussed later, was due-to the calcium earbonate
content of the soil. '

The strengths of the phosphoric acid treated kaolinite-vermiculite clay soil
(Virginia clay) specimens were low, and did not reach a maximum with from 1
to 14% acid. At 14% phosphoric acid, the 14 and 28 day strengths were still in-
creasing, indicating that use of more acid might further increase strength. 7

Since the unimmersed strength of a stabilized soil is an indicator of cementing
action derived from the stabilizer, phosphoric acid treatment of soil can be said

to produce a cementing agent.
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Immersed Str ength

The phosphoric acid treatments- on the immersed strength of the five soﬂs'
after 7, 14 and 28 days moist curing resulted in the montmorillonitic clay soils -
(Kansan gumbotil, alluvial clay, and plastic loess) reaching a maximum or near
maximum immersed strength at each curing time with from 4 to 14% phosphoric -
acid (figure 7). More than the optimum amount of acid generally caused a de-
crease in strength. : '

Specimens of the illitic chloritic clay soil (Detr01t clay) contammg less than
10% phosphoric acid failed during immersion. However strength gain was rapid

:
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Fig. 7. Effect. of phosphoric acid content of clay soils on immersed
strengths of 7, 14, and 28 day cured test spec1mens
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‘as a01d content was increased above 107 and at 18% the strength plobably had
not reached a maximum.

The 14 and 28 day strengths of the kaolinite and vermiculite clay soil (Virginia
clay) specimens generally showed gradual increase with from 1 to 10% phosphoric
acid without reaching to a maximum, and above 10% the rate of 'strength ‘gain
was somewhat greater. The 7 day strength reached a maximum at 4 to 5% acid,
. and stréngth slowly decreased with-use of more acid. o

The immersed strengths obtained in these tests indicate that the cementing
product produced by the interaction of phosphonc ac1d and soil is water 1nsolu-
ble.

. The use of small percentages of phosphoric ac1d with Detro1t clay and alluvial
clay did not produce immersed strength (figure 7). This is due to the calcium
_carbonate content of these soils, as explained later. Here it is enough to say that’
phosphoric acid reacts with calcium carbonate and this increases' the amount of
phosphoric acid necessary to obtain immersed strength.

Analysis of the Strength Data )
. The different responses of differerit soils to phosphoric acid treatments (figures
6, 7) may be hypothesized as being due to differences in the rapidity and the
extent of the chemical reactions which furnish the reaction products that cement
soil grains together and thus increase strength. Any remaining unreacted phos- -
phoric acid lubricates the soil particles and tends to decrease the strength.
Therefore, when the ratio of unreacted phosphoric acid to the reaction product
is excessive, a net decrease in specnnen strength occurs. The relative amounts of
unreacted phosphoric acid and the reaction product depend on . how far the
reaction has progressed towards equilibrium, which for any given time depends
on the rapidity of the reaction. - )
Generally both a maximum unimmersed and immersed strength were obtained

. with montmorillonitic clay soils; but with the range of treatrment, maxima were
not reached with the illite and chlorite and the kaolinite and vermiculite rich
. clay soils. The highest strengths were obtained with the illite and chlorite rich
soil and the lowest strengths with the kaolinite and vermiculite rich soil. The -
three montmorillonitic soils gave mid-range strengths.

The rapid attainment of high strengths with the illitic-chloritic clay soil (Detroit
clay) (figures 6, 7) may be due to the rapid and complete reaction of phosphoric
acid with the chlorite in the soil. As discussed later, X-ray diffraction analysis
(figure 11) showed that chlorite is much more h1ghly reactive with phosphoric
acid than the othei clay minerals; theréfore it is believed that the chlorite in
the Detroit clay reacted completely with phosphoric acid, which was largely
responsible for the high strengths obtained.

Phosphoric acid treated montmorillonitic clay soils attamed moderate strengths .
rapidly (figures 6, 7). This indicates that the rate of reaction may be as rapid in
the montmorillonitic clay soils -as it is in the illitic-chloritic clay soil, but the
extent of the reaction is not as great in the montmorillonitic clay soils. Conse-
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quently with the montmorillonitic clay soils an. appreciable amount of unreacted

phosphoric acid was always present when equilibrium was reached, and its
lubricating action' tended to detract from the cementation effects of the reaction
_product. When the amount of unreacted phosphonc acid at higher levels of treat-
ment became excessive, a net decrease in strength resulted. It also appears that

‘both. the amount of the. optimum phosphoric acid treatment and the maximum - o
strength depend on the amount of clay-size material present in the montmor-

illonitic clay soils. Generally, the higher the clay contént the more phosphoric
acid was required for optimum results and the lower the maximum strength

value. Reduction of the maximum strength with increasing clay content may be

due to the resulting decrease in coarser grained -fractions which contribute to’
internal friction in the stabilized soil and oppose the lubncatmg action of un-.
. reacted phosphoric acid.

Phosphoric acid-treated kaolinite- vermiculite clay s0il ( V1rg1n1a clay) spemmens

geénerally showed a gradual increase in strength with longer curing time and
with increased phosphoric acid contents. This may be attributed to a slow rate

.of reaction and the equilibrium conditions.in favor of the products. The continued
progress of the reaction more than compensates for the lubricating effect of the
unreacted phosphoric acid as well as reducing the amount of unreacted material: -
Thus the slow but continuous strength gain results.

It is believed- that the reaction product which furnishes cementation'is es-

sentially the same for all clay minerals and is a complex amorphous aluminum
phosphate in-the form of a gel—a conclusion also reached more . or less by -
others?: 6 7, .

Chlorite clay minerals seem- to be the most reactive of clay mineral groups in- -
vest1gated in this study. Montmorillonitic minerals react rapidly with phosphonc
_.acid but the reaction does not proceed very far. Kaolinite and vermiculite react -
slowly with phosphoric acid, and the reaction may proceed to an appremable
. extent. An accelerator or a catalyst may aid the stabilization of kaolinite or vers
miculite rich' soils by speeding the reaction but can hardly benefit mont-
morillonite rich soils, since the Teaction is already rapid. This conclusion is sub-

~ stantiated. by the results reported?, which show that fluorides and fluosilicates -
" do not affect the phosphoric acid-clay reaction in montmorillonitic soils; . how-
- ever, they do accelerate the reaction in illitic soils. Thus, in all probability, illite .

reacts similarly to kaolinite or vermiculite. The general behavior of the illite
group minerals can not be predicted from the data of.the present study, since
the reaction was obscured by the presence of chlorite. ~ - - -

FREEZE THAW STUDY \ :.

The mod1fled British freeze-thaw test® was used to evaluate the dura.blhty of .
_ seven and fourteen day cured specimens. of selected mixtures of plastic loess and
-phosphorlc acid. Bar graphs (figures 8, 9) show unconfined compressive strengths
after curing and 1 day immersion; after curing and 15 days immersion (control
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specimen, p.); and- after curmg, 1 day 1mmer51on and’ 14 cvcles of freeze-thaw

- (freeze-thaw specimen, py). = .. -~

‘Cnterla of Durability- : : '
~Two criteria have been used for the evaluauon of the freeze-thaw test results2.

" The first critérion is the value of the index of resistance to the effect of freezing

(Rq), defined by the followmg equation and. expressed as a percentage to the
nearest 5 oo L e )
) . " Ry =—1M . R

‘The minimum Rf‘ value considered indicative of satisfactory field performance of

‘ " .-

'PLASTIC LOESS = ' -

[ CURED 1 DAYS, THEN IMMERSED | DAY [ T laeossi
75% { cURED 7 DAYS,THEN IMMERSED ISDAYS | - —— ] 250
o) ' ' . : }R, =85 %
37 4 | CURED 7DAYS, THEN 4 CYCLES FREEZE-THAW | __ : P
| L. - -
CURED 7 DAYSTHEN IMMERSED | DAY - 1 194

0, ..
45 A’. CURED 7DAYS, THEN IMMERSED ISDAYS | . , ] m} L
A .- B ,=8 -
H5PO% | curen TON/STHEN 14 CYCLES FREEZE-THAW nmnenss— NN L -

CURED 7 DAYS, 'THEN |MHERSED I'DAY ::l ‘w3 '

CURED 1 DAYs-ruEN IMMERSED 15 DAYS - f —

37 4 CURED TDAYSTHEN 14CYCLES FREEZE-THAW | 5.4

b . l ,‘ o ﬁ ‘ 50 ajoo
IMMERSED STRENGTH _LPSI)

- F1g 8. Results ‘of mod1f1ed British freeze—thaw tests of 7 day cured spem- .
mens of phosphoric acid treated plastic loess. -
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- Fig. 9. Results of mod1f1ed British freeze thaw tests of 14 day cured -
specimens of phosphoric acid -treated plastlc loess .
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Dlscussmn of Results R o

’

" be another- - S

stabilized -soils in road base courses in. Great Brltam is 75% Th1s same m1n1murn
value was adopted for the. present study. ' :

The second criterion requires a minimum value for the unconfmed compresswe '

strength of the control 'specimen (p.) and the freeze-thaw specimen (ps). The

mix design in Towa, is 250 psi, the value used in the present study‘- -

1
1

Specimens cured T days. Res1stance to the damagmg effects of immersion and
of freezing and thawing showed marked incréases with-inereased phosphoric acid
content in the treatment range 2% to 7.5% (figure 8), but judged on the basis of 7
days curing, none of the mixtures would be considered. adequate for road bases

"in Towa. However, the mixture “with 7.5% phosphoric acid came close to: being
satisfactory, in that R¢= 85%, p.= 250 psi and p;= 218 psi,’ the latter value

~ .being the only one that.did not meet the minimum requirements for durability.

Speczmens cured 14 days If mix design was based on fourteen day curing of
“test specimens, 7.5% phosphoric acid would satisfactorily stabilize plastlc loess

for road bases in Iowa (figure 9). Lesser amounts of phosphouc a01d probably
would not prov1de adequate durability.

g Tmze of immersion. A comparison of the strengths of the specunens 1mmersed
fo1 one day with those of similar specimens immersed for 15 days (figures 8, 9)

shows that as phosphorlc acid content was increased the amount: of strength :

reduction due to the longe1 time of immersion was generally 1educed o

. LI\/IITATION ST UDY

' tentative minimum requirement:for both p. and p, for stabilized base course o

. The presence of calcium carbonate in many soils can be one limitation’ to the
use of phosphoric acid stabilization. The cost of phosphoric a01d stablllzahon can |

Calcmm Cacbonate .
In a _preliminary study ‘of phosphorlc acid stablhzatlon using the calcareous,

(unleached) Kansan 'till (table I) no immersed strengths were -obtained, that is,

- the specimens failed by slaking. Because of this it was decided-to-study - the

.effect of calcium carbonate content on the immersed strength of phosphoric

acid stabilized soil. Two experimental approaches were used. In one, natural -
" soils that contained known amounts of calcium carbonate were used to evaluate
"the effect of calcium carbonate on immersed strength. The five soils used con-

tained amounts of calcium carbonate-varying from 0 to 7.2% (table I). The second

approach ‘was to use the noncalcareous plastic loess and add specific amounts of -

calcium carbonate and study the effect on immersed strength.”

‘Natural soils.- The effect of calcium carbonate content on immersed stlength '

is shown by the curves for the five soils (tigure 7). Noncalcareous plastic loess -

showed an immediate increase of immersed strength with the addition of 1%
phosphoric -acid. Alluvial clay with 5.1% GaCO; did not develop . immersed
strength untll about 657 phosphonc acid was used. Detroit clay which con-
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tained 7.2% CaCO; did not develop immersed strength until the phosphoric-acid
content was at least 10%. Therefore it seems that the amount of phosphoric acid
necessary to obtain 1mmersed strength is increased as the’ calcmm carbonate
content is increased.

Plastic loess plus CaCO; additives. The effects on 7, 14 and 28 day cured

=]
O
b

PLASTIC.. LOESS

TREATMENT: 7.5%,PO,

LEGEND

o—e T-DAY MOIST CURE
0—0 14-DAY MoiST CURE
©—0 2% DAY MoiST CURE

200

" IMMERSED STRENGTH (PSI)
100

z 4 ) 3 ' 8
CALCIUM CARBONATE CONTENT (%)

Fig. 10. Effect of calcium carbonate additives to plastic loess
on theé immersed strengths of 7, 14, and 28 day cured
specimens containing 7.5% phosphorlc acid, based on
the dry weight of the loess CaCOj3 mixture.
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immersed strengths of adding different amounts of calcium carbonaté to plastic
loess are shown (figure .10). (The phosphoric acid treatment was held constant .
at 7.5% based on the dry weight of the soil- CaCO; mixtures.). Increasing: the
* amount of calcium carbonate decreased the 1mmersed strengths until at about. '
6% CaCO; the strengths were Zero or close to it. o
Phosphoric acid (HsPO.) gives three principal calcium salts Trlcalcmm di-
phosphate, Cay(PO,),; caleium hydrogen phosphate; CaHPO,; monocalcium tetra

B hydrogen d1phosphate Ca H, (PO,),. Formation -of these salts from CaCOj3, and |

H;PO; may be represented stoichiometrically, by the following equatlons

3CaCOj3 + 2H3;PO, = Cay(PO,), + 8CO; + 3H,0 C(1)
CaCOs + HyPO, = CaHPO; + CO; + H;O' ~ @)
03003 + 2H3PO4 = CaH4(P01)0 + COo + H20 (3) ’

These reactions are goveined by the acid and base strengths of the reactants
and, the products ‘Since Cas(POy)s is a much stronger base than CaCOj, the
first reaction can hardly take place. However, if the pH of the medium' in which
CaCOj3 and H3POy4 are reacting is controlled any of these reactions may be
possiblé, Constituents of a soil may furnlsh such a control -and make-any one of
these reactions possible. o

An indirect approach was used to demde whlch of these reactions takes place
when a calcareous soil is treated with phosphoric acid. The ratio. of the weight'
of phosphoric acid to calcium carbonate based on' the above three stoichiometric
equations is respectively 0.987, 1.98 and 2.96. The ratio of phosphoric acid to
calcium carbonate at which 1mmersed strengths were obtained with. the cal-
careous soils studied was as follows:alluvial clay, 1.18; Detroit -clay, 1.25. For
the plastic loess with different amounts of calcium carbonate added the -ratio

. of phosphoric ac¢id to calcium carbonate contént at the point where. thie im-
mersed strength was zero was 1.23. These three ratios are very close to-one an-
other and to the ratio of phosphoric acid to calcium carbonate, 0.987, equation

- (1). The slight difference between the first thiee values and the latter may be be:

cause phosphoric acid reacts with the- calcium carbonate to a small -extent ac-
cording to the second reaction in equation (2), and also because small arnounts_
of phosphoric acid may react with other seil constituents.

Caleium carbonate in soil increases the amount of phosphorlc acid necessary
to stabilize the soil. This appéars to bé. due to the phosphoric acid acting to
neutralize the calcium carbonate before reacting-with the other soil constituents.
The amount of phosphoric acid necessary to neutralize the calcium. carbonate in
" ‘the .soils studied was about' 1.25 times the amount of the calcium carbonate

" present.- The neutralization of the calcium. carbonate in’ a soil apparently con- .
tributes nothmg to- strength but would of course add to the cost of the stab111za— -

tion.

Cost. Cost is another factor that may limit the use of phosphonc acid for soil -
stabilization.” Phosphoric acid currently costs about 7.5 cents a pound®. For -
comparison, Portland -cement costs’ about 1 cent a pound, and is used in_ soil
stabilization of fine. grained soils in amounts of from 12 to 20%. To compete cost-
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wise with cement, the amount of ‘phosphoric acid that can be used must be
. from.1.6 to 2.7%. This estimate is based only on the cost of the additive, and does
not take into aecousit methods of construction. The adding of phosphoric acid to
the water for compaction might be advantageous. Also phosphoric acid might
be cheaper to handle than Portland cement, due to the smaller amount of ad-

Detroit Clay
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Fig. 11. X-ray diffractometer chart showing the effect of various per-
. centages of phosphoric acid on the clay mijnerals of the Detroit -
clay. ! ‘

. 260



I

. -

v

: T s

- . T

"~ el
v -
\ .
.
5

i

~ ditive mvolved These are matters to be 1nvest1gated and fleld trial is necessary
. before a fmal decmon is made

~

1 I I I | I | [ I | I | ] T :
Plastic Loess - . .- - - . ' )
N N . . -~ . - ' -
mongrﬁorillonite . . . N L
' qu;:riz P
0% H3PO, - Mt
" - kaolinite .
LU e =
2% HyPOy. - 7 ‘ L
x
ry - ! . ' o N ,
10% HyPO, . v |
A . >
[ R AR N PN N RN NN NN NN SR ISR L A S

30 . 20 . T w0 e

Fig. 12. K—ray d1ffractometer chalt showing the effect ‘of various percent- coT T ey

, ages of phosphonc acid on the clay minerals of the plastlc loess i ‘ Coe T



. MECHANISM - -

The mechamsm if phosphorlc acid stabilization is in chemlcal changes takmg
" place upon treating soils. In the present study X—ray diffraction analysis and
quantitative chemical analysis were-used for tracing the chemical changes. X-ray
diffraction charts show the three soils, Detroit clay, plastic loess, ahd Virginia
clay, all treated with various percentages of phosphoric acid and cured 7 days
in a humid atmosphere (figures 11, 12, 13). X-ray diffractometer charts show the
minus 5 micron fraction of the kaolinite-vermiculite rich soil (Virginia clay)- be-
fore and after treatment with an equal amount of phosphoric acid by welght
diluted . approximately to liquid limit consistency with water, and cured in a
humid atmosphere for 7 days (figure 14). The purpose, of this 1:1 treatment was to

- assist the changes taking placé in the phosphoric-acid treatment.

The X-ray charts mdlcate an amorphous halo and no: newly formed crystalline
substances resulting from phosphoric acid treatment, except that the calcareous
Detroit clay gives calcium phosphate peaks resul’ung from the reaction betweer
calc1um carbonate and phosphouc acid. All three treated soils showed a decrease -
in the intensities of clay mineral peaks depending on the level of the treatment,

.suggesting that phosphoric acid had reacted with clay minerals. The amorphous
“halo is attributed to the reaction products. .

Quantitative chemical analyses made on Detroit clay treated with phosphorlc
acid showed an appreciable increase .in HCl-soluble aluminum comipounds
depénding -on the level of the phosphoric acid treatment (table -1I). The cation
.exchange capacity of Detroit clay-and plastic Ioess treated with various percent-
ages of phosphonc acid increased, dependmg on. the level of the treatment.

T T T T T T T T 1'\-| T T

' Vfrginia Clay

quarfz

vermiculite

0% KyPOy.  aolinite

4 ' e " 20 ‘ R —
- 20 '
_ Fig. 13. X-ray d1ffractometer chart showing the effect “of 107 phosphonc
i acid on the clay minerals of the Virginia clay. -
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_ Based on these data it is hypothesized that phosphoric acid releases aluminum
ions from clay mineral lattices by destroying the clay mineral structure. Alumi-

T 1 T [ -1 T 1 T T T 1 [ T [ T T 1T

Virginia Clay (5 micron fraction)

vermiculite

inlt
T

quartz

No Treatment

Il Treatment

phous Hal

40 30 20 10

Fig. 14. X-ray diffractometer chart showing the effect of phosphoric acid on
_ the clay minerals of the minus 5 micron fractlon of the Virginia clay.

TasrLE II. EFFECT- OF PHOSPHORIC ACID ON THE.CATION EXCHANGE

CAPACITIES OF DETROIT CLAY AND PLASTIC LOESS, AND ON THE

AMOUNTS OF HYDROCHLORIC ACID EXTRACTABLE ALUMINUM COMPOUNDS
oF THE DETROIT GLAY.

Cation exchange capacityt, N. HCI extractable

me/100 g aluminumt, % :
Soil H:PO:®, Onthebasis Onthebasis Onthebasis On the basis
% of thetotal - ofthesoil of the total of the soil
weight of the  fraction of weight of the fraction of
mixture the mixture mixture the mixture . .
Detroit clay 0 14.5 145 - L1 1.1
2 18.9 19.3
4 21.6 22.5
6 27.9 29.7 °
8 28.8 31.3
10 29.4 32.7
12 38.0 43.2 -
_ 14 45.9 53.4 1.7 1.9
Plastic loess 0 23.5 23.5
1 404 40.8
2 43.4 44.3
4. 45.0 - 469 -
6 52.5 55.9 -
8 '52.3 56.8
10 50.3 55.9

* Expressed as percentage of pure (100%) phosphoric acid based on the oven-

dry weight of the soil.
t Determined after moist curing for 7 days, and expressed as a percentage of
the oven-dry weight of the -sample.
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aum ions: released comb1ne with the phosphate anions to- form ari Jrrever31ble ge]

* having a high- cation’ exchange capacity. This. gel acts as a cementlng agent by

_ bondmg to the. surfaces of other mlneral constltuents of the soﬂ

)

e ',‘\‘.'

. . CONCLUSIONS

L Phosphorlc acid treatment improves the strength and dur ab111ty character1st1cs‘

of compacted, moist cured, clayey soils. The degree of the improvement depends

on the amount of phosphoric -acid used and on the types and amounts of clay =
' minerals in the soil. Chlorite appears to' be much miore reactive with phosphorlc A
- acid than- montmorlllomte illite, kaolinite, or vermiculite type clay minerals. )
9. There is an optimum -amount of -phosphoric acid which produces the h1ghest
- un1mmersed -and immersed strengths in. stablhzed soils. ‘ .
3. Moist curing phosphorlc a01d stablhzed so1ls glves higher : 1mmersed strengths :

than curing in open air.

4. The molding moisture content for maximurn dry den51ty of soil and phosphorlc
acid ‘mixtures correlates closely w1th rnoldlng moisture contenit for maximum im-

mersed strengthi.

5. For each combination of phosphonc ac1d and soil there is a curmg time beyond :
- which there is no further increase in immersed strength. This time is a function
-~ of 'the- amount. and the’ type of clay minerals. reactlng and the amount of phos-

phoric acid available for-the reactions. ' TN
6. The resistance of phosphoric acid stabilized 5011 to alternate cycles of freuze

" and thaw increases with increasing percentages of phosphoric acid.
7. Phosphorlc acid acts to neutralize the calcium carbonate in a soil before react- . .
-ing with the other soil constituents; this increases the amount of phosphoric :
. acid necessary to stabilize the soil. Each percentage of calclum carbonate con-
" sumes about 1.25% phosphoric acid. ' . ‘ )
8. Based. on the. (1959) relative costs of Portland cement and phosphonc acid, the_
maxiinum .percentage. of- phosphoric acid that can be used economically in soil
A stablhzatron is about 8%, based on the dry soil weight. Soils containing more. than
2.5% calcium carbonate may consume more .than 3% phosphoric acid in the .

neutralization of calcium ‘carbonate without gaining in. stability. Therefore, in

\such regions as Iowa“ where calcareous soils are abundant phosphoric acid

_stabilization may not be an economical method of stabilizing soils for roads. A

reductlon in the price of phosphoric acid, however could make it economical to”

use for stabilizing calcareous clayey soils.

:9. In reacting with clay minerals - phosphoric acid produces a water inscluble..
cementing compound. Based on chemical and X-ray diffraction analyses it is

believed that this cementing compound is an 1rrever51ble gel- composed of

" " amorphous aluminum phosphates
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REAC'i'IONS OF PHOSPHORIC ACID WITH CLAY MINERALS

-

by

T. Demirel, Research Associate

D. T. Davidson, Professor, Civil Engineering
(Highway Research Board Proceedings. 1961.)

_ ABSTRACT
.Commercial clays comprised of montmorillonite, vermiculite, illite, chlorite, or
kaolinite were treated with various amounts of phosphoric acid in the presence
of witer. Progress of the reactions was checked by X-ray diffraction analysis
performed at certain intervals. Lowering of treated clay mineral X-ray diffraction
peak intensities was used for estimating the extent of the reaction.

INTRODUCTION -

When soils which contain different clay minerals are stabilized with phos-
phoric acid different strength characteristics are developed’. Differences in
strength characteristics were attributed to different responses of each class of
clay mineral toward phosphoric acid. It was hypothesized that these different
responses were due to the differences in rapidity and extent of the chemical
reactions which took place between clay minerals and phosphoric acid. Analysis
of strength data utilizing this hypothesis lead to the conclusions that the reaction
between chlorite and phosphoric acid was rapid and complete, the reaction be-
tween montmorillonite and phosphoric acid was rapid but incomplete, the
reaction between kaolinite and phosphoric acid and the reaction between ver-
miculite and phosphoric acid were slow but continuous. These conclusions may
leave the way open to some doubts because they were not directly deduced and
some of the soils contained more than one clay mineral.

The present study was undertaken to compare further the reactivities of
various clay minerals with phosphoric acid. Commercially available monominer-
alic clays were trented with distilled water and phosphoric acid, and the mixtures
were analyzed by X-ray diffraction at various intervals. Changes in the height of

major diffraction peaks of the clay mineral were used as an index of reactivity
with phosphoric acid. However, this technique cannot be used to predict the
chemical mechanism of the complex heterogeneous clay mineral, phosphoric
acid reaction or its extent in a thermodynamical sense; but the results obtained
can be compared with each other. Thus relative measures of reactivities with-

‘regard to the rapidity and the extent of reactions may be established; they may
also be compared with the previous conclusions obtained from the analysis of
strength data.
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.~ - MATERIALS USED - - S
‘Clays S T
The commercmlly available clays used are. listed in table 1. .

Chemlcals S :

The phosphoric acid used was reagent grade 86 percent orthophosphonc T
acid, HyPO,. All additives ‘are expressed as percentages of pure (100 percent) * . = 7.
phosphoric acid, based on the oven dry weight of the soil. Distilled water was - - =

used to bring the clays up to liquid limit consistencies. The hydrochloric acid ‘ , L -

used to extract the reaction products was prepared from 36 percent reagent grade. B
hydrochloric acid. The ammonjum hydroxide used for precipitation: was diluted
reagent grade concentrated ammonia solution. Aluminum chloride used to obtain -
reference pre01p1tates was reagent grade, AlC, - 6H-0. :

. METHODS OF PREPARING SAMPLES AND TESTING o

Preparation of Mixtures :
Distilled water was mixed with clay samples to bring them to liquid limit .
consistencies. After addition of each increment of water and thoreugh mixing,
consistencies of .the mixtures were checked by a liquid limit device. When the
liquid limits were- reached, the mixtures were placed in polyethylenie containers -
and were tightly covered. Then from each clay-water mixture, samples corres-
ponding to 10 grams of oven-dry clay. were taken and mixed -with -enough
phosphoric-acid to give the desired acid percentage. Mixing was done using a
spatula for 20 minutes in a ‘small” polyethylene container. Immediately after "
miixing, 4 slide was prepared from each mixture and analyzed by X-ray diffrac- . ) .
tion. (In this study nickel filtered copper radiation was used,) Then the slide T T
and the container containing the clay-water-phosphoric acid mixture were placed .- © - ST

TABLE 1. DESCBIPTION OF COMMERCIAL CLAY §ANMPLES -

.Clay. mmeral ’ L)ther e . - Liqudd

‘Sample Producer Ty.pe < <% constituents- Fineness B 'h'.%ﬁt, i
Florlda clay Edgar Plastlc Kaolin- Kaohmte 84 14%loss  100% finer than 444 716 - ‘
(Kaolin)  Co., Edgar, Florida . on. ignition "55% finer than lu _ N
Volclay "American Colloid Mcntmorll-: Feldsbar. . 96%finer than T4u- 5246 - ¥ - | i
(Benton- Co., Skokie, Illinois onite. -92-95 - R 86% finer than 0.5g° ‘ T e
ite SVP) o . - ) :
Concentrat- "Zonclite Co., - Vermiculite " . . " " Wet ground and - S1eved ‘704
ed ver- Chicago, Illinois Co . through 325 mesh
miculite . . o . (44p) screen - ;
ore - - - . - : o T '
- Prochlorite...-Wards_Natural .Chlorite .-",... . Wet ground and 51eved 32 7 N
Science Establish- . : LT T through 325 mesh— . Sl
‘ment, Iné., Ro- . L (44p) screen LA ' s
o o chester New -York . L v L .
-~ Grundits _Ilhnms Clay Prod- Mlite” ool » 100% finer than 420u '55. o T A
T 1111(1>ts .Co.,»Chicag_o, : : o - 75% fmer than Sy - o o
inois - . K : o ; <o :
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in a chamber maintained at an average temperature of 73+ 3°F and 100 percent
relative humidity. At intervals of time, X-ray diffraction analyses were repeated
~“on the slides stored or on freshly prepared slides from clay, water, and phosphoric
" acid mixtures stored. Some of the mixtures after a period of storage were
_extracted- with 2N HC1 and ‘the extracts were titrated with dilute ammonium
" hydroxide to various pH values; the precipitates obtained” were filtered Jand-
‘washed with-distilled water. X-ray analysis as made on these premp1tates along
‘with the reference precipitate -obtained from the” titration of 'a mixture” of -
-alummum chloride ‘solution and an’ excess of phosphorch acid with dilute am;
monium hydrox1de L : L

PRESENTATIO’\I AND. DISCUSSION OF~ RESULTS

The precipitate obtained from the HCI extract at pH 4 was amorphous and
_ gave an X-ray -diffraction chart similar to the one obtained by .the reference
precipitate. However, the .precipitate obtained between pH 4 and 7 from the
HC1 extract of -the prochlorite sample was crystalline (figure 1). The crystalline
- compound or compounds have not yet been identified. It is beheved that these
precipitates form in phosphoric acid-stabilized soils as the pH rises: upon curmg

The pH of phosphonc ac1d treated soils- -increases with dge®. ' '

v

~ Compound obtained ‘from
‘aluminum chloride +
. excess of H3PO4

7 'Loschate compound obtained
-from prochlorite M()"I.’H3P04
_at pH 4

Leachate compound obtained
_ from prochlorite +10% HzPO,
" ‘betwaen pH 4 and pH .7

50, T 4o

R , ’- B ) .. 29

. Fig, 1. X—ray defractometer charts of the’ pre01p1tates obtamed by tltratmg HCI leach-
até of prochlorite 4+ 10 percent phosphorlc acid sample and alurmnum chlorite
+ phosphorlc acid solutlon with ammonium hydroxide. . .
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Amounts of phosphorlc acid used were 5, 10, 15, and. 40 pelcent with all clay
samples except bentonite. Only 40 percent phosphoric acid was used with ben-
tonite due to difficulties in mixing'lower amounts at liquid limit consistency.
Treated samples were analyzed by X-ray d1ff1 action two to four times during the -
first week of their preparation; thereafter they were analyzed at periods of two
weeks, one month and four months after they had been prepared. A series of
X-ray diffractometer charts were obtained, and all of the diffraction peak in-
tensities corresponding to various “d” spacings were lowered by the treatment.
(figures 2 to 8). The major diffraction peaks of the clay minerals used for tracing
the reactions are indicated. After each analysis, heights of the major peaks were
‘measured (figure 2) and plotted against time (figure 9). From the curves of figure .
9, diffraction peak heights at certain intervals of time were read and each was di-
vided by the original height also obtained at zero time. This ratio is termed the
“relative extent of reaction.” The relative extent of the reactions against time
were plotted (figure 10). Rapid and extensive reactions are shown by chlorite
and vermiculite clays The reactlon with kaohmte was rather slow and incom-

) . .

Major
kaolinite
peak

Kaolin +‘5% H3PO4 L

29 days

61 days

30 o 20 o 0
‘ 20 -

Fig. 2. X-ray diffractometer chart showing the changes in peak mtensmes of

kaolin 4 5 percent phosphorlc acid mixture with tlme
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Major
kaolinite
peak

Kaolin + |5°/o H3P°4 n

29 days

83 days

30 20 ] o]

20
Fig. 3. X-ray diffractometer chart showing the changes in peak intensities of
kaolin -+ 15 percent phosphoric acid mixture with time.

Major
vermiculite
peak

Vermiculite + 5% H3P04

M& O days ~

_/\J\/L 7 days C—
__/\__JKJL 14. Hoys .

1 ] | ! | 1 1 | 1 | 1 | 1 1
30 20 : i0 0

20

Fig. 4. X-ray diffractometer chart showing the changes in peak intensities of vermicu-
lite + 5 percent phosphoric acid mixture with time.
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plete. Montmorillonite clay gave 4 rapid but incomplete reaction.. Illite clay - o
appeared to react slowly and continuously. Except for the conclusion reached for
kaolinite and vermiculite, these results closely agree with the conclusions reached
by the authors upon analyzing the strength characteristics of phosphoric acid
stabilized soils. The disagreement -concerning kaolinite and vermiculite is be- .
_ lieved due to the presence of both of these minerals in the same soil- investigated

in. the strength study?. Thelr response toward phosphouc acid i is masked by
interference. " ) : - :

The stored slides were carefully and frequeéntly examined for surface irregu-
“larities which occurred due to chemical reactions. Surface irregularities occurred
more frequently with prochlorite and vermiculite than with other clay samples,
which s another indication of their reactivities. When surface Jdrregularities were
observed, fresh slides were prepared from the stored samples. With some of these
new slides, peak heights of the original slide were not reproducible. Therefore,

- - . . .

; Major
. vermiculite
paak

Vermiculite + 10%: HyPO,

’\’,/\_’p 29 days -

/\—JL/\‘ 34 days , . R i
. redon C W
: 1 1 ! 1 P T | 1 i I [ '
30 I . .20 _ - 107 ] [}

e T S 20 . : i g

Flg 5. X—ray diffractometer chart showmg the’ changes in peak
intensities of vermiculite -+ - 10 percent phosphonc a01d Co
mlxture Wlth time. : - BN
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* when this occurred use of X-ray dlffractometer charts in prepanng relatlve ex- -
. tent-of reaction” versus. time curves: (figure 10) was dlscontmued

A water insoluble crust. was formed on the surface of prochlorite samples. Th1s

erust was most pronounced with 10 percent phosphoric acid treatment; however . g

there was no crust on the prochlorite sample treated with 40 percent phosphoric

acid. X-ray analysis of the crust 1solated from the 10 percent phosphoric acid ,
“sample 132 days after preparation showed new peaks in addition to weak chlorite
* peaks indicating that a crystalline compound or compounds had ‘formed (figure -

11). Identification of newly formed compounds is presently being undertaken.

- . to ' Major
7 EEE " vermiculite
- - . . - peak

Vermiculite + 15% HzPO,

14 doys

26 days '

. '62 days

‘40

30 . 20

.20

o Flg 6. X-ray dlffractometer chart showmg the changes in peak intensities ‘of vermicu- -

lite + <15 percent phosphonc acid mixture with time.
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St ‘ : mixture with time.

| - - . ‘, Y 3 )
. ¢ ) A -~ ! .o
N * B - Major ]
‘ chlorite P
|
N peak
. Prochiorite +
" 5% HzPO,4 -
) ° 3 ) 4
M N
. .
s !
AN 4 i
“‘ . 14 days -
| y
- ’-L 62 days /\
. 1 L1 [ . I I
20" - 10,

- S Flg 7. X-ray dlffractometer chart showmg the changes in peak
' intensities of prochlorlte + 5 percent phosphoric acid




Major
B I - . Y e chlorite -
peak *

Prochlorite +
0% H3P04

‘: N 2.°<._-“. -

= F1g 8, X-ray diffractometer chart showing the changes
SN in peak intensities of prochlorite + 10 pelcent
phosphoric acid mixture with time.
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'STABILIZATION OF LOESS WITH ANILINE AND FURFURAL

J. C Ogilvie,. C_a}‘;)'tain3 USs. . Array; Corps‘ of Eng-irieers R . A_ ) ‘-;3 g

~. v J.B. Sheeler, Assoc‘ia’cé Professor, Civil Eﬁgineeging’ . _

D. T. Davidson, Professor, Civil Engineering

- (Highway Research Board \PrOCedihgs 36: 755-772. 1957.)

ABSTRACT

Aniline and furfural are organic hqulds that when mixed, spontaneously form e U
a resin known as @niline furfural resin. A ratio of 2 mols of aniline to L mol of ~ = .+« ..y "
furfural produces the most superior resin. Soil may be stabilized by mixing with. -~ ", ;.-
aniline, furfural, and water, followed by compaction of the mass and an adequate. . - -
curing pe11od Different amounts of resin produce different results with any one P
soil. . R T
o -  The loess of southwestern Iowa is-excellent for studying the effect of ameunt of S
‘ clay on the stabﬂlzmg efficiency of chemical treatments. The minefologi¢ con- - PRI
tent of the loess is very nearly the same, except that the amount of clay increases’ o
systematically. Several loess samples were chosen as representative of the varia-
"tion in clay content and used in the aniline, futfural evaluation studies. These *“ .. -
- soils wére stabilized with different percentages of aniline, furfutal resin, Labora-= - .~ = ..
tory tests were performied to detérmine changes in soil properties. The results of - * .~ ~
the laboratory tests were then treated as dependent variables with the clay con- = - RPN
tent and the aniline, furfural content treated as indépendént variables: This ‘treat- ' i
ment of the test 1esu1ts makes it possible to draw contour lines representing.soil’ . ,
properties on a plot of aniline, furfural'versus clay content. = R
The. aniline and furfural stabilized soils' were evaluated from unconfined com- - . St
pressive strength determinations in a wet.ahd in a dry. state, moisture absorption, BRI
differential thermal analysis and ‘microscopic studies; Atterberg limits, and arti- _ -~
_ . ficial laboratory weathering. All studies seem. to indicate that the excellent stabil- ‘ Lo
s ity resulting from aniline and furfural resin is mainly due to the clay and orgahic - -~ v . - L
- . * complexes'formed. These complexes appear to be the cause of the soil and resin o
- ‘mass becoming considerably-more hydrophobic. There is also_evidence of- soil
- grains and of grain aggregates. Differential thermal analysm shows a very dis-
" tinet rélationship between the resin and the clav present in the soils.

. . - S

oo I‘\TTRODUCTION

- The Iowa Engineering Experlment Station has been. conductmg studles ot

_fundamental properties and stabilization \methods on Towa soils in an effort to : DL

solve the problem of shortage of gravel. These studies have been directed toward - e

‘ efficient and-economic methods of su1tab1e base .and surface course construct1on o
- - of secondary roads. : . : S ant

~ Early stabilization studies 1nd1oated that artificial .resins were a means for
accomphshmg a practlcal stab1h7at10n with satlsfactory results. The . most- ef-




fective of these artificial resins was the resin formed by the reaction of two parts
of aniline to one part of furfural.

Aniline and furfural are two liquid organic chemicals that polymerize on con-
tact to form a resin known as aniline furfural resin or AF. Aniline was discovered
in 182628 and furfural in 1830°. The first report of the aniline and furfural reac-
tion was probably around 1850°2. Aniline reacts with aldehydes to form a group
of compounds that are known as “Schiff” bases in honor of Dr. Hugo Schiff of
Florence, Italy.

Resins have many useful applications, among which is that of an impregnating
agent. Impregnation may best be distinguished from coatings or the application
of adhesives by the fact that the entire body of the material treated is altered in
character rather than just the surface. ‘

One of the best examples of the use of an agent of this type is in the impregna-
tion of soft wood with methylol urea, the monomeric unit of ureaformaldehyde
resins, and then carrying out the polymerization reaction in the cells of the wood.
The product will not swell, shrink, or warp with humidity changes, and the grain
will not rise on wetting. The material can be worked, turned, and finished to give -
a product superior to the hardwoods. :

Aniline furfural resin plays a role of this type in the stabilization of soil. The
chemicals are mixed into the soil separately and polymerize slowly thereafter.
The resin is thus formed within the soil mass.

The use of aniline furfural resin as a soil stabilizing agent was reported in
194724, The resin was used in a weight ratio of 70 parts of aniline to 30 parts of
furfural and was found to be most successful with medium plastic soils. Resin
also acts both as a binder and as a waterproofing agent. The work was. success-
fully extended in 1949 to beach sands.

MATERIALS

Wisconsin leess in southwestern Iowa

The soils employed in this investigation came from the southwestern portion
of Towa where composite Wisconsin loess forms a massive surface deposit that
mantles older loesses and pre-Wisconsin glacial deposits. The loess varies in
thickness, as measured on ridges and hilltops, from 60 to over 100 feet along the
Missouri River bluffs to about 17 feet toward the south-central part of Iowa.

Over one hundred samples of Wisconsin loess have been taken along the five
traverses (figure 1). Control samples for determining areal property variations
were taken at a depth of two or three feet below the top of the C horizon. Areal
and stratigraphic variations in properties were determined by comparison and _
correlation of results from some 25 to 30 physical and chemical tests®.

Test data indicate that physical and chemical properties along the east valley
wall of the Missouri River are remarkably uniform both areally and stratigraph-
ically. With increasing easterly distance away from the east valley wall the test
‘data reflect a marked increase in plasticity, shrinkage, water-holding capacity,
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and in-place density. These property changes appear to be chiefly due to an in-
crease in the amount of clay in the loessS.

The mineralogical nature of this Wisconsin loess seems to be quite uniform.
Organic matter and.soluble sulfate contents are low or absent. Aside from the
variation in amount of clay, the principal variable in the loess appears to be
carbonate content which varies both areally and stratigraphically. Carbonate
contents, expressed as percent calcium carbonate by weight, were as high as 18
percent along the Missouri River to as low as one percent in inland samples.

The loess may be conveniently divided into two fractions of minus 2 micron
material and plus 2 micron material. In general the plus 2 micron material con-
tains mostly quartz, feldspar, and calcite, along with a minor amount of heavy
minerals. These minerals are considered to be non-reactive with large organic
cations. ’

The minus 2 micron material in the loess is very similar throughout and is
mainly of clay minerals. The clay minerals in this fraction are thought to be a
randomly interstratified mixture of montmorillonite and illite types. X-ray dif-
fraction data indicate an increase in the montmorillonite:illite ratio with increas-
ing clay content in the loess. Microscopic examination of the loess has shown that
the clay is mainly as coatings on larger grains.

Cation exchange capacity is one-of the most important properties of soil, a

Wisconsin drift
border

IOWA

Arbitrary east
boundary

Legend *» Sample locations
| Traverse numbgrs

Fig.1l. Locations of loess sampling traverses in southwestern Iowa.
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fact that has long been recognized by agricultural soil scientists™*. It can be
measured quantitatively and is closely related to the physical and chemical be-
havior of soil. It has been related to engineering properties of Wisconsin loess”.
Southwestern Towa loess exhibits a range in cation exchange capacity, expressed

as milli-equivalents per 100 grams of soil, from 7 along the Missouri River to 26

further inland. This increase is mainly attnbuted to an increase in the amount of
clay in the loess. ‘

Because of the orderly variation of the areal and stratigraphic properties of
the southwestern Iowa loess and the apparent qualitative mineralogic continuity,
it was decided to investigate the effectiveness of aniline furfural stabilization on
this soil by studying a few samples representing the entire area. The property
study has indicated that the principal variable in the loess is the amount of clay.
The soil samples were therefore selected to provide a range in clay content from
7 to 37 percent.

Several hundred pounds of each soil were obtained from the o hOI’IZOD with
the exception of sample 303-2, which was from the B horizon (table I). Samples
20-2 and 44A-1 were used in obtaining basic data necessary for further study.
Sample 20-2-11 is from a different stratigraphic- position than 20-2 and was used
because it affords a better position in the overall representation of the range in
soil properties (table II)* 5.

The soil samples were selected from data obtained from small laboratory sam-
ples used in the initial property studies. The selections -were made to present a
range in 2 micron clay content that increased in increments of approximately 5
percent. Subsequent analysis of representative samples taken from the larger
samples used in the stabilization studies show the 5 percent increments to be
correct. The lone exception was sample 46-1 which has a clay content very close
to that of 36-1.

Aniline and Furfural

The chemicals used in this investigation were obtained from Jowa State Uni-
versity chemistry stores. The aniline was made by the Baker Chemical Company
in Phillipsburg, New Jersey, and the furfural by the Quaker Oats Company in
Cedar Rapids, Towa.”

TAaBLE I. LOCATION OF LOESS SAMPLES

Sample County Township Sec- Soil  Thickness of Sampling depth

no. tion series solum,® ft.  below surface, ft.

55-1  Harrison Little Sioux 8 Hamburg" % 25-3
20-2  Harrison St. Johns 15 Hamburg 0 60-61
20-2I1 Harrison St. Johns 15 Hamburg 0 34%-35%
26-1 Shelby Grove 21 Monona 2 4-5
36-1 Montgomery Grant 14 Marshall 3% 15-6%
44A-1 Page Morton 21 Marshall 3 -5 -
46-1 Page Amity 30 Marshall 2 158

12'

503-2 Taylor Jefferson 17 Sharpsburg

® Solum includes the A and B horizons where both are present.
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"TaBLE II. PROPERTIES OF LOESS SAMFLES

SaMPLE NUMBERS

Sand (2.0 to 0.074 mm), percent

Silt (0.074 to 0.005 mm), percent

Clay (below 0.002 mm), percent

Colloidal clay (below 0.001 mm),
percent

Liquid limit, percent
Plastic limit, percent
Plasticity index, percent

pH

Cat. Ex. Cap. (m.e./100 gm)
Carbonates, percent
Organic matter, percent

Textural Classification
(B.P.R. System)*
Engineering Classification

{AASHO) -

SaMPLE NUMBER

Sand (2.0 to 0.074 mm), percent

Silt (0.074 to 0.005 mm), percent

Clay (below 0.002 mm), percent

Colloidal clay (below 0.001 mm),
percent

Liquid limit, percent
Plastic 'limit, percent
Plasticity index, percent

pH .

Cat, Ex. Cap. (m.e./100 gm)
Carbonates, percent
Organic matter, percent

Textural Classification
(B.P.R. System)®

Enzineering Classification
(AASHO)

TasrLe IL

SampPLE NUMBER
Sand (2.0 to 0.074 mm), percent
Silt (0.074 to 0.005 mm), percent
Clay (below 0.002 mm), percent
Colloidal clay (below 0.001 mm),
percent

Liquid limit, percent

Plastic limit, percent

Plasticity index, percent

pH

Cat, Ex. Cap. (m.e./100 gm)
Carbonates, percent
Organic matter, percent

Textural Classification
(B.P.R. System)*

Engineering Classification
(AASHO)

TasLe IL°

55-1 20-2
0.5 14
91.1 - 78.8
7.4 15.1
6.5 14.5
29.6 30.8
278 24,6
2.3 6.2
8.0 8.7-
10.0 13.4
7.6 10.2
0.21 0.17
silty loam  silty loam
A-4(8) A-4(8) .
( Continued)
,26-1 36-1
0.5 04
74.8 69.6
21.7 26.3
21.4 25.0
34.7 39.0
24.0 - 25.6
10,7 184
7.9 6.5
15.8 19.6
6.4 0.7
0.25 0.14
. silty clay-  silty clay
loam
A-6(8) A-6(9)
( Continued)
46-1 503-2
0.4 2.0
67.9 55.2
26.3 37.0
24.2 34,
54.7 56.7
22.0 26.4
32.7 30.3
59 6.4
23.6 28.1
0.9 0.8
0.23 0.72
silty clay clay

AST-6(19  A-7-6(19)

20-2111
0.7

silty clay
A-7-6(19)

* Textural classification is based upon the Bureau of Public Roads
System except that sand and silt are separated by the No. 200 sieve,
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METHODS OF EVALUATION

The evaluation of the ability of AF to stabilize loess was accomplished by test-
ing 2 inch high by 2 inch diameter specnnens that were molded to standard
Proctor density.

The order of mixing chemicals and water into the soil and the method of
moisture determination are discussed in the appendix.

Preparation of mixtures ’ b

The chemicals and water were mixed into 1200 grams (oven dry basis) of air
dry soil which produces sufficient mixture for six specimens. The entire quantity
of furfural and about one half of the distilled water required was added and
folded into the soil with a mixing spoon. Initial mixing by hand is required to
dampen the soil for the prevention of dusting. The balance of the furfural was
added and mixed with the soil and furfural with a Hobart Model C-100 mixer at
low speed. After mixing for one minute the mixer was stopped, and the mixture
was hand mixed for another minute. The aniline was then added and the mixer
was allowed to run for two minutes. Another minute of hand mixing followed and
final mixing was done with another minute of machine mixing. The hand mixing
is necessary because of a tendency for the mixture to adhere to the bow! and
consequently pile up.

The ratio of aniline to furfural was kept on a 2:1 molar basis because all

“prior®* 2% and present research has indicated that this is the best stoichiometric
relation for the formation of optimum quality AF resin. The chemicals were
added volumetrically with an accuracy of measurement correct to the nearest
0.1 milliliter. The volumes were- computed on a weight basis using the specific
gravity values of each chemical at 70°F. Desired percentages of chemical com-
position were produced by addition of appropriate volumes. Heights and weights
of all specimens were recorded immediately after molding.

Specimen Molding and Curing

Specimens of soil AF mixtures were molded in 2 inch diameter cylinders by
means of a drop hammer apparatus?. Five blows on each end of a specimen pro-
duces the most uniform density throughout the specimen; this compaction effort
also produces near standard Proctor density. After compaction the molded speci-
men was extruded from the cylinder, weighed, and measured to the nearest 0.001
inch in height.

A curing time of ten days was chosen on the basis of drying studies and
strength studies. Drying is shown to reach a constant value after 7 or 8 days and
strength also increases rapidly during the first few days of air curing and attains
a constant value after 7 to 8§ days (figure 2).

Unconfined Compression Testing

Unconfined compression tests were made with a Riehle, 60,000 pound capacity,
hydraulic testing machine, and all data were read to the nearest ten pounds. The
compressive load was applied at a rate of 0.1 inch deformation per minute. The
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maximum load causing a specimen to fail was recorded as the unconfined com-
pressive strength.

Heights and weights of all specimens were recorded after a ten day air .
curing period, and even numbered specimens were immersed in distilled water
for 24 hours at room temperature. Odd numbered specimens were tested for
unconfined compressive strength immediately following their physical measure-
ments and the results reported as dry strength. ) ‘

The immersed specimens were blotted dry on the surface with paper towels,
measured, and weighed after the 24 hour immersion period. The specimens were
then reimmersed to avoid drying during the delay period between measurement
and testing. Individual specimens were removed from the immersion bath and
placed in the testing machine dripping wet. The results of this test were reported
as wet strength. '

Atterberg Limits

Atterberg limits were determined by ASTM designations: D 423-54T and D
494-54T" with the exception that values were reported as percentages .of the
stable weight. Since the specimens to be tested were stabilized-cylinders, it was
necessary to break them up and grind the material with a mortar and pestle until

6

Weight loss, % 8|

- | I | ] :
0 :
0 4 8 12 16
' ’ Curing time, days
Fig. 2. The total weight percent of volatile material lost in curing versus the
time of curing in days for soil 20-2 using 5 percent AF. Similar
curves were obtained for other percentages of resin.
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N very difficult, it was continued untll the mass was homogeneous

F reezing and Thawing

o . After curing for ten days the specimens to be evaluated in freeze-thaw. studies
' ) were immersed in distilled water for two hours before statting the freeze-thaw
. cycles: The specimens were then placed on water saturated felt pads in pans and -

frozen at —10°F for 23 hours. The pans, containing the specimens, ‘were then
removed and were partially filled with distilled water -to a level just below the
. “top of the-felt pads. The specimens were allowed to.thaw, exposed, at room tem-
- - © _ perature for two hours. The.pan was then covered with Saran wrapping and kept
L at room temperature for:another 23 hours. The foregoing 48 hours treatment was
“.rT ' “considered ‘to be one cycle. Three specimens were tested after each cycle by
) - .“weighing, measurement of helght change and 1mmed1ate unconfined cornpres-

' sion testing. .- :

. .100 percent passed a no. 40 sieve. Though m1x1ng the rnatenal with Water was

Three specimens of each soil and: tleatment were allowed to air dry for 30 days

~ after nine cycles had been completed They were then subjected to a final cycle

Lo N of freezmg and thawing and tested by the aforementioned. procedure

. s - ;

Y e , Wethng and Drying ’ ' ' : I

. ' - A complete cycle of wetting and drymg consisted " of 24 hours of air. drying
followed ‘by 24-hours immersion in distilled water. The three specimens to be
tested after each cycle were blotted dry on the surface with paper towels' and

" their heights measured: They .were. then - placed in- ‘open,’ individual moisture
cans, and were weighed and tested for unconfined compressive: strength’ while
resting in. the cans. The use of cans while testing insures the confinement of all
flakes or chips resulting from testing. The moisture:can containing the entire
sample was placed in an oven at 100-110°C for 24 hours, cooled for one hour in
a dessicator, and weighed. This procedure provides an accurate average moisture

~ content determination since water does not permeate a specimen completely.

Three specimens of each soil and treatment were allowed to air dry for 80 days . A
after nine cycles had been completed: They were then subjected to-a final cycle -

of wetting and drying and tested. . - .o B

. ' 7 - " ‘Differential Thermal Analysis
B Differential thermal analysis is a techmque generally used as an aid in the
\ : “identification of clays; minerals, ‘and other crystalline materials. The -unknown
I sample is heated simultaneously with an inert material such as calcined alumina.

Both sample and inert material are heated at a constant rate, and their tem-

« perature difference is recorded on a strip chart by means of a differential thermo-
couple. The temperature of the sample block is recorded on a separate strip chart.
Each mineral 'or chemical undergoes charactenstlc reactions that. occur at

o o nature and are revealed together with the temperature at wh1ch they occur when
©» .7 . . " thetwo strip charts are correlated?s. o :
- leferentlal thermal curves weére obtamed from a nurnbe1 of AF. stab1l1zed

984 -

spec1flc temperatures. These reactions are either endothermal or exothermal in -
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specimens. The samples varied in amount of clay contained as well as in the =

amount of AF content. These samples weré material sélvaged from unconfined
compression tests. The codrse fragrnents were gently g round to pass a no. 40
sieve before placing directly into ‘the differential thermal apparatus. Curves

~ were also obtamed from a nonstabilized sample of each soil. -

' DISCUSSION OF RESULTS

Standard methods for the evaluation of the effectiveness "of soil stabilizing
chemicals have not been established and correlated with field performance. Since
such ‘criteria are lackmg, it is not possible to make any specific predictions con-
cerning the field use of aniline furfural stabilized' soils. Laboratory investigations,
however, do produce mixture designs that appear to give: ‘the most efficient per-, . -
formance for any one soﬂ » . . e

Contour Graphs '

. Exploratory work led to the conclusion. that many properties of stabilized loess
depend on the amount of analine and furfural introduced and on the amount of "
clay contained by the native soil. (Clay content is all material smaller than 2
microns equivalent spherical diameter as determined by the hydrometer tech-
nique.) Properties of stabilized loess could be related to the two.variables, amount.
of analine and furfural (AF) and amount of clay, by three dimensional -dia-

(grams using the z-axis for the dependent variable, or property to be studied, the
" y-axis for the AF content, and the x-axis for the less than' 2 micron ‘clay content.
- Three dimensional graphs are difficult to present clearly by planar d1agrams

however, the use of contour lines such as are used in topographlcal mapping
makes this pessible. The AF content was plotted as the ordinate and the clay
contént as the abscissa. Stabilized loess has a definite numerical value for each .
property in any set of coordinates. These values were written over their coordi-
nates, and- all equal values were connected, thus creating'isp—pr'opertyﬁlines.'

Den51ty .
- Thé dry density of AF stabilized loess’ may be expressed either as the welvht T

-of oven dry- soil particlés per unit volume of stabilized soil, or as the weight of

the oven dry soil particles plus AF per unit volume of stabilized soil. Herein the -

“former is referred to as the dry density, the latter as the stable density.

. A three dimensional figure of the data for dry density would show-a surface

_similar to a sugar loaf hill (flgure 3). By holding the AF variable constant and

making a plot of density versus clay content, the resulting.curves show peaks near

22 percent clay. Apparently this effect is due to the graduatlon of the loess

samples. Since about 98 percent of loess is silt and clay size material; the amount.;

.. of silt in a sample is closely equal to 100 minus theé clay content.

The AF variable also has a pronounced effect on the dry density. If the clay'—
variable is held constant, the dry den51ty drops slowly as AF is added. Aniline-
furfural displaces some of ‘the soil, as can be shown by plotting-the- volume. of -

;o] A‘qplaced against the volume of AF added. Thls plot is not linear because—
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) Fig. 3. Dry den51ty contours showing the relationship of dry density ‘to AF .
content and clay content in loess. The values of the contours . are-in
lb per cu. ft.

_ 2
g , 2 Mucron clay coment % »

- Flo' 4. Stable density contours showing the relatlonshlp of stable den51ty to AF
- contént and clay. content in loess. The Values of the contours are in Ib.
per cu: ft
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some of the AF fills the void spaces. rather than displacing soil. The reduction
in dry density is partially due to aggregation caused by the association of large
organic cations, developed in the resinification reaction, and the clay minerals.

The influence of gradation is much the same but the influence of AF content
on the stable density is very different from its influence on dry density (figure 4).
Instead of causing the stable density to decrease steadily for any given clay
content, the AF causes the stable density to decrease at first and to then increase.
Evidently the weight loss due to displacement of soil by AF is more than over-
come by the added weight of the AF contained in the voids. The net effect of
the two variables, AF and clay, is the formation of a ridge near 22 percent clay
due to gradation effects, the formation of a narrow sloping trough to the left
of the ridge, and a wide sloping trough to the right of the ridge. A saddle point
at a clay content of 22 percent and an AF content of 2.5 percent results at the
concurrence of the ridge and the sloping troughs. '

Optimum Moisture

A comparison of the contours for dry density (figure 4) and the optimum
moisture content contours for standard Proctor density (figure 5) shows a striking
resemblence between their contour lines. Closer examination reveals that the
surfaces formed are the exact opposite of each other. Figure 5 shows a valley
along the 22 percent clay line and a ridge closely following the 2 percent AF line.
The liquid chemicals appear to replace some of the moisture required for com-

lz T 1 1 1 1 L T T T T 1 3 T ] 1 T

2'8 .
2 Micron clay content, %

Fig. 5. Optimum moisture contours showing the relationship of optimum mois-
ture to AF content and clay content in loess. The values of the contours
are in percent of the dry weight of soil in the stabilized specimens.
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paction so that less moisture is needed to cause the soil to flow for proper com-
paction. The total liquid added in all is greater than the amount of water re-
quired for natural soil.

Compressive Strength ,

Specimens tested for unconfined compressive strength after air curing were
always higher in strength than those of equal AF treatment and equal clay con-
tent that were tested after 24 hours immersion in distilled water. The surface
presented by the contour lines for immersed stréngth of AF stabilized loess is
best described as a sugar loaf hill remarkably symmetrical to an axis along the 21
percent clay line (figure 6). Here gradation also has an important influence on
the property being studied. The influence of gradation is probably an indirect
effect acting through the medium of density, and density has a profound in-
fluence on strength. An examination of the surface shows that the rate of strength
increase with increased AF content is much lower for low and high percentages
of clay than it is in the mid range of clay. Again this is probably primarily due to
the influence of gradation on density.
Moisture Absorption

Clay content is seen to have very little influence on moisture absorption until

more than 23 percent clay is reached (figure 7). Past this point the AF content.
does not exert much influence. Below 23 percent clay the AF content is more

2 | T

T T T

AF,% e

4 ’ 8 B 6 20 24 28 32 36 40
2 Micron clay content,%
Fig. 6. Immersed strength contours showing the relationship of immersed

strength to AF content and clay content in loess. The values of the con-
tours are in hundreds of pounds.
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_ in evidence. Below: 18 percetlt elav the influence of AF is almiost the same for all

clay contents, in that a-minimum moisture absorption oceurs with a 2 to 3 per-
cent AF treatment. In the 18 to 23 percent clay . range a ‘treatment of 1.5 to 7
percent AF appears to be ‘quite satisfactory. The small effect of the amount of

-AF on moisture absorption in the higher clay ranges is most likely due to the -

dlfflculty of mixing, with, with a- consequent poor intimacy of contact between
‘the clay and. the AF. The higher clay content loess samples showed a definite
tendency to. aggregate which contributed to the d1ff10111ty of mixing;

" Atterberg Limits :
The data for the effect of AF treatment on the Atterberg limits ‘show that a

" small amount of AF greatly 1educes the plasticity index in all cases (table III)
Additional AF further reduces the plasticity index until the material finally be-’
- comes non-plastic. The Atterberg limits are a. basis for comparison of soil
stab111zers as to their relative waterproofing ability. Duuncr the preparation. of
the AF stablhzed specimens for the Atterberg determinations, considerable
difficulty was experlenced in obtaining a good mixture of water and stabilized
material in all cases. As much as thirty minutes of kneadlng with a spatula was
requlred :

Freezing and Thawing :
Samples were subjected to. freezmg and” thawmg cycles, and three samplea

- 1‘2- — - T

D‘
-y

O\O R

[2)

T

T T T T 1 1 \ 1 L I I 1 1 Ly !

"2 Micron Iclay content, %

F1g 7. Moisture absomtlon contours showing the relanonshlp of moisture ab- .
- sorption of AF -content and clay content in loess. The values of the con-.

tours are in percent of the welght of the soil plus the weight of the AF.

~
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were tested after 1, 2, 3, 4, 6, and 9 cycles: Three other samples were set aside
after the ninth cycle and- allowed to air dry for 30 days before being subjected to
a tenth and final cycle. The strength tabulated as zero cycles is the air dry
strength of the soil (table IV).

- The moisture absorbed was calculated as the gain in weight above the air dry
Weight of the sample and was based on the stable weight: The small amount
of moisture absorption is thought to account for the remarkable durability of
the specimens. There was no spalling or noticeable sample disintegration. Some
samples became slightly soft where they were in contact with the moist felt
pads and suffered-mechanical abrasion if they were handled roughly.

The strength of the specimens decreases considerably with the first cycle but
appears to trend toward a constant value thereafter. The 30 day period of drying
after the ninth cycle caused the strength following the tenth cycle to revert to
a value near that found after the first cycle.

Wetting and Dr ving :
The specimens employed in this study were subjected to an identical number
of wet and dry cycles as were used in the freeze-thaw study (table V).

TaBLE IIl. ATTERBERG LIMITS OF STABILIZED AND
NON-STABILIZED SOILS

Sample  Aniline- Liquid Plastic Plasticity

no. furfural limit limit index
content )
% % % % N
55-1 ] 29.6 27.3 2.3
. 2 Np® _ NP
5 NP - — NP
20-211 0 33.2 24.0 9.2
1 27.6 24.0 3.6
2 25.0 22.4 . 26
3 26.3 243 2.0
5 NP —_ NP
7 NP —_ NP
11 NP — NP
26-1 0 34.7 24.0 10.5
2 26.6 25.1 1.5
5 24.8 21.0 3.8
N C 36-1 0 39.0 25.6 184
1 32.0 23.0 9.0
2 30.9 24.2 6.7
3 29.7 24.8 49
5 NP —_ NP
7 NP — NP
11 NP —_ NP
46-1 0 54.7 22.0 32.7
: 2 33.8 26.4 74
5 298 -25.1 4.7
503-2 0 56.7 26.4 30.3
2 37.7 29.5 8.2
5 3L9 279 40
® Non-plastic.
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TasLE IV. DATA OBTAINED FROM FREEZING AND THAWING TESTS

Soil and amount  Cycle Moisture Height Strength
of resin treatment  no.  absorbed increase
% . inclies x 1000 1bs.
20-211 5% 0 - 2600
1 14 4 1320
2 1.7 1 1450
8 1.8 4 1210 N
4 1.7 4 1030
6 2.5 5 1080
9 2.6 4 970
10® 0.8 0 1360
20-2111 2% 0 2090
1 2.0 1 490
2 2.3 0 500
3 2.8 4 390
4 2.9 6 390
6 3.1 5 420
9 3.7 8 290
10® 1.4 2 460
36-1 5% 0 3380
1 1.8 4 - 1930
2 2.3 3 1730
3 2.6 9 1460
4 2.9 10 1370
6 3.9 13 1080
9 4.3 16 970
10° 1.6 7 1770

® 30 days of air-drying between cycles 9 and 10.

TaBrr V. DATA OBTAINED FROM WETTING AND DRYING TESTS

Soil and amount  Cycle Moisture Height Strength
of resin treatment no. absorbed increase
% inches x 1000 Ibs.
20-211 5% 0 2600 :
- 1 3.7 6 860 !
2 4.2 9 730
3 5.1 9 750
4 3.7 12 780
6 4.1 11 760
9 3.8 12 770
10* 4.0 11 740
20-21I1 2% 0 - 2090
1 3.9 8 395
2 4.0 9 : 330
3 4.9 12 310
4 4.5 11 290
6 5.0 9 280
9 4.6 11 320
10* 4.9 9 260
36-1 5% 0 3380
-1 2.8 13 1250
2 5.7 25 870
3 7.6 23 650
4 6.7 25 700
6 7.8 28 570
9 8.1 28 500
10* 74 24 590
* 30 days of air-drying between cycles 9 and 10.
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The strength, like that of the freeze-thaw specimens, drops considerably with
the first cycle and remains relatively constant thereafter. After a 30 day drying
period and a tenth cycle of wetting and drying, the specimens did not show-any
significant changes over the ninth cycle. Apparently some of the resin; products

of the reaction, or unreacted chemicals are leached: from the specimens during
the periods of immersion. A distinct amber color was noticed in the immersion
water with the depth of coloring increasing with each cycle. The discoloration

is probably due to the unreacted chemicals, because resins are usually insoluble
in water. An odor typical of aniline furfural also emanated from the iminersion

water.  Some wet-dry specimens had -minor shrinkage cracks, but these cracks
did not appear to be serious.

The number of cyclés used in both of the foregoing durability studies are con-
sidered to be very severe weathering tests for 2 inch by 2 inch specimens. Four
cycles with 2x2 specimens are reported as about equivalent to 12 cycles with the
4x4% standard Proctor specimens used .in freeze-thaw and wet-dry tests for
evaluating soil cement26; The durability of the AF treated loess after nine cycles

~in both tests is therefore quite outstanding,

Differential Thermal Analys15

Reported results of differential thermal analys1s ‘of AF stabllued loess, show

that the aniline furfural resin and the clay are very intimately associated, and
that some of the resin is formed on and within the clay mineral lattice with the

remainder filling the voids a_nd cementing the loess particles togethei??.
. . - ’ AN

0

Microscopic Exanunatlon

Examination of stabilized specimens urider a low powel binocular microscope
showed the soil particles to be well aggregated with the degree of aggregation

and size of aggregates increasing with ¢lay content. The aggregates also appeared.

to.be surrounded and interlaced with resin.

The homogeneity of the overall soil and resin mass is excellent in the lower .

clay ranges. Higher clay content soils contain some aggregates that are surround-
ed by fesin but are devoid of resin in their centers. Fracture planes that were
examined revealed that both the bonding resin between aggregates and the
‘aggregates themselves failed in shear. These planes appear to be like a cobble
street when viewed unde1 a microscope.

Economics : -
Availability and cost are two of the most important tact01s in any contemplated

' use of chemical materials. Since the use of aniline arid furfural in soil stabiliza-

‘tion would involve considerablé quantities of both chemicals, the question of
availability arises. A preliminary report of the Tariff Commission shows an ani-
line production of 132 million pounds in 1955'%.-Production of furfural is now
about 50 million pounds per year.

Aniline and furfural in carlots were priced at $0. 22 and $0.13 per pound
‘1espect1ve1y_ in March of 19561%. This places the cost of a 2:1 resin at 19 cents
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per pound. A table of cost comparnisons (table VI) for various stabilizing agents
has been prepared from data supplied by personnel of the Iowa Engineering
Experiment Station who have been working with the different chemicals listed.
Stabilization of loess with AF is one of the most expensive treatments listed.
However, the benefits derived from the use of AF could well justify the extra
cost. It is conceivable that AF could be used in conjunction with a cheaper
method of stabilization in building, roads, the more economical method making
up the majority of the stabilized material and the AF being used in'areas of
critical moisture.

Lower grades of either aniline or furfural are not available because of the
nature of the processes by which they are made. Manufacturers find that they
are able to sell the purest.products cheaper than they can sell the chemicals
contaminated with water because of the cost in transporting the inert water.

Furfural plants are located in \Iemplns Tennessee; Omaha, Nebraska; and
Cedar Rapids, Iowa.

Toxicity of Aniline and Furfural

The toxicity of anijline has been studied in considerable detail because of its
industrial importance and uses®°. The symptoms produced by the inhalation or
ingestion of aniline are headache, nausea, prostration, giddiness, mental confu-
sion, and violent neuralgic pains. If-the dose has been large enough; these
symptoms are followed by cyanosis, excessive perspiration, loss of reflexes and
voluntary movement, hurried weak pulse, rapid or irregular respiration, hemo-
globinuria, and-coma with dilation of the pupils. Sufficiently long survival of a
large dose of poisoning produces jaundice with a great increase in the biliary
pigment of the skin.

Cases of chronic poisoning develop anemia, skin eruptions, nervous symptoms,
and amblyopia. Chronic cases lasting a number of years occasionally develop
bladder carcinomas as 'a result of continuous irritation of that organ. Aniline

;
TasLE VI. ECONOMIC COMPARISONS OF VARIOUS STABILIZING
TREATMENTS FOR som. 20-2

Stabilizing Treatment - Cost Strength  Stabiliza-
material after 24 tion cost
hours cents per
Cents per  immersion 100 1bs.
% Ib. Ibs. of soil
Aniline-furfural 1 19 530 19
"2 19 810 38
3 19 980 57
Cutback asphalt 10 2.41 220 24
Portland cement 15 1111 1780 16.7
Lime-Fly ash (1:2) 18 0.58 485 10.5
Hydrated lime - 6 . 1.125 250 6.7
Arquad 2S 0.16 43 310 6.7
Crude amine 0.30 18 260 5.3
Armeen residue 0.38 9 - 330 3.5
Arquad 2HT 0.08 36 330 2.7
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workers have a high incidence of popillomas and carcinomas of the bladder, and
these may develop several years after exposure.

Ingestion of as little as 0.25cc. of aniline may produce symptoms of poisoning?°.
Recovery has followed ingestion of 75 cc., and ingestion of 25 cc, has proved
fatal. The maximum allowable vapor concentration is 5 parts per million?".

Furfural has’ very mild toxic effects compared with those of aniline. Furfural
at 280 parts per million causes only slight irritation to the mucous membranes
of lower animals®. Furfural is less apt to produce contaminated atmospheres
than aniline because a higher concentration is required for toxic effects. Contin-
ued exposure to furfural can produce chronic effects, so unnecessary exposure

should be avoided.

SUMMARY

The mechanism of aniline furfural resin formation within the loess may be
explained by the theorization that the phenomena of absorption and adsorption of
the chemicals by the predominent montmorillonitic type clay minerals is of
- primary significance. Absorbed chemicals form part of the resin within the ex-
panding lattice of the clay minerals, and the remainder of the final resinous
products are formed by a reaction between absorbed and free chemicals. The
formation of resin from absorbed chemicals produces a link through the crystal
lattice of the clay minerals. The resin formed by the reaction between -adsorbed
and free chemicals produces a covering over the clay and a cementation between
the clay and surrounding particles with a consequent aggregating effect.

The overall result of this type of mechanism is the formation of several types
of bonds in addition to those in the natural soil. The natural bonds in loess are-
primarily those of clay to silt and clay to clay as several investigators have found °
the clay to exist mainly as a covering on the larger silt particles. The bonds re-
sulting from the resinification reaction are those of resin to clay, resin to sﬂt
resin to large organic cations adsorbed on the clay, and resin to resin.

The reaction between aniline and furfural produces large organic cations'2,
" p. 75. A 2 percent treatment of soils should be sufficient to saturate all soils except
those of the very highest cation exchange capacities. Large organic cations of AF
held in the exchange positions should enter into polymerization reactions by their
unsaturated double bonds and therefore be linked to other aniline furfural cations
held in other exchange positions. This would create a bond between clay minerals
and aggregates of soil particles.

Furfural is more highly absorbed by clay minerals than aniline!®. Furfural is
also more soluble in water than aniline. The mixing study (Appendix) shows that
the introduction of water and furfural before aniline produces the most satisfacto-
ry results. More resin is probably formed between the unit layers of the clay
minerals when this mixing procedure is used. Since furfural is more soluble in
water than aniline, the introduction of furfural first should tend to provide the
most uniform distribution and absorption of chemicals.

The low shrinkage during drying and the low amount of swelling on immersion
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may be explained by this theory. The formation of a resin between the unit layers
of the clay minerals tends to hold the layers apart in an expanded position even
after moisture removal, accounting for the low amount of shrinkage exhibited.
However, the reentry of moisture provides little or no expansion, since the clay
minerals are already in an expanded state. ~

The low moisture absorption and hydrophobic character of the AF stabilized
soils are alsc censistent with the theory. Saturation of the cation exchange: sites
with large organic cations to produce hydrophobic qualities has been discussed
812 p. 75. The AF reaction products include such cations, and the hydrophobic
character of loess stabilized with AF is well illustrated by the Atterberg limits
and weathering tests previously discussed. Moisture does find its way into the
clay minerals but in small quantities only. The volume of available space is no
doubt a large contributing factor to the amount of water absorbed. Any resin
formed between the unit layers of the clay minerals and in the void spaces of the
soil mass prevents moisture from occupying these positions. Therefore the amount
of moisture absorption is reduced below that possible before stabilization.

The formation of resins between the unit layers of the clay and on the clay is
supported by the results of the differential thermal analysis, which indicate that
the resin is formed in close association with the clay. The steady gain of immersed
and dry strength with increased AF content supports the reasoning that an
enclosure and cementing of soil grains and aggregates occurs. Increased resin
content tends to increase the thickness of the enclosing and cementing wall, thus
increasing the overall strength of the stabilized soil.

According to this theory stability should increase with an increase in clay
content, However, the data indicate that the optimum stability occurs in the mid
range of clay content. There is an indication that aggregation of treated soil also
increases with clay content. In soils having clay contents above that which pro-
duces maximum stability the aggregation appears to be increased so that total
or near total saturation of the clay minerals with the resin is prevented. This
tends to reduce the effectiveness of the overall stabilization 6f a soil with a high
clay content by leaving seme soil in the aggregates untreated as was found to be
true by visual inspection of fracture planes. Possibly, the use of a small amount of
sodium ion in the mixing water would aid this situation by dispersing the clay
particles so that contact between the resin and more clay would be possible.

The contour curves that have been plotted (figures 3, 4, 5, 6, 7) should aid in
the design for any contemplated use of AF. The use of these curves requires

. a knowledge of the clay content of the soil only. Primary consideration should be

given to strength and moisture absorption which then fix the amount of resin
needed. Should the amount of material needed for proper stability be too high,
the use of AF must necessarily be discarded in favor of a more economical means
of stabilization. '

The close agreement of the findings of this investigation with others®* are
interesting to note. Particularly significant is the agreement that the mid-range
clay content soils derive the greatest benefits from the resin treatment and that
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' the resin is both a waterproofing agent and a binding agent. The results of the -
~ present study also indicate that a minimum of about 2 percent AF is needed for
- resistance to weathering. Since the earlier studies, ‘which were performed on a
. variety of soils other than loess, and the loess studies agree so closely, it seems -

plausible to assume that the results may be extrapolated to still different soils
with a reaqonable degree of accuracy. _ ' ‘

—
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APPENDIX

The order of mixing of aniline, furfural; and water into soil has an important
influence on the final stabilizing effectiveness of the AF treatment. The.deter-
mination of moisture content in samples containing unreacted chemicals is a
difficult problem and is considered here because of its obvious influence on the
moisture denSIty relationships.

Ratio of Aniline to Furfural

-A study of the effects of the ratio of aniline to furfural was made in which this
ratio was varied from 1:4 to 3:1. The total amount of aniline and furfural was
held constant at 5 percent and mixed with soil 20-2 to have a common basis
for comparison. The dry and soaked unconfined compressive strengths were
determined along with the total volatile loss during drying and the moisture
absorption during soaking.

The data clearly indicate that a weight ratio near 2 parts aniline to 1 part fur-
fural is an optimum ratio (table VII). Plots of the data indicate that maxima or
minima occur slightly below the 2:1 weight ratio. These results agree closely
with those of other investigators. A weight ratio of 1.93:1 is a 2:1 mol ratio
which is the exact stoichiometric relation between aniline and furfural as pro-
posed?® 27, Ratios as low as 3:2 and as high as 5:2 could be used without-a drastic-
departure from optimum conditions. -

Order of Mixing

Batches of soil in which all possible combinations of the order in which the
chemicals and the water should be introduced were mixed. The resulting mixtures
were molded and air cured for ten days and then tested for dry unconfined
compressive strength, soaked compressive strength, deformation at failure when
tested dry and after soaking, water absorption, swelling, loss of volatiles and
shrinkage during air curing. The results were tabulated, and an arbitrary value
of 10 was assigned to the best performance in each test, 9 to the second best, 8
to the third, and so on. The results of the first five tests mentioned were used
as evaluation criteria because the results of the last three tests did not vary
significantly.

The ratings revealed that the mixing order of water, furfural and then aniline

TaBLE VII. ANILINE-FURFURAL RATIO STUDY DATA’

Weight Dry Wet Weight Moisture
ratioof  strength strength loss absorption
aniline to during  after 24 hrs
furfural curing  immersion
) 1bs. Ibs. %
1:4 1530 190 17.83 153
1.2 1630-.. 390 16.6 -14.2
2:2 1310 . 400 15.5 16.1
. 3:2 2430 1090 . 15.2 2.9
4:2 2790 1240 15.4 2.2
5:2 2540 1070 15.3 2.6
6:2 2100 580 15.7 10.7




produced tht; best all around product. The second best mixing order was found
to be furfural, water, and aniline. Mixing furfural in last produces fair results,
but mixing water in last was definitely shown to be poor procedure.

The results are only very slightly better when water is mixed in first than when
furfural is mixed in first. In any case it is important that the aniline be mixed in
last. This is probably because furfural is more soluble in water than aniline, and
furfural is also absorbed by clay to a greater degree than aniline!s,

All mixtures were henceforth made by mixing the water and furfural simul-
taneously into the soil until the mass was homogeneous. Aniline was mixed in
last, just prior to molding.

Determination of Moisture Content

The moisture content of soil is defined as the ratio of the weight of water con-
tained in the soil to the weight of the dry soil: it is expressed as a percentage and
is detérmined by drying a sample to equilibrium moisture content in an oven at’
100-110°C. The difference between the weights of the sample before drying and
after drying is taken as the amount of moisture contained in the soil.

Moisture determination in samples containing unreacted aniline and furfural
presents a difficult problem, since both aniline and furfural are volatile. Some
loss of these chemicals occurs along with the normal loss of water, although the
resin forming reaction begins immediately on contact between the aniline and
furfural. The rate of resin formation depends on many factors including tempera-
ture and catalysis, but the rate of volatilization depends mainly on temperature
and the amount of unreacted material present. Research done on this problem has
indicated that the loss of unreacted chemicals also depends on the amount of
water present at the time of mixing.

The weight of the material after oven drying includes both the original amount
of soil and the residual aniline and furfural that have reacted to form the non-
volatile resin. Since varying percentages of resin were studied, all moisture
contents for molding purposes wére computed as a percentage of the weight of
the oven dry soil. This places the moisture contents at the time of molding on a
common basis and permits a comparison of all mixtures, including those composed
of only soil and water.

After air curing most of the original mix water has been lost through evapora-
tion and the residue is soil, hygroscopic moisture, and- AF resin. Moisture is
absorbed when treated specimens are immersed or otherwise brought into
contact with water or water vapor. Since this moisture is apparently absorbed
by both the soil and the stabilizing resin the percentage absorption is computed
on the basis of the combined weights of the oven dry soil and resin.

The moisture content of specimens molded from a prepared batch- may be
determined by adding the hygroscopic moisture of the soil used and the amount
of water incorporated into the mixture. This method of moisture -determination
is subject to the errors of evaporation during mixing, evaporation during .the
process of molding, and the limitations of quantitative measurements prior to
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'mixing. A correction was introduced to compensate for evaporation loss during .
mixing by adding a predetermined amount of extra water to the mass before
mixing. Evaporation during molding was kept at a minimum by covering the
mixing bowl containing the batch of soil, water, and AF with a water saturated
cloth. This keeps the partial pressure of the water vapor in the atmosphere above
the mixture at a maximum and evaporation from the mixture at a minimum.
Errors due to volumetric apportionment of fluids are easily kept within limits of
% a gram. Since the soil mass weighs over 1000 grams, the error due to volumetric -
measurement is less than 0.05 percent of the soil weight. -

As a check on the accuracy of this method for moisture determination, some
tests were made in which small individual samples of 2:1 aniline, furfural, water,
soil systems were oven dried at 100-110°C. The soil was first weighed in a small
aluminum weighing can, after which furfural was added and mixed into the
soil. The can and contents were again weighed to determine, by difference, the
amount of furfural added. Water was then added and mixed with the soil and
furfural. The can and total contents were again weighed. Finally aniline was
added and mixed into the system, the total amount was again weighed and
placed in an oven for 24 hours. All of these weighings, together with a separate
determination of hygroscopic moisture in the soil, permitted an accurate material
balance to be made. The oven dried sample was weighed, and the amount of AF
lost was determined. ' :

A number of similar samples were prepared, varying the amount af aniline
furfural and the amount of water in each sample. It was found that a plot of the
percentage of the AF lost ini drying versus the weight ratio of initial amount of
water to initial amount of AF was very close to a straight line with a slope of
‘one and an intercept of 17. The equation of this line permits the derivation of a
moisture content equation dependent only on the variables of total loss after
oven drying and the total residue after oven drying.

A similar study found that the moisture may be determined, without apprecia-
ble error, by expressing the total volatiles lost as a percentage of the total resi-
due'. This was subject to the condition that the moisture sample be held in a
covered can for 30 minutes before placing in the oven. The 30 minute period
appears to be sufficient for the aniline and furfural to react to a degree that
. minimizes losses in the oven or at least makes the losses consistent. The previous
method requires samples to be placed in the oven immediately.

Both of the above methods of moisture determinations are time consuming.
Samples containing unreacted AF must be placed in an oven to dry with a-
consequent volatilization of some of the chemicals. These volatile chemicals have
a tendency to be absorbed by other samples and thus produce contamination:
The change in weéight due to absorbed vapors proved to be quite serious in some
cases. It was therefore decided to use the method of moisture determination in
which the ‘moisture is.calculated by the amount of water introduced prior to
mixing.
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RELATIVE EFFECTS OF CHLORIDES,
LIGNOSULFONATES, AND MOLASSES ON PROPERTIES
OF A SOIL AGGREGATE MIX

by

AT Gow, Captain, Corp of Engineers, U.S. Army
D. T. Davidson, Professor, Civil Engineering
J. B. Sheeler, Associate Professor, Civil Engineering

(Highway Research Board Bulletin 282. 1960.)

_ ABSTRACT

Selection of the most economical stabilizing agent for a desired effect on the
properties of a soil should be based on knowledge of relative effects of the agent
rather than on personal prejudice or the publicity given to an agent. The object-
ive here is to provide a starting point for cost-effect comparisons by showing
- the effects of four agents on certain properties of a single soil aggregate surface
course mix.

Propert1es compaxed were: moisture-density relations as determined by stand-
'ud Proctor density tests; strength as determined from California Baring Ratio

studies; moisture retention as determined by a non-standard test; and the plastic .

properties of the mix as determined by the Atterberg Limits tests. Additives, used
in treatments of 0, 0.5, 1, 1.5 and 2%, were: Peladow calcium chloride pellets

Sterling FC and cC salts Toranil A and Lignin Liquor spent sulphite liquors, and -

a 79.5 Brix molasses.

The mechanism of stabilization with each agent was discussed to permit extra-
polation of effectiveness to other soils. No selection of the “best” agent was made
since this is a function of the desired effect on properties and available funds.

INTRODUCTION

Scarcity and costs of better grade road aggregates combined with ever increas-
ing demands for low cost secondary roads have focused the attention of highway
engineers on the use of chemical additives to conserve available aggregate and
" to improve the performance of inferior materials. Despite the extensive research
conducted relative to chemical stabilization, no record is available reflecting a di-
" rect comparison of the effects of the additives selected for this study on the prop-
erties of a specific soil.

Since loglcal selection of the most. econormcal additive for a desired effect can
not be made without a basis for compansé)n this study was initiated to provide a
starting point for cost-effect comparisons. The objective of the paper is to com-
pare the effects of calcium chloride, sodium chloride, lignosulfonates, and mo-
lasses on the moisture-density relationships, strength, moisture  retention and
plasticity characteristics of a soil-aggregate surface course mix.

MECHANISM OF STABILIZATION
The two main factors contributing to the stability (resistance to lateral flow)
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of a granular road are internal friction and cohesion*®. Internal friction in a soil-
aggregate mix is attributed to the granular fraction, and. is a partial function of
density. Cohesion, on the other hand, is a function of soil fines, moisture films,
and cementing agentsS. .

Chloride Stabilization -

Increased stability of granular road bases has been attributed to the use of
chlorides to the following seven effects®:

1. Lubrication. Based on the unctuous nature of a chloride solution, increased .
densities of 1 to 7% are cited in comparison with an untreated soil. This increase
in density may logically be expected to increase internal friction and reduce the
rate of moisture loss. Although this effect is less pronounced with sodium chlor-
ide than with calcium chloride, the deficiency may be negligible since sodium
chloride contributes to dispersion of the binder preventing localized concentra-
tions and thus eliminating soft spots.

2. Flocculation of clays. Presence of certain amourits of sodium or calcium ions
in the mix will flocculate the binder into silt sized particles. This amounts to
changing the grain size distribution and may have the effect of reducing the
plasticity index. Other concentrations of ions (more or less) will cause electrical
-imbalances which will tend to disperse the clay. Crystallization of the salt or
leaching by rainfall will change the concentration of ions, permitting dispersion
of the clay, with consequent plugging of voids contributing to watertightness.

3. Moisture retention. Because of the deliquescence of calcium chloride and the
hygroscopicity of sodium chloride, the rate of evaporation of soil moisture will
be reduced. As a result, cohesion will be retained and the binder fraction will
function as desired rather than being lost as dust. .

4. Solubility of road aggregate. This effect is mentioned as a possible means of
cementation within the mix and is based on the solubility of limestone and dolo-
mite in chloride solutions, resulting in precipitation ‘of cementitious carbonates.
The effectiveness of this reaction is unevaluated.

5. Freezing point depression. By lowering the freezing point of the mixture, re-
sistance to temperature effects is obtained with the use of chlorides. For complete
freezing, road temperature must be —59.8°F with calcium chloride treatment
or —6°F with. sodium chloride treatment; thus the creation of ice lenses is in-
hibited.

8. Surface tension. The increase of this property due to the presence of chlorides
results in strengthening water film bonds between soil grains, adding to ap-
parent cohesion. With evaporation, the chloride concentration increases, causing
a further increase in surface tension. The degree of increase may be such that
increased densities will result. ‘

7. Crystallization. This effect is present only with sodium chloride and may
compensate for the lesser effectiveness of salt altering other properties. Advan-
tages which result from the formation of salt crystals are: the crystals plug voids
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~ thus reta.ld.mg evaporation, “and shrlnkage they act as a cement whmh plevents
aggregate losses, and they provide a hard, ’aghtly kmt traffic surface.

ngnosulfonate Stabilization

. The principal effects of hgnosulfonates on-a 5011 agglegate rruxtule are those

of cementation and dispersion of clay®. - "

Cementation’ is derived from the fact -that the hgnosulfonates bemg water
soluble polymers, act in the soil similarly. to a glue.-Best results are obtained vmth
mixes rich in binder soil, since open. type mixes permit rapid leaching of the
) hgnosulfonate Hygroscopicity of the wood sugars present may also contrlbute

to strength by retarding evaporafion, thus benefiting cohesion. '

Dispersion of the clay fraction benefits stability of the s01l-agg1 egate« mix by
‘plugging voids and consequently improving watertightness and reducing frost
susceptibility, eliminating soft spots caused by local concentratlons of binder
soil, filling voids with fines thus increasing density, and increasing the effective

surface area- of the binder fractlon which results in a greater contr1but1on to

: stlength from cohesion.

Molasses Stabilization '

- The principal ‘effects of molasses ina 5011 -aggregate mix are increased m01sture _ ‘

retention and cementation”: Moisture retention effects may be attributed. to the
hygroscopicity of the molasses and .to reduced Vapor pressure. From. thlS de- -
scription of the cemeéntation effect, it would appear that the actual, effect is not
'cementatlon which implies a ugld bond_between particles, but rather an in-.
crease in surface tension with consequent increase in apparent cohesion. As Wlth
lignosulfonates, best results may be anticipated with a high percentage of binder
soil owing to the ease with' Whlch molasses w111 enter solution and be leached
from the mix. :

INVESTIGATIQN -
Materials Used ' . Sy

- Soil-aggregate mix. Three natural soils contammg about 6%. ‘moisture, were

'blended in a two cubic foot cement mixer to give a soil-aggregate mix conforming -
to Towa State Highway Commission .specification 4111¢ for stabilized surface
course materials. The three soils used were: a pit-run gravel frorn a glacio-fluvial
deposit north of Ames, Jowa; a silty clay loam (Monona Series, C horizon) from,
Shelby County, Jowa; and a C horizon oxidized Wisconsin-age (Caly) glaCIal
till from near Ames, Iowa.

The gradatlon of the resultant mix.is shown in table BE othe1 physical proper- :

ties of the soil- aggregate mix are as follows:

Liquid limit, 25.5% . - ~ Carbon content, 0.1%
Plastic limit, 16.8% . = - ' - Carbonate content, 21.2%
_Plasticity index, 8.7 = Cation exchange capac1ty, 7.5 me/
Optimum moisture, 9% ~ -~ .- 100 gm- -

-7 Std. Proc. dens., 129.2 pef c Exchangeable catlon Cat+

" Specific gravity, 2.69 ' © . -pH, 8
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X -ray’ analyms of the f1act10n passmg the no 900 sieve 1evealed the presence

) ;of quartz, calcite, dolomite, and feldspars, as well' as the-clay minerals: illite,
- kaolinite, montmonllomte and vermiculite, although recent work indicates that
_the latter.may be a non- expandmg 14 angstrom montmorillonite. No quantitative
. analysis of thesé minerdls was attempted but the predommant clay mineral. was
" montmorillonite. - S .

. Results of a petrographic analys1s of the remaining p01t10n of the soil- -aggregate

mix are shown in table II. ;o
,Calcium chloride: Calcium chloride for this study was p10v1ded in the form of

Peladow pellets (tables I, III). In this form the chloride is anhydwus contains - -

about 95% CaCl., and costs approximately $30 per ton undelivered.

- Sodium chloride. Rock salt was provided in two gradations (tables I, IIL). The '
" larger size saltis designated by the manufacturer as Sterling CC, and the smaller

a$ Sterling FC. Identification in this paper will be by the letter. d651gnat10ns CC

- - and FC respectively. Costs at the mine for. these salts vary from about $8 to §13
_ per ton depending on the size.shipment and the packaging reqmrements

. Lignosulfonates. Two types of spent sulphite liquor were used in the study.

: ,The flrst Toranll A is a desugared calcmm hgnosulfonate ‘which Was provided

'

TABLE I. MECHANICAL A_NALYSES OF DRY
MATERIALS USED IN STUDY

-Weight percentage retained on sieve :
Sieve . Soil- CaCl= NaCl NaCl -
size - aggregate (Peladow) (C€) (FC)

¥ ) . 3/8"" - . Nil, 0 — .o
: , S 18.55 0.2 35.0 - ‘
TH8 o - °87.0 48.0. . 0
#10 180 . . — - - -
#12 = = . = .+ b0
#16 o= = 15.9 — "
#20 — ’ 62.8 - 42.0
#40. 29.15 - -—= T = — -
480 = - - 43.0 .
#200 11.20 - — ~
. Pan 23.20 0.1 1.1 10.0° .
N ® Indicates sieve not used in analysis.

. TasrE II. PETROGRAPHIC ANALYSIS OF PORTION OF THE SOIL-
AGGREGATE "MIX COARSER THAN THE #200 sieve )

Sieve ' Welght percentage .
retaining’ Quartz Feldspar Heavyt Carbonatesi  Aggregate§
, ‘material '
- 0 -2 0" 51 47
. B10 21 - 1. 0 38 . " 40
#40 ~T78 . trace 0 ~.6 ©~16
#200 98 . -6 7

. 7 7
T ® Includes quartz and quartz1te v '
+ Includes turmaline, augite, magnetite, and opaque minerals.

1 Includes limestone’ and calcite.
- § Includes all rock frafrments, e.g. gramte, ete.
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in the concentrated form (50% solids). The other, lignin liquor, is also a concen-
trate rich in calcium lignosulfonate, but contains a higher percentage of sugars
(table 1V). Costs are about 4.5¢ per gallon undelivered. )

. Molasses. Although the Brix reading of the molasses used in the study was 79.5,
representing a sugar content of 79.5%, evaporation to constant weight at 70°C
revealed a solids content of only 50% by weight (table V). Cwrrent cost is $35
per ton in eastern Towa.. , :

. Method and Procedure )
To permit direct comparison of effects, test specimens were prepared con-

TasrLE III. TYPICAL CHEMICAL ANALYSES OF CHLORIDES

Weight percentage

Constituents CaCl= NaCl NaCl
(Peladow) (CC) (FC)
CuCl: 95.2 0.053 0.071
NaCl 1.15 98.220 98.236
KC1 2.96 —° -
Ca(OH). . 0.068 - -
CRCO:; 0024 — —
CaSO0Oy — 0.643 © 0.651
MgCl. - 133% . 0.052 0.085
Heavy metals as Pb 0.5 — —
S as SO 0.009 - —
e 16t — — -
Water insolubles - 1.041 0.957

* Indicates not determined.
1 Indicates parts per million.

Tasre IV. PROPERTY ANALYSIS OF SPENT SULPHITE

LIQUORS AS GIVEN PY PRODUCERS
Property Toranil A Lignin Liquor
Total solids, % 50 52.4
Total sugar, % 0.6 115
Total sulfur, % —° 3.21
Ash, % 8.65 8.58
Calcium oxide, % 3.75 3.40
Specific gravity 1.24 1.267
pH 4.55 4.0
Manufacturer Lake States Consolidated
. Yeast Corp., Water Power &
Rhinelander, Paper Co.,
Wis. Wisconsin - Rapids,
Wis.

¢ Indicates not determined.

TanLE V. TYPICAL ANALYSIS OF 79.5 BRIX
MOLASSES

Constituent Weight percentage

Minimum invert sugar
Reducing sugar

Sucrose

Nitrogen as crude protein
.Ash :
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fainingj 0, 0.5, 1.0, 1.5, and 2.0% of each of the previously described additives. The
percentages were based on the weight of solids contained in the additive, and
the oven dry- weight of the soil, aggregate mix. Duplicate specimens were pre-
pared for each phase of testing. ,

-Daily readings of temperature and relative humidity from a psychrometer lo-
cated in the laboratory were recorded throughout the test periods to permit-cor-
relation with effects. '

Mixing was in a model CC20 Blakeslee mixer in the sequence soil, additive,
water. Materials were mixed mechanically for about three minutes, then trans-
ferred to a shallow pan where final mixing was done by hand. Next the mix was
compacted to a depth of about two inches using a 5.5 pound rammer. Curing for
about five minutes while covered with a damp cloth (to retard evaporation) per-
mitted more uniform absorption of the moisture.

Standard Proctor moisture-density relationships. These tests were-performed in
accordance with method D. ASTM tentative method of test D 698-57 T2, except
that the height of the molded specimens was five inches instead of the specified
4.584 inches.

California Bearing Ratio. These tests were performed in accordance with the
procedures of the U.S. Corps of Engineers?. For each percentage of additive, four
specimens were prepared at optimum moisture content and maximum density as
determined by moisture density tests. Two specimens were tested immediately
to determine the CBR values. Then, after four days immersion using a 5 pound
surcharge, the soaked CBR values were obtained from the opposite ends of the
specimens. The second: pair of specimens was permitted to air cure under room
conditions for a week prior to being subjected to the same tests. Expansion of the
specimens. during the periods of immersion was also determined.

Moisture retention.. This property was determined through a non-standard
method of testing. Two specimens, identical to those for the CBR tests, were
prepared for each percentage of the various additives. Specimens were extruded
and stored on open shelves under room conditions. The weight of the specimens
was recorded after extrusion and after lapses of 1, 2, 7, 15, 30, 60, and 90 days.

Atterberg limits tests. These tests were performed in accordance with ASTM
tentative methods for test D 423-54 T(1) and D 424-54 T(3). Material for
testing was obtained from specimens used in the moisture retention tests.

RESULTS OF INVESTIGATION

Moisture-density Relationships

Effect of calcium chloride. Marked increases in density were realized with the
addition of calcium chloride to the mix. The dry densities obtained are shown in
figure 1. Of particular interest is the fact that maximum dry density was obtained
at 1% calcium chloride, and that addition of more chloride tended to decrease the
density. : )

This phenomenon may be explained by reference to the.diffuse double layer
concept, which considers that the clay particles have negative surface charges
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caused either by isomorphous substitution of lower valence ‘cations within the
lattice or by adsorbed hydroxyl ions due to broken valence bonds. These negative
surface charges cause repulsive forces between clay particles thus increasing the
compactive effort required for a given density, or conversely lessening the
density which might be attained with a given effort. Introduction of Cat+ ions
will give two beneficial effects. First, the negative surface charges may be neu-
tralized, thus eliminating the repulsive forces, and secondly, because the calcium
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L ~ ion carries a double positive charge, valence bonds may: be set up between neigh- -
T " boring clay micelles. Both of these effects will mean g1eate1 densities with the
< . given compactive effort. = - S ;
L " Continued addition of calcium ions will give 1ncreased benefits ‘only until the __— ‘
negatlve surface charges are satisfied. Beyond this optimum point additional ions
will be detrimental since the media will then assume a positive charge and re-
’pulswe forces will be reinstituted. This, apparently, is the explanation of the
" lower -demsities obtained in this study with the hlghel percentages of calcium’
chloride.
T~ -An additional pomt of interest in ‘this phase of the 1nvest1gat10n is the apparent
‘inverse relationship between optimum moisture content and maximum dry densi-
ty, indicating the need for greater lubrication to assist in over coming the lepulswe_ -
forces.
Sodium chloride. As with calcium chloride, densities obtained with the addi-
- . tion of sodium chloride expeeded the maximum obtained with the untreated soil-
SO .~ aggregate mix. Unlike the specimens treated with calcium chloride, those treated
~.+ . - with sodium, chloride were not restricted to a single optimum chloride content.
) ‘ Whether the salt used was CC or FC, a minimum dry density (treated matenal)
was observed at 1% salt (figure 1).
Since the hydrated sodium ion is larger and more reactive than the C'Ilcmm ion, . . .
“and since a gram of sodium chloride contains aJInost twice as many cations as- o
a gram of calcium chloride, it is reasonable to expect an effective neutraliza- ‘ n
tion of the negative surface charge of clay-by a lower weight percentage of so-
- . dium chloride. At-0.5% salt, a maximum density was attained probably because of
S ) an effective neutralization of negative surface charges on clay particles. This
N ‘maximum dens1ty was not as great as that for 1% calcium chloride treatment ,
o ' since valence bonding of clay micelles is less probable; and since the size of the \
hydrated sodium ion precludes as close an approach of the neutral clay particles.
‘At 1% sodium chloride content, the repulsive forces were active because of the.
excess sodium cations, and lower densities resulted. Because the repulsive forces -
- are related inversely to the square,of the distance between charges, and because
_of the imposition of aggregates and voids, a maximum effective value of re-
" pulsive forces is attained which is relatively unaffected by the addition of mere |
salt to the mixture. Thus, in effect, the increased densities which were ‘obsei'ved\
_ at 1.5 and 2% sodium chloride . may be pamally attributed to the additional weight ’
of salt contamed within the specimens.
That all densities resultlng from FC salt treatment are less than. those resulting
"from corresponding percentages of CC salt may be explained by the gradation ' .
differences. The FC salt, being finer grained, went into solution more rapidly
than the coarser grained CC salt. Instances weré. noted where the CC salt crystals .
were not completely dissolved at the time of molding. Thus the number of active:
_ sodium jons was greater in the specimens prepared with FC salt.
The inverse relationship between moisture content and maximum dry density
was again evident in the case of sodium chlor‘ide treatment, with the exception
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" of samples contdining 15 and 2% FC salt Thls may have resulted from 1ncomplete
dissolution or from erpeurnental error. , D

ngnosulfonates Densities obtained with the use of l1gnosulfonates as addltwes
were higher than those obtained for the untreated soil- -aggregate mix. The lignin
liquor showed a sl1ght advantage over Toranil A in all percentages The maxi- ¢
mum dry densities are given in F1gure 1

With the. lignosulfonates constant maximum densities were obtamed at 0. 5 1
" and 1.5 % additive, and a decrease in (density was obtained with 9% additive,’
 Speculation as to the-cause of den51ty variations has lead to the conclus1on that -
“the, initial density increase at 0.5% lignosulfonate tieatment is caused by better
" Iubrication derived from thé decrease of surface tension. Since tlie hgnosulfonates
are assumed to coat the soil particles, the addition of further, lignosulfonates .
should lead to thicker films and. consequent separation of the “soil grains. The
specific gravity of the liquor is lower than that of the soil so that dlsplacement of
soil by lignin should lead to lower densities. Presumably, at 1 and 1.5% liquor, the"
beneficial effect of lubrication compensates for the thicker films and. the ovérall
density remains constant: At, 2% lignosulfonate, the effect of thicker. films predom-
inates and density decreases:

The difference in-densities obtained with l1gn1n liquor and with. Toraml A is
believed to be caused by the different specific gravities of- the hquors Lignin -,
liquor, having a slightly h1ghe1 specific gravity, gave greater maximum dry den-_
sities. Other possible reasons for this difference might be found_in the difference
in lubricating propertles because of the dlffermg sugar contents or in experl-
mental error. ) I

" The inverse relationship between maxnnum d1y density and optunum moisture
‘content was again apparent with lignin liquer, but ‘was not shown: by the
Toranil A treated specimens. A possible explanation is that the clay lumps may
have been' coated in, aggregated masses with the higher percentages of Toranil
"A, preventing water intrusion, thus changing the ‘effective gradation of . the mix
and lessening the moisture requirement for optimum lubrication.
~ Molasses. _Although dens1ty increases were appreciable -with the addition. ot

molasses to the soil-aggregate mix (figure 1), they were not as great as with any
of the other additives. As with lignosulfonates, density increases are attr1buted
to the lubricating effects accompanying reduced surface tension.

Optimum molasses content for maximum dry den51ty occurred at 1% additive,
with only slight dev1at10n at contents of 0.5-and 1:5%, The same mechanism, as
" was proposed for ‘the variation of density with lignosulfonates, is believed ap-’

plicable- to the molasses treated specimens; benefit from lubrication being over-

_ridden at higher percentages of -additive by d1sper51on caused by thicker films.
- The erratic nature of variation of optimum moisture with percent molasses is
believed to be due to causes dlscussed for Toraml A

California Bearing Ratio
Although CBR tests as performed 1ncluded obtalmng values: for. spe01mens
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i pérmitted to f‘:lir dl'y for sé\"/en- da:ys,.'direét d not
_ be realistic since all specimens were not subjected to similar conditions of relative

oL . R - -

vcomApari‘son‘ of these results would not - -

“humidity and temperature. For this reason the discussion of results will center

" ‘on test values for specimens tested immediately, and after four days immersion,

- with only occasional mention of curing effects:

- Effects of calcium chloride. CBR values were increased in all cases by the

addition of calcium ¢hiloride, the t_re‘nd both in irnr‘n‘e('li‘,ate and soaked valués ‘ap-
parently correlating with the density of the specimen. The highest immediate
CBR value was that with 1% calcium chloride (table VI). This value, (103.0%)

‘represents an increase in strength of nore than 600% when compared to the value

* obtained for the untreated soil-aggregate mix. After four days immersion, the

S

s'tieilgth’ is 490% that of the untreated mix tested under the same circumstances.

- After seven days curing, all of the calcium chloride treated specimens reflected

an increase in unimmersed strength with only the 1% specimens failing to ‘give
higher immersed strengths than thé. corresponding uncured specimens. Expan-

sion of the specimens during soaking was negligible (table VI). - -

' ‘vEffects: of sodium chloride. Mzrked increases in immediate CBR values were .
. obtained with 0.5, 1.5, and 2% CC salt treatments, but, only the 0.5% FC salt
~ tréatment gave values'exceeding the untreated value. At-1% CC salt,-and at both -

\

TasrLE VL. RESULTS OF CALIFORNIA BEARING' RATIO TESTS:

California" Bearing Ratio, %

- - Additive - Uncured specimens Cured specimens  Expansion; % _l
- -Kind~ . % -Immediate Immersed Dry . Immersed Uncured  Cured
Untreated =~ — 153 98 405 225 019 0.51
CaCls= 05 .420 . 350 1290 670 020 - 0831
(Peladow) . 1.0  103:.0 480  160.0 480 026 - 0.40
S 15 51,0 43.0 82.0 530 021 0.9 -
- _ 20 38.0 275 . 440 - 300  0.25 0.19 -
NaCl (€C) 05 565 45.0 90.0 525. . 033 - 011
1.0 125 6.5 815 210 © 0.9 0.03
.15 510 360 12007 - .57.0° 005 0.09
_ , 2.0 34.0 250 . 545 *© 435 010 0.09
‘NaCL. (FC) .03 51.7 42.0 6L:0 440 0.29 0.20
- 1.0 168 10.8 21.0 - - 177 0.2 0.16
' 15 12.0 8.3 20.0 180  0.06 0.15
; 20 8.6 . 64 14.5 100  0.05 0.08
“Lighin, . - 05" 7L0 _ 493 97.5 365 098 018
Tiquor 1.0 53.0 855 760 420 021 0.6
T .15 47.0 . 380 - .565 - 838 024 .70.26
20 16.0 12.0 24.0 185 004 0.32
Toranil .05 64.0° 520  97.0 46.0 . 017 029
A 10 390 32.5 64.0 300 010 - - 013
15 42.0 . 290 56.0 280 . 0.14 0.24.
, 20 . 265 200 ~ 855 213 013 0.54
" . Molasses 05- 320 245 48.0 300 1.07 0.39
: 10 280 205 500 285  0.70 . 0.57
15 120 S 115 25.0 19.0.- 052 0.61
20 .230 260 ~ 465 820 “ 013 - 083 -
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mix, CBR values were lower than the untreated CBR. If one considers the l' 5 -

“and 2% CC salt treated specimens to,be not truly representative (because of in-- '

complete dissolution of the salt), then the loss of strength may be attributed to

loss of internal friction due to the lubrlcatlng properties of the chloride solutions,

and to loss of cohesion due to repulsive forces caused by excess sodium ions. .
Loss of strength on immersion was less in the case of 0.5% sodium chloride.

_treatment than in thé case of 1% calcium chloride treatment, probably because of

the lower percentage and the lesser hygroscoplclty of the salt. Considering’ both
the accuracy ‘of the test, and the CBR curve corrections required,.the best four
day immersed CBR values (no curing) of the three chlorides tested ( FC, CC,
and Peladow) are esentially equal.

As was true for calcium chloride, the CBR values of rock salt treated specunens

* reflected strength ‘gains after curing, both dry and immersed. Of note were the . -

increases associated-with 1.5 and 2% CC salt speciimens, indicating rapid-evapo-
ration, and again supporting the assumption of incomplete dissolution of the salt.

Expansion. of the salt treated specimens on immersion ‘was neghglble (‘table e
V).

-Effects of lignosulfonates. All percentages of hgnosulfonates used in this’ study
1nc1eased the strength of the specimens.over the strength obtained with the un-
treated soil aggregate mix. The greatest immediate gain was at 0.5% lignin. liquor,

with the greatest immersed strength (uncured- and'considermg all additives) as- -

sociated ‘with 0.5% Toranil A. Immediate CBR values generally decreased with
increase in hgnosu]fonate content, 1ndrcat1ng the detrimental effects of increased .
lubrication. The exception in this trend was found at 1.0% Toranil A .treatment..

~ This may be attributed to the higher moisture content at moldmg and the conse— :
quent increasé of lubrication. : :

Strength loss on immersion of the Toranil A treated spemmens was generally
less than that of the specimens treated with lignin liquor pos51b1y due to: the -

lesser hygroscopicity of Toranil A. Another factor which may account for the.

strength loss associated with’ immersion of lignin liquor treated spemmens was
the fact that fungal consumption: of the hgnm was indicated by the presence ofa
mold on' the surface of the specimens. : - - .
Curing either benefited immersed strength or left it unchanged except in the
case of 0.5% lignin liquor. This loss may have been caused by lower waterprooflng
potential at this content or may have been cansed by loss of llgmn due to fungal
consumption. Expansion on’immersion was. negligible. - -
Effects of molasses. With CBR strength as a criterion, molasses was the least

. beneficial of the additives tested. Maximum immediate strength gain was W1th B

0.5% molasses treatment, which gave approximately a twofold increase over the”

untreated soil-aggregate mix strength (table VI). At 1.5% molasses content, a :
loss of strength was apparent. :

Results of this phase of the investigation are not. cons1de1ed to be very reliable
because the treated spec1mens were sub]ect to rapld fungal action, becommg
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moldy both durmg the curlng and immersion periods. Th1s factor combined with

‘the degree ‘of expansion ( parhcularly at 05‘7 molasses content), indicates that
"the -usé. of ‘molasses as a stablhzlng agent should be limited to areas Wlth ex-
/- tlemely dry climates. - .

Moisture Retention .

_A’direct comparison of the moisture contents of the various spec1mens as a
functlon of time of curing proved madequate as a ineans of determlmng the rela-
tive effectiveness.of the additives. Direct comparisons are inadequate. since they
show inconsisténcies, even amongst various percentages of the same additive, as.

~ well as showmg higher equilibrium moisture contents for the untreated soil-aggre-

‘gate mix than for specimens contalnlng hygroscopic additives (figures 2, 3, 4, 5,
.6, 7, 8). The reason for this apparent discrepancy is that the conditions under

which samples dried varied; therefore a more: complete analysis is required in .

_order to compare the effectiveness of the additives.
The process of drying may -be divided into four phases during which the rates

. of. drying will differ because of changes in the governing' properties*.

ba

_ Phase 1. During this phase of drying, the water content of the specnnen isata
maximum (near saturation) and thus evaporation may be considered as essen-
“tially that from a free water surface. The area of escape for water vapor can be
considered to be the exposed surface area of the specimen. This period is one of -
instability because the spe01men is ad]ustmg to the temperature of the drying -
medlum

o, N

- L B N Soil-aggre’gute mix with
indicated percent
" Peladow (CaCly)

— ~ 6 F
. - ) '

Uq(reu(ed soil-aggregate mix.

MOISTURE CONTENT, (%)

S R T B

mens. | -

'.o‘ L - L o o S sl o —
Q 30 ’ 60 . 90 '~ . o] - 30 60 90
. - 1DRYING TIME (days) JUE - i /' DRYING TIME (days}
“Fig.. 2. Variation of mmsture content. w1th drymg t1me untreated soil-aggregate speci-_
.mens. :
3 Variation of" mmsture content with. drymg time; calc1um chloride treated spec1- :




’ Phase 2. Thas isa perlod of steady rate’ drymg whlch owmg to. the lower mois- ' |
ture content, is governed by the rate of capillary movement of moisture, and the‘ ; -
" rate of flow_ into the soil voids. During th1s phase the. area of escape is. some -
portion of the exposed area of voids. -
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Phase 3. This period of drymg is chalacteuzed by a constantly demeasmg 1ate -
' 6f evaporation more or less proportional to the moisture content of the specimen.
Because of the low water availability, the rate of evaporation is governed by the
. rate of-diffusion within the specimen. The area of escape is essenhally the. ex-

., .posed surface area of the voids.

- Phase 4. The final phasé of drying again is charactenzed by adécreasing rate”
- of moisture loss. During this period, the rate of loss is governed by the water re- -
_tention forces of the soil, vapor pressure of water on clay, with the area of escape
remamlng unchanged. . ,

From’ comparison of natural evaporation formulae and constant condition
drymg formulae, it is apparent that the rate of evaporation is proportional to the
“vapor pressure- differ ence between the vapor pressure of the moisture in the soil

" and the partial pressure exerted by the air. This may be expressed as:
T dX/dt=-k Ap

moisture. content -

vapm pressme dlfferentlal

v

* MOISTURE CONTENT () -

‘a constant of proportionality for any given moisture content.

Based on this equation, the effectiveness of the additives was evaluated (fig-"
ares 9, 10, 11, 12, 13, 14). The figures show a plot of k versus moisture content. .
~In pr eparing the figures;several approximations were required. First, data for the

ally perlods were. dlscalded because of the unstable nature of th_lS phase ot

Soil-aggregate mix with
indlcated percent
molasses.

DRY[NG TIME (doys)

Flg 8. Variation . of moisture content

with drylng time,. molasses tleated
“ specimens.
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" k [evaporation rate (% per day) : vapor pressure difference {rmm. of Hg)l

. ' ~ Fig. 9. Index of moisture retention
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.. mated as.air temperature Next, since the vapor pressure differential was not con-
o .. stant throughout the drying per1ods, the assumption was made that the average of
- sentatwe of the conditions for the entire period. In this respect, the vapor pres-
- .. ‘sure of moisture in ‘the ‘specimer was based .on pure water since’ there was.no

knowledge of the concentration of chemicals in the solution. By doing this no

serious error -is introduced, since the net result is that of reﬂectmg the vapor -

, ) pressure effects of the chemlcals in the calculated values of k. -
~ .+ < 7 Based on these assumptions, the formula was solved for k and the resultant
“t. ., .7 < . values were plotted against the moisture content of the specimen at the start of
N the time period associated with tlie incremental loss of m01sture Although
certain irregularities appear-in the curves as-a result of the approximations, suf-
"ficient consistency exists to permit comparison.
~ Relative moisture retention capacity of the additives may be determined-from
. _the.curves by comparing the value of k for the various additives at a given mois-
. tare content; the greater the value, ‘the less effective the additive. Less credence

-greater effects in this range, and since specimens may have reached equlhbnum
m01\sture content before lapse of the time 1ncrement used.

S \ P 5 Lo, " . ; 1
. = - - . - |

LTS '. . drying and because the tempe1 ature of the specnnens could not loglca]ly be esti-

d1fferences for the day of weighing and the two previous days would be repre-

"+ should be given to the lower ends of the curves since weighing errors would have
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No dlscussmn of the actual 1esu1ts obtalned is deemed necessary since- the T
o 1elat1ve effectiveness may be readily observd from the curves. However, the poor- .., ' .
- ' showing of the'salt treated specimens does merit some discussion. Factors which -

should be considered because: they #re not reflected in the curves are: under.. .
S -traffic salt crystals which grew out from thie surface of the specimens would.-be -+ - :
' _ packed.into void spaces (figure,15); the exposed surface area per unit Volume-‘ -
v~ ' of the specimens was greater than for-comparable material in a road; the erys- - - . "Lt
" talization was less dense at the surface, and mo1sture retent10n was therefore less R '

~

Atterberg Limits Tests o ' . ' . :
The Atteiberg limits give an indication of the plastic and cohesive p10pert1es' Lo

of soils. Specifically, these tests give: the hqu1d limit of the soil, or-the minimum. ., "~ =0
moisturé content at which the soil water mixture reacts as a viscous liquid;. the L e
. plastic limit, or the minimum, moisture content at which the mixtire acts -as a R
A plastic 'solid; and-the plasticity index, Whlch is the range of moisture -contént
. ‘through which the mixture exhibits plastic behaviors. From this it. is p0551b1e to . AR
assume that improved lubrication will tend to decrease both’ the plastlc and T T
hquld limit. Increased viscosity would have the opposite effect.- R

"Effect of chlorides. Because of the amount of -individual ]udgment 1nvolved‘
in these tests, the degree of change in hrmts caused by 1nco1porat10n of chlondes" S e

’ A PR
) R - N v . Lo T [T
r
\ -

v TABLE VII. RESULT'S OF ATTERBERG LIMITS ';ESTS . : - T

S e " Plastic Liquid Plasticity - I oy
: ‘ __Additive -'"limit~  limit index T T
Kind - % - % % R : ' . R
'Unfreated =~ — 168 255 | 87 -
i CaCl. 05 156 261 .105.
- 1.0 160 263 .10.3 : ‘.
N 15 165 24.9 ., 84 :
o 20 150 255, 105
NaCl (CC) * ~'05 162 + 247  * 85.
1.0 165 261 9.6
. 15 170 253 . 883
\ . R 20 163 261 958 -
' - NaCl (FC). . 05 172 . 262 9.0.
., . 10 178 954 - 8.1 -
. 15 1757 249 - 7.4
, 20 167 .247 8.0
o ‘Lignin Liquor 05. 164 265 110.0
g - 10 157 © 29.0 13.3
.15 146 284 . 138
L / ~ . 20 . 142 275, .7 " 138
" Toranil A 05 158 289 - 181
' . . L0 162 . 30.1 ..18.9-
15 158 279" 1.9
) 3 _ 20,149 - 29.0 14.1
. . . Molasses 05 170 3825 155
i J : L , . 10 164 817 15.3
- , - 15 175 8L6 4.1
. : 20 179. 812 18.8
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miens evolves from the fact that the salt migrated to the surface of the specimens
and caused changes in salt concentrauon in the material tested :

’ x .- Effect of lignosulfonates. A consistent decrease of plastlc limit coupled w1th

f M trlbuted to either lubrication or_viscosity changes alone, but must be considered
-4 asal comb1nat10n of both effects (table VII). ’

Effeot of molasses The results also 1nd1cate that molasses had the greatest
effect on the plasticity index of the mixture. Since significant changes were not
‘ ; ‘noted in the plastic limits, but marked increases were noted- in the liquid limits,
- the iricreased. -range. of plast1c1ty is attr1buted to hlgher viscosity because of the
Co T presence of molasses.

ST T e . CONCLUSIONS Lo -

i 0 7. and a 79.5'Brix molasses with a.single soil-aggregate surface course mix.
' o . - h . - .

: e - 1. Using standard Proctor corni)active effort the value of maximum ‘density is in-
L creased-by all of the additives. There is an inverse relationship between maximum

s sen51t1ve to the" -amount of additive in chlonde stabilization,

FC salt lignin liquor, Toranil A and. molasses. , - .

- ) - 3. Stlength ‘of the soil- aggregate mix can be:improved by any of the add1t1ves

v k o - f01 all additives except molasses. Molasses is sub]ect to bacterial action and only
AP 1mproves strength’ about half as much-as the other additives.

3

‘:'»-., o e 4 Caléium chloride is the most effective of the add1t1ves for moisture retentmn
3 L1gnosulf0nates and molasses have moderate effects while rock salt is relatlvely
1neffect1ve

AR, Chlondes have’ l1ttle effect on the plast1c prope1t1es of the mix; hgnosulfonates
57 and molasses ra1se the Plasticity 1ndex

S8I18

N Conclus1ons are based on the use of additives of Peladow calcium’ chloride
~_pellets, Sterling FC and CC salts, Toranil A, lignin liquor spent sulphite liquors,

I Calcmm chlorlde is the most effectlve agent for dens1f1cat10n In orde1 of.-de-
e~ ~- creasing effectlveness the other additives evaluate as Sterhng CC salt Sterhng,

Immersed strength with optimum amount of additives are approximately equal'

- " in the mix is not s1gn1f1cant Results (table VII) are‘:ellatic and establish no def- :
. inite trend, One contributing factor in the case of sodium chloride treated speci- . .

. . - consistent increase in liquid limit was observed with increased l1gnosulfonate :
ST _treatment. This trend led to the natural consequence of increasing the plasticity -
- %0 "0 -index, irrespective of the spent sulphite liquor involved. In the results of the.
: ‘Atterbérg limits tests there is no consistént difference between dectease in plastic..
- . “limit and increase in liquid limit, the increased plasticity index can not be-at- -

'

. ~ooo dry dens1ty and optimum moisture content when the additives are used. Density .




RECOMMENDATIONS -

Recommendatrons based on the results of thrs study are: - . . - °

1. That addltlonal studies of the effect of these additives be 1n1t1ated to prov1de S

a basis for companson applicable to other soils.

2. That the effects of the additives on moisture retent10n be 1nvest1gated ‘in. a‘ T

: controlled humldlty room to permit 1mmed1ate ,comparison of results:

3. That curmg of specimens for CBR tests be conducted urider contro].led con-
ditions -of relatrve hum1d1ty and temperature to permlt equitable companson of .
results , : .
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'SODIUM CHLORIDE STABILIZED ROADS IN IOWA -
by - o .
. ]. B. Sheeler, Associ‘hte ‘Profes_selj; Cirvil.'Engiheering'

© . (Highway Research Board Bulletin 282. 1960.).

ABSTRACT. -+ S
Sodlum chloride has been used as a secondary road stabilizer for a number

:of years and the performance of -salt stabilized roads has been reported peri-
'“odically. These reports have differed w1dely as to- success, -costs, maintenance

_methods, riding qualities and other items. The Iowa Engineering . Experiment

Station has undertakeén a project to clarify and bettér understand the usage -

and - mechanism of \sodium chloride "stabilization in this state. .
The counties in Iowa which have existing salt stabilized roads were contacted

* and each county engineer was interviewed. This paper reports a summation of -

these interviews and gives the compos1t10n and dimensions of the salt stabilized

- roads as-well as madintenance practices, present physmal conditions of surfaces,

-effects of wmter and comments of county engineers.

INTRODUCTION . -

Sodmm chlor1de has been used in varying degrees as-secondary road Wearlng
‘surface stabilizers for _many years. The successes or failures of this stabilizing
dgent have been reported periodically, but these reports differ widely as to
degree of success, :maintenance requlrements costs, riding qualities, and other
“itéms. County engineers in- Iowa- have discussed sodium chloride stabilization
i* without reaching any general conclusion as to effectiveness or economic- “value.
" However; each county engineer has’ proceeded according to his ‘own convictions,
Whlch are generally based on experience and opinion. As a consequéence, some
'count1es use large amounts .of NaCl and .others use' none. - ! -

{Thé Towa Engineering Experiment Station has undertaken a project de51gned
to, understand better the- usage and mechanism of chemical stabilization in this
‘state. The purpose of the project is to study the physical and ¢hemical character-

Jistics of chemically treated roadway surfaces, particularly those which have
- /been treated either with - sodium chloride or calcmm chloride,. or both, in the:
".- . original construction of the roadway. The rhain objectives are
- (1) the determination of the reasons for differences in results from a given
" method" of . treatment for a series of aggregate and s01l mixtures and for dif-
* ferent aggregates and soils;

(2). the evaluation of the benefits denved from: chemical treatment of any given

~ . mixture of aggregate and soil and- for different aggregates and soils.
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In the initial phase of the study counties using salt treatment of secondary ’
roads were located and the ‘county engineer in each was interviewed. The
results of the interviews are presented under the various headings. Counties
using salt stabilization are shown on the accompanying state map (figure 1).

. SODIUM CHILORIDE ‘ N
Composition and Dimensions

Fourteen counties using salt for chemical stabilization were found to have
a total of 524 miles of salt stabilized roads. Jones County has the least mileage
with only 4 miles of salt stabilized roads, and Franklin and Linn counties are
high with 106 miles. Some salt stablhzed 1oads have been blacktopped and are
included in total mileage. :

Table I shows counties using salt and information peltment to the material
content of ‘ stabilized roads. Nearly all stabilized wearing courses are deep
.in the middle and feathered to the. edge. The average depth of stabilized
material varies from two to four inches, the width varies from 22 feet to 28
feet.. Nine counties use soil-aggregate-salt mix, and four counties use salt and
agoregate only. The amount of salt used is generally expressed on a ton per
mile basis and varies from five to twenty tons per mile. Some engineers express
salt contents as pounds of salt per ton of soil material, the amounts quoted on’
this basis varied from 8 to 12 pounds per ton. The quotations in Table I are
expressed on a ton per mile basis by estimating the soil material used per mile
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Fig. 1. Ccunties using NaCl stabilization.
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“and the den31ty of the 1n—place matenal Est1rnates comparable with 8 to 12‘ .
' pounds per ton are-twelve to nineteen tons per -mile. Aggregates used were
" either pitrun gravel or crushed stone. Glacial clay was used in all soil--aggregate
__"roads. Seven counties include a. surface application of about five tons of ecalcium
"~ chloride -per mile per sedson to aid in. suirface m01sture retention and dust
_.palliation.
K o Mitchell County uses a mixture of 775% salt and 257 calcmm chlonde 1n1t1ally.
" applied at a rate of 4% tons-per mile. Subsequent applications bring the ‘total -
‘ ‘chem1cal apphcatlon up as high as’ 17 tons per mile. The primary purpose of
o ;chemwal stabilization. is. to hold . the matenal in place pr101 to blacktoppmg

.'Constructlon Procedure: and Costs
" Most roads are constructed from materials mlxed in the ﬁeld either by blade
- or-by a Seaman Pulvimixer. In general the gravel and soil materials are wind-
rowed and bladed several times, salt-is distributed and bladed in, water is added,
the, material is uniformly spréad and compacted to 90 or 95% standard Proctor
. . density. The clay is either pulverized before spreading or pulversized on the
v, . road bed before bladding. A few counties use plant mixed materials exclusively .
and some use plarit mixed material occasionally: The plant mix method is pre-
ferred by many although it is considered somewhat more expensive. One man
thought the plant mix was cheaper than a road mix. The general belief is that
mcreased road quality compensates for any added - expense. -
Cost data proved to be rather scarce. Reports varied from 2500 to 4000vdollars

. TABLE I COUNTIES USING SODIUM CHLORIDE STABILIZATION AND DATA RELATIVE TO SURFACE‘
COURSE COMPOSITION

R - Amount of  Annual ’ )
- Miles of original additional Average  “Width

'Couh’ty . -NaCl chemical .treatment thickness .  feet Aggregate Bindel'

‘Stabilized - treatment with inches -
: Roads T/mi CaCl ’ -
Black Hawk . 38 . - 6-10 —_ 2 29 Class A Crushed" Glac1al T1ll -
' i ) - limestone
Boone: 4 20 4 T/mi 4 24 %” Pit Run Glacial Till
. Butler = . 88 10 - Some 3 T 24 1320 T58” gravel 300 yd Glacial
o oL - : ! 600 T%"” Rock
" Cerro Goido .25 - 5-9 _ 3 24 Rock and Gravel Glac1al Clay
Fayette - 16 . 16-20* Some - "8-5 26 2200 T %” About 17 from
' : o ‘. Crushed Rock - old surface
Franklin - - 106 © 9-10. ' Some 4 26 Gravel " “Glacial Till -
Hancock .80 . 16*° 21b/sqyd - — - 27 Pit Run 18-20% Glacial Till
" Humboldt 25 130 : 4 26 %” Pit Run 20% Glacial Clay - -
Jones | .o 4 - .20  5T/mi - 28 %" Cru(sihed Rock None _-°
- - ) . ) llst . ‘
. Linn . 106 - | — Lo —— - v —— %” Crushed Rock None . ,
" Musecatinel-- 1 ¢ —_— —_ - L= . :
Mitchell . =~ 82 4% —_ = _—— %" Crushed Rock ‘None
_ Osceolar e .9 s —— 8 " 26 Pit Run None
VVinnebago' - 19 15 + 2-8 times 4 - - 27 Pit Run' - 12-16% Glacial . S
: N ) : . a year : - ' “ 'Clay

¢ Estimated from width, depth and assumed density. Ongmally expressed in lbs salt per
_ton of matenal
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. mater1als alone. (gravel clay and chemical).” - .

Maintenance Practice ~

‘Blade malntenance followmg a fain was -coramon - in all count1es with. most'

engineers expressing the. opinion. that a.shallow cut is essential to good, per-

- formange. A deep cut destroys the crust that has formed on the immediate wear-,

ing surface and thus allows undue traffic"abrasion until a new crust is formed:

- The formation of a new crust may come too late or not at all,-and the road then 4

has a short life.

All county enginéers.seem to have a p10blem in educatlng the blade men “Most DR

maintenance men have: the idea that they dre not accomplishing their purpose

unless they carry a large roll of material in front of the blade. Local citizens'are - -
also guilty of this misconception and voice such an opinion in no uncertam"._ )
- terms. Harassing like this -can cause 1mproper blading; sinee maintenance men .
_are prone to slide back into old Ways ‘under pressure. N

Many of the coiinties use supplemental applications -of calcmrn chlor1de for

N per mlle of completed road: Orie- engmeer reported a cost of two dollars per i .
- ton of laid material, and another reported ‘a’ cost - of 450 dollars per mlle for P

dust. paliation and retention of the binding surficial clay and- dust. Potholes are” " .

hand patched in some counties with mixtures of clay,-gravel and calcium chloride: " .
This seems to produce better results than filling the potholes with bladed material . -

and depending on traffic compactlon for stability. The first method. is ev1dently' !
only a temporary measure at best because, the bladed materlal does not have suf- E

ficient binding material.

Most engineers are-agreed that this type of road needs maintenance. attentlon‘. e

"to ensure ‘a good riding surface. Surprisingly, attention to malntalmng erowns -
‘was mentioned very little.’ One engineer sald that it is necessary to rebulld the‘

crown every spring.

. Present Physical Condition of Surfaces .
~ County engineers reported everything from smooth to rough When asked to-‘..f'
describe .the .present riding qualities of their salt stabilized roads. The de-
scriptions have little meamng since they depend on. the type of ‘surfacé ‘with -
which the salt road is compared. However, every county reports-that salt . ..
- roads exhibit a decided tendeney to pit. The amount .of pitting appears. to’
depend ‘on the traffic volume, maintenancé methods -and the amount of moisture "’
in the read. The moisture content depends mobtlv on rainfail since salt is. not.
'deliquescent. - ~ :
Engineers were asked to describe” the dust condltlons on the salt roads: as.
~ -either dust free, slightly dusty, dusty, or ‘very dusty None of the roads were ~
: -described as dust free or very dusty, and in most cases: they were. called shghtly .
~dusty. Sodium chloride thus appears to have some value as a dust palhatlve"
Every engineer agreed that salt stabilized roads exh1b1t éxcellent _aggregate
retention. This is especially a favorable recommendation since traffic on thesé

roads ranges up to 450 cars per day, w1th an average of about 200 cars per day
~ - . o 323



S Effects of Wmter~ N S e ‘ PR
e i Comments on’ the effects of Wmter freezmg were favo1able to salt roads.
~:Most engineers said that treated roads havé less tendency to form frost boils
: _ than untreated roads, and several county engmeers have nioticed a few adverse
“ooo o~ o reffects due to freezing. Butler and Franklin county engineers have noticed .that
’ . - treated roads do not soften ‘during the usual spring break-up period. v
. : " A’very interesting and unusual phenomenon was reported in Fayette county
Avhere both salt stabilization and - calcium  chloride stabilization are ‘used.
v i e Caleium ichloride roads were observed to ice over durmg Wmte1 but salt roads
C e e1ther do not or have less tendency to ice over.
Ciot -0 As previously mentioned,. Mitchell county uses a mixture of salt and calcfim’

RN found that the calcium chloride. content must be held down to minimize the
ose L, effects of “freezing ‘and thawing: . _ ~ -

[ < . . - ’ ! ’ - o !

S .- - COMMENTS . - :
R " Many mterestmg commients concerning salt stablhzed 1oads resulted durmg

PECEE L - Black Hawk—Most everyone is well satisfied, and gravel is conserved.
e et : Boone—Salt road gets hard when ¢ , road wis slippery because of too: much clay,
e o -add1t10n of pea gravel corrected the slipperiness.- Some pltS developed “The road ‘was
Vol LT - . rolled before blacktopping.
T ) Butler—Thres-fourths of the clay is effectlve, and one-fourth is lost in consi:ructlon
S " “Formerly added lime dust'in maintenance, but this created a layer of different texture.

oy . L 7 .- - rdad material broke up fairly easily when hit with a pick. Salt stabilization saves about

Tl e 250" tons per mile- per year on a heav11y traveled road. A new road is built after an

o . .- old road wears out. A road lasts on an average about five years.

2 - e 7 Cerro Gordo~Roads were built in 1954 and 1957. No additional ‘maintenance material

Lo, 0T T either salt or calcium, has been ‘applied since the Toads were built. . .

R N ..~ TFayette—Most of the trouble develops on heavily traveled roads. Surface apphcatlons

L. ... 7+, . of caleium chloride to the mid 16 feet helps to hold the gravel. This type of road works
o "~ ‘best on roads_carrying about 125 cars per .day. Salt and calcium stablhzatlon are re-

sponsible for large saving ‘on both maintenance and gravel.

T EEEEE . develop a surface cristand stay hard through the spring. Roads don’t hold up too well

S0 T s by drawing traffic.

RS " Hancock-Salt stabilized roads are used in a 2 to 3 stage blacktop constructnon Bad
T " spots appear and are_corrected before blacktopping. Roads are in’ service for two to

et a0 T four years: before the b]acktop is applied. Find plant mix cheaper than road mix. -

- R - . Humboldt—Sheepsfoot. is not as satisfactery as a rubber tire -roller. Tried chemical

NN - e in selution but had spraybar trouble. Costs less to keep. aggregate over a period -of time

g Lt * ‘and conserves aggregate.. Gravel requirements on all roads appear to be.reduced due _

; L .- ‘to better surfacing of blacktop over chemically- stabilized material.
SO - Jones—Trial road. Added 1500 tons of aggregate per mile to old road before chemlc'll
T N P stablhzatlon Moisture added at quarry and by water wagon on the road.- Constructei
L “, " "< _ . .in one 4 inch lift.
ot Linn—Road work is contracted and chemical is pug mill mixed at quarry. Costs are
- ,- ~™ ' quite accurate and vary from .19 t0 2.98 dollars per ton ' )
Economlcs : : o ' ' n

PR . -

e Mr., O. W.. Zack mamtams records of roads in Butler- county which mdlcate'

I

S S T84 o7 R

which tended to scale. Road bed was tested and found dry and hard in the spring. The .

;o . 7.« . when traffic exceeds 150 cars per day, tend to grind up. Stabilized roads are in bétter -
S ~ all-around condition than untreated roads, and therefore save gravel on adjacent roads .

: e that an untreated gravel road initially requires 1250 tons of soﬂ-aggregate per
B mlle followed by 250 tons of aggregate per: mile. per year for maintenance

~ L 1

AN e chlorlde for stabilization of soil aggiegaté material. The county engineer has

SR . ¢asual conversations and are listed by county as follows: | S

S N " Franklin--Salt roads hold moisture longer than untreated roads Salt roads also ..
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Fig. 2. Comparison of cumulative monetary and aggregate investments required
to maintain untreated and salt treated secondary soil-aggregate roads
in Butler County, Iowa.
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and that such a road lasts about 4 years. Little or no gravel remains after the
4 year life of the road so that the road must be entirely rebuilt with new material.

Mr. Zack’s records also indicate that salt treated roads constructed with 2200
tons of soil-aggregate-salt per mile last 5 to 7 years before they require
rebuilding. Layers of 1 to 2 inches of material remain at this, time but the
material is rather loose and lacking in binder. The road must then be rebuilt
but only a fraction of the original material requirement is needed.

These data have been used to compute cumulative road investments of money
and aggregate for an economic comparison of both types of road construction
in Butler County. The cumulative cost of each type of road is a stepwise func-
tion, yearly for the untreated road and every 5 to 7 years for the treated roads.
The average cost per year has been used in both cases to give a continuous
rather than a stepwise function. Costs for the treated road have been com-
puted for a 5 year life and for both 1 and 2 inches of remaining material.

In a comparison of the cumulative investment for both types of road, the
initial cost of a salt stabilized road is almost twice that of an untreated road;
but the cost rate of an untreated road is higher than that for a treated road
(figure 2). The net result is that after a period of 3% to 74 years (depending on
material retention in the treated roads) the same amount of money has been
spent to have either type of road. Henceforth the treated road becomes con-
siderably. cheaper to maintain. The same trend is shown in the amount of
aggregate used. : ‘

In the first few years' an untreated road is cheaper and requires less
aggregate than a treated road (figure 2). But if 500 miles of county roads were
constructed with salt stabilized soil-aggregate (1% inches retention) rather than
untreated soil-aggregate, the county would save about $2,400,000 and a little over.
2 million tons of aggregate over a period of about 20 years.

The savings in dollars over this 20 year period is very important to a county
‘treasury and to each individual taxpayer. Perhaps of more importance is the
savings in natural resources which is equivalent to a block of solid stone
which would cover a 160 acre farm to a depth of 4 feet.

DISCUSSION

The summarized testimony of the county engineérs interviewed shows general
agreement that salt treatment improves the performance of soil-aggrgate roads
in several ways, the most important being the long range conservation of natural
resources and reduction in road improvements. Towa’s deposits of gravel and
stone are being rapidly depleted and are entirely gone in some areas. Should
aggregate consumption continue at the present rate the cost of secondary roads
will rise -still higher because extinction of gravel pits and stone. quarries will
necessitate long hauls in addition to high prices at the sources of supply. Taylor
County in southern Iowa is now faced with this situation. Gravel mus tbe trucked
in from outside the county and costs are over two dollars a ton at the pit.
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Salt roads ‘further improve the overall secondary road picture by presenting.
a smoother and less dusty riding surface than non-treated roads. Such surfaces -

attract traffic from adjacent roads and are thus responsible for still-more savings
in gravel and money by reducing thé wear on these adjacent roads. Salt roads
also retain a good riding surface longer than untreated roads and therefore
require less blade work. Salt roads also show better resistance to winter and
spring breakup.

Why do salt roads have all these advantages over non-treated soil-aggreg'atef
roads? A listing of reasons includes high density, low permeability due to clay -

to a number of reasons, none of which have been completely proven or: dis-
proven. A listing of reasons includes high density, low permeability due to clay

expansion following leaching, moisture retention, lowered freezing point of water,

recrystallization of salt, increased solubility of calcium carbonate, gel formation,
flocculation and increased cohesiveness of clay due to sodium ions.

The Iowa Engineering Experiment Station now has a project underway -

which plans investigation of the physico-chemical phenomena of salt treated soil
aggregate road materials and the effects of these phenomena on the performance
of roads constructed of such material. The project is sponsored by the Iowa
Highway Research Board and supported by funds from the Iowa State High-
way Commission.
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"+ istics are not well understood.

DENSITY—-COMPACTIVE ENERGY—CALCIUM CHLORIDE Coml T

AT CONTENT RELATIONSHIPS FOR AN IOWA DOLOMITE

‘] B 'Sheeler Associate Profeséor’ +Civil Engineering ’ S .
D.W. Hofer, Stanley Engmeermg ‘Co., Muscatme Iowa

N N ‘ (nghway Research Board Pr oceed.mgs 40 1961 )

) . A -

: ABSTRACT ‘

- The eﬁects of -calcium chloride content and the amount of compactlve effort S

' . on the density of a crushedlimestone were determined by laboratory experi- - - S

. .. ments. The data weré analyzed-on the basis of energy. cost or savings due to . T

" the presence of calcium: chloride. The results indicate that thé expenditure of L
. compactive energy to obtain a given dens1ty depends on the calcium chloride

. content. The results ‘also show that there is an optimum calcium chloride content -

for a given density which will produce the-density with a minimum compactive -

: eff01t The opt1mum calcmm chlorlde content, varies with the dens1ty o

: INTRODUCTION . - e
- Soil stablhzatlon today is based -on the application. of ‘méechanical principles, - -
. elther alone or in.combination -with the addition of chemicals or of taterials'.

~ -whose principal properties are of a chemical nature. Whether the method of - o

" . stabilization is purely mechanical .or chemical, compaction is always used. How-
ever, the effects of additive chemicals or materials on the compaction character-

- The applied mechanical pr1n01ples Jeading to mechanical stability are grada-
_t10n ~binding propertles of the fine material, and the compact1on characteristics ~ .
¢ <. of the system. The addition’ of chemicals to soil material changes all of these. S
* Gradation is changed, since the lower limit of . particle size becomes the size of '
a molecule or a crystal of the chemical used. The binding properties are changed
due to ion exchange and’ other surface chemical phenomena. The compaction ..
‘characteristics are also changed due to intermdlecular forces in the soil and a
change in the liquid used from water to a solution. Pure water is seldom used
R except in the laboratory.
- An investigation was- undertaken to understand better the mechanism causing
changes in the compaction characteristics of a crushed dolomite when calcium
- chloride is added. The basis of comiputation used in the analysis was somewhat
different than is usually used in’ density studies. Ordinarily the basis is a cubic _ '
- foot. Here the basis is weight, since-the volurne of a'mold is a constant and WLt
the weight 'of material forced into a mold is variable. All -energy valtes are : .
: lexpressed as energy per pound of compacted crushed rock plus calc1um chloride -- N
or per pound of compacted crushed rock. . , SO '

828 S




kN

" to produce a mixture having the original mechanical analysis. This procédure

W T U MATERIALS . e s

The calc1um chlonde used, was a commercial product known as Peladow o

and was ‘supplied by the Dow ' Chemical Company The materlal ‘contains a '
minimum of 94.0" percent calcium chloride and. less than one per cent water:.
The magnesium chloride content is less than 0.5 percent, and the alkali chlorlde

"/

_content (e.g. sodium chloride) is less than 5.0 percent T o

" The crushed rock.was obtained from CooK’s quarry, “about five mlles north-
east of Ames, Iowa. The rogk is 2 buff to brown calcitic dolomite of M1$Slss1pp1an
age. and has physical properties simjlar to limestone. The material Was crushed

" at the quarry to pass a ¥ inch screen {table’ I). o o )

EXPERIMENTAL PROCEDURE AND DATA o ?",'»’_

Moisture density relations were. determlned for batches of dolomite contain: :
ing 0, %, 1, 1% and 2 percent calcium chloride (based. on the oven-dry welght of

the rock) by the AASHO standard method, T-99-57. The compactive’ “effort used. "

was 20, 25 or 30 blows per layer, the amount being constant for any one study..
Initial 'studies indicated that the crushed rock suffered degradatlon when used

. repeatedly in the density determinations. This was. reflected by.data ‘which gave

erratic density corrélations. Therefore each dens1ty determination was conducted.
with fresh material; -material was discarded after ‘being compacted once, and
all data reported in this paper were derived from fresh material. T

- About 1000 pounds of dolomite, crushed.to pass a ¥ inch screen, was' separated

' 'mto three size fractions. Each density determination was made with a 2000 gram

sample composed of the -appropriate quantities of the size fractions necessary -

was followed to reduce errors due to segregation of fine material (table I).
" Batches -were-prepared from the. indicated quantities of ¢rushed rock. Ap-.

. B L N .
_propriate amounts -of calcium chloridée solutions were mixed with the dolomite "

in a Hobart C-100 kitchen mixer ‘intil the miaterial appeared. to be uniform. T\
A density test was then conducted according to AASHO designation T- 99-57.
Moisture samples were taken from the 'molds and dried for 24 hours at-105,
+ 9°C and were redried for an additional 24 hours to check thé 1mt1a1 deter—
minatien. All checks showed 24 hours drying time to be sufficient.

TABLE I “Size FRACTIO"\IS OF CRUSHED 'DOLOMITE AND AIVIOUNTS USED FOR a N
INDIVIDUAL BATCHES. . . B

- Passing Sieve %inch - %inch  ° No.16°  Totals ;
Retained on sieve % inch™ -~ No- 16" - )
Air-dry Wt., gms. - 85,7787 835 -51,910 319,482
. . Moisture content, % .ni 14 - .04762.° - 0.1622

Oven-dry wt., gms. 85,737 . ‘32,562 51,664 319,693 oL
-Fraction, % . ".26.80 57.05 16.15 100.00 . ey

' Batch composition ’ 4 I
Oyen-dry wt., gms. 536 00 -~ 1,141.00 323.00 2,000.00 S
Wt. of m015ture, gms. nil 171" . 154" - 825
A1r-dry wt., gms. »536.00 S 1,142.71 R

324.54. 2,003.25
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Iso-optimum moistures and iso-density curves were plotted from the data
“as a function of the compactive energy and the calcium chloride content (figures
1, 2)..The compactive energy. values are expressed as foot pounds of potential
energy per pound of dry material (rock 4 Cals), and the densities are expressed
as pounds of dry material (rock 4+ CaCl,) per cubic foot. The data in figure
9B is based on a pound of rock only and excludes the CaCl; content. The op-
_ timum moisture values and calcium chloride contents are expressed as a per-
centage of the dry weight of the soil. -

ANALYSIS OF DATA

An exact accounting of all material and energy that enters or leaves the
system is made by computing all quantities on some arbitrary basis. Quantities
may be added or subtracted if the basis establishes equivalent amounts of
material or energy. Mass is used as the basis for computation in this study,
since compactive energy is absorbed by the mass rather than by the volume.
The energy is expended in the rearrangement of particles as a heat loss due to
- friction and as a force causing fluid flow.

120

115

110

105

100

95

90

85

Compactive Energy, ft.1b./Ib.(rock+CaCly)

80

CaCly Content, percent

Fig. 1. Optimum moisture require-
ments for the various combi-
nations of compactive ener-
gy and calcium chloride con-
tent.
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The use of mass ds a, bas1s for. computatrons also allows -easier: and 1ead1ly_
apparent comiparison of. values. For instanceé using 30 blows per layer and 3
Tayers .in 1/30 of a.cubic foot may produce a density of 120 pounds per cubic

.+ foot for one percentage of calcium chloride and 125 pounds per cubic. foot for |
- another. Using the cubic foot “basis, these two densities result from the same
compactive effort. On a potnd basis one received 123 foot pounds per pound-of =
miaterial and the other 118 foot pounds per pound. This then represents a differ- .
~encé.of 5 foot pounds of erfergy less per pound of material to attain a. higher

Ldens1ty, ‘rather than ‘the same compactive effort to attain a h1gher density.
" The introduction of calcium chloridé to the dolomite, water system:affects the

“density that results from any given compactive effort. The variations in dersity,

are caused by the physical presence of the calcium chloride and by the chemieal.

' influence of the calciuin chloride on the system. The amount of energy 1nvolved
i+ . in the chemlcal influence can be indirectly found, since the total effect on energy
: requlrements in known (figure 2A) and the physical effect can be calculated for’
", any amount of calcum chloride added. The difference between these two there- '
- fore represents the amount of chemical influence.

- Consider a cubic foot of dry compacted crushed rock (specific grav1ty 2.70)

: ‘we1gh1r1g 126 pourids per cubic foot. The volume of solid material is 0.750 cubic
" foot, and -the volume of voids is 0.250 cubic foot. The weight of such a
- cubic foot of material can be increased through partially filling the voids by,
_.dllowing a solution of calcium chloride to seep into the material and then
o evaporating the water." Theoretically the void space could be completely filled " .
by hexahydrate calcium chloride, thereby increasing the dens1ty of 152.2 pounds o

per cubic foot, the increase in density being accomplished by the calcium chlor-

ide. A plot of den51ty versus calcium chloride content for the above is a linear

‘ ,funct1on The maxithum caleium chloride content theoretically possible is lim-

S ited by the void space available, which is dictated by the initial density. The top )
+ limit for the above is 20.8 percent hexahydrate calcrum chlonde or 10.5 percent .
T anhydrous calcium chloride. - : :

- Figure 2C shows a series of iso-density lmes plotted from the energy value -
' ‘requlred to produce arbitrarily chosen . densities for ‘zero percent calcium

-chloride. Assuming that the presence of calcium chloride causes only a physrcal
) effect (any increase is due to added weiglit of calcium chloride in the voids)
'and shows no chemical influence; the lines should represent the densities attain-
< able w1th the same compactive effort that was required to achieve the initial

. density- (0% CaCls). The required compactive efforts for initial density may be’

" -obtained from figure 2A and are shown on figure 2C for each line.: Values from
figure 2C ‘can be replotted as an iso-density chart with ‘the same coordlnates '
" as used for figure.2A. This chart (figure 2D) represents the combinatiors of com-

pactive energy ‘and calcium chloride content theoretically necessary to achieve’

-a‘given density if.and only if the effect due to calcium chloride is purely physical.

The differences in the amounts of energy, necessary to produce a given density

" with a g1ven calc1um chlor1de content (figure. 24, 9D) then represent the amount
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Fig. 3. Energy saving or cost due to the chemical influence of calcium chloride.
The upper six graphs are for the indicated density and are combined
in the lower iso-energy chaxt Positive values indicate saving and negative

values indicate cost.

333




of energy saved or the extra energy requiremelnts due to the chemical effects of
the calcium chloride (figure 3). The iso-energy cost-saving chart was drawn from
the upper six graphs.

The minima near 0.5 percent CaCl, show that to achieve a specific. density
with a minimum expenditure of compactive effort, the amount of CaCl, required
varies with the specified density (igure 2A). This does not imply that a combina-
tion of compactive effort and CaCls content chosen from these minima will be
the most economical combination.

Economic analysis of the data is necessarily limited to a relative status by the
lack of compaction, cost data. Such an analysis ‘can be made from figure 2D
by using a pound of compacted crushed rock for a basis as follows:

Let E = ft Ib per 1b rock

C =1b CaCl, per 100 1b rock
A = cost per Ib CaCl, ’
B = cost per ft Ib energy
The total cost due to compaction needs and the inclusion of calcium chloride is

Cost = BE + (AC/100) : (1)

Since B is unknown

Let R = A/100B : )]

Substitute equation (2) in equation (1) and the total cost becomes

Cost = B (E 4+ RC) 3)

By rearranging equation (3) the total costs are expressed as relative costs
cost '

Relative costs = = E + RC ' “4)

B

Equation (4) relates the variables through the relative ratio R which may be

assigned any arbitrary value for the purpose of study. Values of E and C must

be read from Figure 2B to be comensurate. Curves of equation (4) using data

from Figure 2B are shown in Figure 4 with the arbitrary values of R indicated
for each curve.

DISCUSSION

The iso-density curves (figure 2A) show that the compacted density of the
dolomite-calcium chloride system depends on the amount of compactive energy
expended and on the amount of calcium chloride in the system. The lowest
densities result from the lowest expended energy and the lowest amount of
CaCl,; the highest densities result from the highest values of energy and CaCl,
within the ranges studied. Between these limits are maxima and minima in the
family of curves. These maxima and minima are interesting in that they reflect
the chemical influence of the CaCl,.

The curves also indicate. that the statement “less compactive effort is required
to obtain a required density when calcium chloride is incorporated in the. mix”
does not hold true for all values of CaCl; content. The statement is certainly
upheld by the data between 0 and 1.0 percent, but the curvés for 125.5 and
126.0 pef near 1.5 percent show that the same or more effort is required than
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at zero percent. However, 1.5 percent is generally out of the economic range
and would therefore seldom be used.

The changes in energy requirements to achieve a given density are caused
by the physical presence and the chemical influence of th CaCl,. The degree
of change depends on. the amount of CaCl, contained in the system. The CaCl,
reduces the energy requirements in a near linear relationship: with the amount of
CaCl, (figure-2D). The changes in energy requirements due to. the chemical
influence are of a more complex nature and vary greatly with the amount of
CaCl, and with the density of the system.

Proper analysis of the curves of the variations in energy requirements due
to the chemical influence requires a knowledge of the chemical properties of
the CaCl, solutions that are present during compaction (figure 3). These prop-
erties vary with the molar concentrations of CaCl,. Molar concentrations may
be calculated from the optimum moisture data (figure 1). Viscosity, surface
tension, lubrication, zeta potential, streaming potential and crystallization are
properties or phenomena that are dependent on molar concentrations.

The molar concentration in the ranges studied is nearly a-linear function
of the CaCls content because the molarity is more affected by the amount of
CaCl, than by the amount of water. The optimum moisture contents vary only
over the limited range of 12.9 to 10.6 percents whereas the CaCl, content
varies from 0 to 2.0 percent.

Since the viscosity and the surface tension of the solutions are both linear
functions of the molarity, the resistance to compaction should increase linearly
with CaCl, content, as demonstrated by investigators who have made studies
of fluid flow through porous media. The compaction of soil materials is-essential-
ly a problem of the forces involved in the flow of fluids through or from porous
media since in the process of rearrangement of particles, the fluid (water-or a
solution) must move relative to the solid particles. Plots of energy versus density,
at constant CaCl, content, show that the energy requirements increase with
density and that slopes of the energy-density lines also increase as the CaCls
content increases.

The quality or the amount of lubrication is a property that has not been
determined for any liquid so far as is known. Zeta potential and streaming
potentials are probably of little influence in the present system, since clay min-
erals and ion exchange are virtually absent.

Preferential absorption of water by the dolomite, which would increase the
concentration of the solution, could cause crystallization before compaction was
completed if enough water were absorbed to cause the solution to become
supersaturated. The hexahydrate would crystallize and the crystals would in-
crease the resistance to compaction somewhat.

The foregoing discussion points out various factors that are primarily de-
pendent on the molarity of the CaCl, solutions involved. The total resistance
to compaction is in turn a summation of the various contributions of these
factors. If all factors were clearly understood, their various contributions could
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be separated and a summation of these should produce favorable cost curves
(figure 4). This analysis is limited by ignorance of these factors, but this dis-
cussion may stimulate further investigation of this problem.

A question often posed is whether or not the added cost due to the inclusion
of CaCl, is offset by a reduced cost of compaction. The relative cost curves
indicate the added cost is lowered, provided the ratio of the unit cost of CaCl,
to the unit cost of compactive energy is low. A value of R exists, for each density,
above which the inclusion of CaCl, is not economical. This value of R may
be defined as a permissible cost ratio, R,. The value R, is then the maximum
value of R that will permit the economical use of CaCl,. The curves show that
R, decreases with an increase in density from 50 for 124.0 cu/ft to about
12 for 125.5 1b/cu ft. The economical use of CaCl, is therefore dictated by the
density desired.

A general statement as to whether or not the cost of CaCl, is offset by reduced
compaction costs can not be made until data for many other materials become
available and until a permissible cost ratio is determined. Finally, laboratory
data and field data should be correlated to form a realistic basis for conclusions.
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EVALUATION OF GYPSUM AS A SOIL STABILIZING AGENT
by

D. T. Davidson, Professor, Civil Engineering

Manuel Mateos, Research Associate

(Progress Réport. 1960.)

Recent information released by the Soils Laboratory of Cornell University states
that gypsum treated soils do not expand when placed in a freezer!. Another
source of information indicates that 1.5 percent gypsum in a mixture of 90 parts
of sand and 10 parts of lime is the optimum amount of gypsum for maximum
strength and that gypsum improves the resistance of sand-lime mixes to repeated
freezing?,

Although some unpublished research done at the Soil Research Laboratory of
the Iowa State University Engineering Experiment Station had shown gypsum to
be a poor soil stabilizer, much inferior for this purpose than other commonly
used products such as lime, lime-fly ash, cement, etc,, the promising claims of
the Cornell investigators were responsible for another investigation, presented
here, of the effect of gypsum on the stability of compacted soil.

MATERIALS
A friable loess, mostly silt-size, was used as the soil. Compacted specimens of
this soil containing no chemical additive have very low resistance to alternate
freezing and thawing cycles exhibiting a large amount of heave after only one
cycle. The lime used was dolomitic monohydrate (Type N), brand-name Kemi-
dol, produced by U. S. Gypsum Company. The gypsum was reagent calcium sul-
fate (CaSO,;':ZHzO).

METHODS

The soil lime, soil gypsum and soil lime gypsum mixtures evaluated (table I)
were mixed with the optimum amount of water for maximum density, and cyl-
indrical 2 inch by 2 inch specimens were molded to near standard Proctor densi-
ty (ASTM D 698-38T).

Five specimens of each mixture were cured for 28 days in a moist-room at
70+3°F, and then were immersed in distilled water for 24 hours. After 24 hours
immersion three specimens of each mixture were tested for unconfined compres-
sive strength; the fourth specimen, designated the control specimen, was left
immersed for 10 more days; and the fifth specimen, designated the freeze-thaw
specimen, was exposed alternately to temperatures of 20=2°F (16 hours) and
77+4°F (8 hours) for 10 cycles, each cycle lasting 24 hours. A vacuum flask
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TaBLE I. TeEsT RESULTS

. As molded Strength, psi R,, %
Mix Materials, % dry density, 28-day cured, Pe P.
No. Soil Lime Gypsum psi 1-day immersed
1 98 0 2 104.3 0 ND* 0  —
2 96 0 4 104.8 0 ND 0 —
3 . 94 0 6 103.5 0 ND 0 _
4 98 2 0 101.0 169 Failed 187 . —
@ 7 cycles
5 96 4 0 101.0 350 Failed 8356 -
@ 8 cycles
6 94 6 0 99.9 348 343 396 . 87
7 98 1 1 101.5 Partially ND ND —_
disintegrated
8 96 2 2 99.9 139 Failed 122 —_
@ 4 cycles
9 94 3 3 99.3 256 Failed 254 -
@ 7 cycles

® Not determined because specimens failed during immersion.

specimen container was used to cause freezing to occur from the top down and
to supply unfrozen water, kept at 35=2°F by a light bulb, to the bottom of the
specimen throughout the freeze-thaw test. After these addiional treatments, the
unconfined compressive strength of the freeze-thaw specimen (p;) and the con-

. trol specimen (p.) were determined. These values were used to evaluate the
durability of the stabilized soils. The Index of Resistance to the effect of freezing
(R¢) was calculated from the formula:

100 Pr
R =——————(%).
£ D (%)
INVESTIGATION

Presentation of Results

Soil specimens treated with up to 6 percent gypsum failed completely during
the 24-hour immersion period (table I). Consequently it was not possible to
submit them to freezing and thawing. :

Specimens treated with lime and gypsum in a 50:50 ratio showed better sta-
bility than those treated with gypsum alone. The mixture with 2 percent com-
bined additives failed during immersion, but those with 4 and 6 percent with-
stood immersion and a number of freeze-thaw cycles.

Lime treated mixtures were better than those with gypsum alone or those with
gypsum and lime. All the lime mixtures withstood immersion even for such a low
lime content as 2 percent. Mixtures wtih 2 and 4 percent lime failed after 7 and
8 freeze-thaw cycles, respectively, which is good performance with such small
amounts of lime. Six percent lime gave very good strengths, over 300 psi after
any treatment, withstood all 10 freeze-thaw cycles, and showed an Index of Re-
sistance of 87 percent.

Discussion
An unconfined compressive strength of 300 psi after 10 cycles of freeze and

% 339




‘thaw in the Jowa freeze-thaw test is considered indicative of satisfactory resis-
tance to frost action. Addition of 6 percent dolomitic monohydrate lime to the
silty soil gave a strength of well over 300 psi after immersion in water or freez-
ing and thawing to specimens cured for 28 ‘days. Another criterion of satisfactory
freeze-thaw resistance is an Index of Resistance of at least 80 percent. The mix-
ture with 6 percent lime had an Index of Resistance of 87 percent, very satis-
factory for base courses of roads in Towa. The use of gypsum or lime gypsum as
additives in the silty soil did not produce satisfactory freeze-thaw resistance for
base courses of roads in Towa.

It is strongly felt that stabilized soils used in pavement base courses in climates’
of the severity of Iowa should pass the above requirements. Otherwise base
course and pavement stability may be impaired. It is of course possible that
gypsum treated silty soils subjected to a less severe freeze-thaw or freezing test
may stand up; however, it is likely that a much smaller lime treatment of equal
or less cost would produce equal or better results. ‘

Unless .otherwise demonstrated, the use of gypsum does not appear to be
promising for counteracting the destructive freezing and thawing effects in silty
soils to be used in pavement base courses.
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