
736 S O I L S , G E O L O G Y A N D F O U N D A T I O N S 

Stabilization of Loess With A Promising 
Quaternary Ammonium Chloride 
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D. T . D A V I D S O N , Professor of Civil Engineering, 
Engineering Experiment Station, Iowa State College, Ames 

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 Iowa loess. F r o m the standpoint of eco
nomic feasibility and improvement of immersed compressive strength, moist
ure absorption and swelling, a quaternary ammonium chloride, known com
mercially as Arquad 2 H T , was considered especially promising. 

This paper presents a further evaluation of Arquad 2 H T with calcareous 
silty loess and leached clayey loess. 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 2 H T on such soil 
properties as plasticity, moisture-density relationship, moisture-curing time 
relationship, unconfined compressive strength, bearing capacity, and resist
ance to weathering. Results indicate that: 

1. Immersed compressive strength depends to a great extent on the type 
of curing proceeding immersion. A i r drying proved to be the best curing 
method. 

2. Plasticity decreased. 
3. Maximum dry density decreased slightly in both soils, whereas the op

timum 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 interpretation of the mechanism of soil stabilization with or
ganic cationic compounds is presented. Differential thermal analyses of the 
silty loess treated with Arquad 2 H T , both under normal and nitrogen at
mospheres, are evaluated. 

• L O E S S O F W I S C O N S I N geological to give the loess greater stability through 
age is a major surficial material in Iowa a chemical or molecular change in the 
and adjacent states, and a means of treat- surface characteristics of its clay, has 
ing the loess to make it suitable for use shown a definite promise. Previous re-
as a road base course is of great import- search has shown that treatment with 
ance because of a scarcity of natural ag- large organic cations increases a soils 
gregates in loess areas. I n recent years hydrophobic (water-hating) characteris-
many methods of soil stabilization have tics and wetted strength (6, 7, 8, 10, 11, 
been investigated by the Iowa Engineer- 12, H ) . 
ing Experiment Station with this ob- A preliminary evaluation study by the 
jective in mind. One of the methods, or- Iowa Engineering Experiment Station 
ganic cationic stabilization, which tends of a number of organic cationic chemi-
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cals as stabilizing agents for loess has 
been reported (12). Th i s study demon
strated the superiority of several of the 
nineteen cationic chemicals used. Those 
designated by the trade names Arquad 
2 H T , Arquad 2S, Armeen Residue, A r -
mac T and Crude Amine improved prop
erties of the loess such as immersed com
pressive strength, moisture absorption 
and swelling; they were considered 
worthy of further study. One of them, 
Arquad 2 H T , was particularly promising 
due to its commercial availability, eco
nomical cost in quantities used, and ease 
of preparation and mixing with soil. 

This report deals primarily with the 
further evaluation of Arquad 2 H T with 
loess. The principal objectives of the in
vestigation were (1) to determine the 
best curing conditions for the soil-Ar-
quad 2 H T mixture; (2) to determine the 
effect of Arquad 2 H T on such soil prop
erties as plasticity, moisture-density re
lationship, and moisture-curing time re
lationship; (3) to evaluate the durability 
and bearing strength of the stabilized 

soils; and (4) to present a theoretical in
terpretation of the mechanism of soil 
stabilization with organic cationic com
pounds on the basis of studies made and 
those reported by other investigators. 

M A T E R I A L S 

Soils 

Two samples of C-horizon Wisconsin 
loess were used in this study to represent 
the average extremes in property varia
tions of the loess in western Iowa. Silty 
soil 20-21 and clayey soil 44A-1 were 
chosen because of their similarity to the 
friable calcareous loess and plastic leach
ed loess (soils A and B ) used by Hoover 
and Davidson (12). Properties of the 
two samples are given in Table 1. Soil 
44A-1 has almost twice the cation ex
change capacity of soil 20-21. The pre
dominant inorganic cations associated 
with the clay of both soils are calcium 
(Ca+ + ) . Montmorillonite is the pre
dominant clay mineral of each soil. 

T A B L E 1 
P R O P E R T I E S O F W H O L E W I S C O N S I N L O E S S S A M P L E S 

P r o p e r t i e s S o i l 
20-21 

S o i l 
4 4 A - 1 

P h y s i c a l 
p r o p e r t i e s 

L i q L i i d l i m i t , % 
P l a s t i c l i m i t , % 
P l a s t i c i t y i n d e x , % 
S h r i n k a g e l i m i t , % 
S p e c i f i c g r a v i t y , 2 5 ° C / 4 ° C 
S t a n d a r d P r o c t o r d e n s i t y t e s t : 

M a x d r y d e n s i t y , l b s / f t ^ 
O p t m o i s t , c o n t e n t , % 

34.2 
26.2 

8.0 
24.6 

2.71 

104.3 
18.7 

53.1 
25.7 
27.4 
19.9 

2.72 

102.7 
21.2 

C h e m i c a l 
p r o p e r t i e s 

O r g a n i c m a t t e r , % 
C a r b o n a t e s , % C a C O ^ 

0.17 
10.2 

0.37 
0 

O x i d a t i o n 
p H 
C a t i o n e x c h a n g e c a p a c i t y , m e . / l O O g 
E x c h a n g e a b l e c a t i o n s , m e . / l O O g 

N a 
K 
C a 

o x i d i z e d 
7.8 

13.4" 

l . B " 
1.6" 

10.3" 

o x i d i z e d 
6.2 

24.4" 

1.3" 
1.3" 

21.8" 

T e x t u r a l 
c o m p o s i t i o n * 

S a n d , % 
S i l t , % 
C l a y ; F i n e r t h a n Bfi, % 

0.6 
80.6 
18.8 

0.2 
68.0 
41.8 

F i n e r t h a n 2 ^ , % 14.7 31.0 

E n g i n e e r i n g c l a s s i f i c a t i o n ( A A S H O ) A - 4 ( 8 ) A - 7 - 6 ( 1 8 ) 

" S a n d —2.0 to 0.074 m m , s i l t —0.074 to 0.006 m m , c l a y — finer t h a n 0.005 m m . 
' T h e s e v a l u e s a r e f o r so i l s A a n d B u s e d b y H o o v e r a n d D a v i d s o n (11) b u t a r e c o n s i d e r e d r e p r e s e n t a t i v e 

of so i l s 20-21 a n d 4 4 A - 1 , r e s p e c t i v e l y . 
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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. I f the hydrogen atoms of ammonium 
chloride ( N H . C l ) are replaced by or
ganic groups a quaternary ammonium 
salt exists. Arquad 2 H T is a di-hydro-
genated tallow di-methylammonium 
chloride and falls into a group of fatty 
dialkyl dimethylammonium chlorides of 
the following general formula (3) : 

R 

C H a 
1 

N -
1 
R 

CH3 + [ c u 

l t is easily dispersible in water for dis
persions up to about 8 percent by weight' 
and is supplied as 75 percent active in 
isoproponal with an average molecular 
weight of about 585. Arquad 2 H T has 
been referred to by some investigators as 
D D A C and is also commercially avail
able under the trade name Aliquat H226 
(4). Concentrations of Arquad 2 H T in 
distilled water as used in this study are 
on a weight basis of the material as sup
plied by the manufacturer and not on the 
active Arquad 2 H T contained in the sup
plied material. Other organic cationic 
chemicals referred to in this report have 
been described in a previous investiga
tion (11). 

Preparation of Soil-Chemical Specimens 

Unless otherwise described, soil-chemi
cal specimens were prepared in the fol
lowing manner: The amount of chemical 
required for a desired water concentra
tion was heated until liquified, and then 
diluted to 1000 ml with distilled water 
previously heated to 60 deg C. After 
thorough mixing and cooling, an amount 
of the subsequently formed dispersion, 
equal to the optimum moisture content of 

1 l-'rom p r i v a t e c o m m u n i c a t i o n w i t h t h e m a n u 
f a c t u r e r . 

the raw soil, was added gradually to a ir 
dried soil while being mixed in a Kitchen 
A i d (model K 4 - B ) mixer at moderate 
speed, supplemented when necessary by 
hand mixing. Immediately after mixing, 
2-in. diameter by 2-in. high specimens 
were molded to near standard Proctor 
density, and their heights and weights 
measured in a manner previously de
scribed ( 5 , 1 2 ) . 

O P T I M U M C H E M I C A L C O N T E N T 

A preliminary study was made for the 
purpose of determining an optimum A r 
quad 2 H T content for the soils used. The 
optimum for each soil was taken as the 
amount of chemical giving maximum un-
confined compressive strength after 7 
days a ir drying and 24 hours immersion 
in water. Seven days air drying was 
found to be a reasonable length of time 
for the soil-Arquad mixture to dry to an 
equilibrium moisture content. 

F igure 1 shows that the a ir dry com
pressive strength of both soils decreased 
with higher concentrations of the chem
ical (the data presented in this report 
are averages of tests made on at least 
2 specimens). However, the immersed 
compressive strength of silty soil 20-21 
increased to an optimum at 3 percent 
water concentration of chemical then 
tapered off, while the immersed strength 
of clayey soil 44A-1 increased to a level
ing off point at about 5 percent water con
centration of the chemical. These concen
trations represent 0.47 and 0.85 percent 
of the dry soil weight and each is equiv
alent to slightly less than 5 percent of 
the cation exchange capacity of soils 20-
21 and 44A-1, respectively. F o r ease of 
presenting the data, all chemical quan
tities will be expressed as a concentra
tion in water. 

C U R I N G S T U D I E S 

Since organic cationic chemicals in
troduced into a soil appear to maintain 
the soil's stability by establishing a hy
drophobic condition within the soil, it was 
considered probable that the strength of 
the soil-Arquad specimens would depend 
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H 2 0 0 

H 100 

_> 
CO 
CO 
0) 

0 1 3 5 7 0 1 3 5 7 0 

Concentration of Chemical in Water, 
percent by weight 

F i g u r e 1. E f f e c t o f a m o u n t of c h e m i c a l on a v e r a g e u n c o n f i n e d c o m p r e s s i v e s t r e n g t h of so i l s 20-21 a n d 

5 s> 

O <D 
Q > 

I < 

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 oc
cur in the field, it was anticipated that 
information could be obtained to assist 
in understanding the mechanism of soil 
stabilization with large organic cations. 
To study various combinations of time, 
humidity, and temperature which might 
affect curing, specimens treated with the 
previously determined optimum amounts 
of Arquad 2 H T 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. I n open air of approximately 
30 percent relative humidity. 
b. I n a dessicator with approxi
mately 65 percent relative humid
ity. 

3. Moist curing in a moisture cabinet 
at 70 ± 3 deg F and approximately 90 

percent relative humidity. 
4. Curing at elevated temperatures. 

a. I n 110 deg F oven, wrapped.'' 
b. I n 160 deg F oven, wrapped. 
c. I n 160 deg F oven, unwrapped. 

5. Combination heat-moist curing. 
a. One and two days in 90 deg F 
oven, then moist cured in a moist
ure cabinet at 70 ± 3 deg F and 
approximately 90 percent relative 
humidity, unwrapped. 
b. Same as above except in 110 
deg F oven. 
c. Same as above except in 140 
deg F oven. 
d. Same as above except in 160 
deg F oven. 

The length of curing for each condition 
varied from 0 to 14 days prior to immer
sion, except for the combination heat-
moist curing. F o r this condition the spec
imens were first cured at the specified 

2 S p e c i m e n s w e r e w r a p p e d i n w a x e d p a p e r a n d 
t h e n c o v e r e d w i t h a l u m i n u m f o i l to p r e v e n t e v a p o r a 
t ion of m o i s t u r e a n d c o n t a c t w i t h c a r b o n d iox ide i n 
the a i r . 
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temperature, then were placed in a moist
ure cabinet for periods of 0 to 14 days 
followed by immersion for 24 hours. 

Results 

The curing study results (Tables 2 and 
3) indicate: 

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 drying was justifiable. 

2. The effect of length of curing was 
different with each method used, but 
was more pronounced with air curing. 
E v e n 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 

T A B L E 2 
E F F E C T O F C U R I N G M E T H O D A N D C U R I N G T I M E O N I M M E R S E D S T R E N G T H O F 20-21 S P E C I M E N S 

T R E A T E D W I T H 3 P E R C E N T W A T E R C O N C E N T R A T I O N S O F A R Q U A D 2 H T 

C u r i n g M e t h o d 

I m m e r s e d C o m p r e s s i v e S t r e n g t h , lb 

C u r i n g T i m e , d a y s 

0 1 3 6 7 10 14 

A i r d r y , 3 0 % R . H . " 20 142 255 303 390 327 335 
A i r d r y , 6 5 % R . H . 20 45 45 55 67 70 70 
M o i s t , 9 0 % R . H . 20 40 52 66 66 66 83 
1 1 0 ° F , w r a p p e d 20 62 75 77 70 83 100 
1 6 0 ° F , w r a p p e d 20 75 83 83 90 113 113 
1 6 0 ° F , u n w r a p p e d 
1 d a y , 9 0 ° F ; m o i s t , 9 0 % R . H . 

20 226 18 0 0 0 0 1 6 0 ° F , u n w r a p p e d 
1 d a y , 9 0 ° F ; m o i s t , 9 0 % R . H . 20 40 60 68 126 b b 
2 d a y s , 9 0 ° F ; m o i s t , 9 0 % R . H . 20 34 58 87 120 
1 d a y , 1 1 0 ° F ; m o i s t , 9 0 % R . H . 20 260 255 247 247 250 242 
2 d a y s , 1 1 0 ° F ; m o i s t , 9 0 % R . H . 20 93 213 213 223 243 262 
1 d a y , 1 4 0 ° F ; m o i s t , 9 0 % R . p . 20 228 243 210 197 
2 d a y s , 1 4 0 ° F ; m o i s t , 9 0 % R . H . 20 20 182 183 173 
1 d a y , 1 6 0 ° F ; m o i s t , 9 0 % R . H . 20 220 205 236 250 — 
2 d a y s , 1 6 0 ° F ; m o i s t , 9 0 % R . H . 20 45 200 196 193 — — 

» R . H . = r e l a t i v e h u m i d i t y . 
N o t d e t e r m i n e d . 

T A B L E 3 
E F F E C T O F C U R I N G M E T H O D A N D C U R I N G T I M E O N I M M E R S E D S T R E N G T H O F 4 4 A - 1 S P E C I M E N S 

T R E A T E D W I T H 3 P E R C E N T W A T E R C O N C E N T R A T I O N O F A R Q U A D 2 H T 

C u r i n g M e t h o d 

I m m e r s e d C o m p r e s s i v e S t r e n g t h , lb 

C u r i n g T i m e , d a y s 

0 I 3 5 7 10 14 

A i r d r y , 3 0 % R . H . « 
A i r d r y , 6 6 % R . H . 

40 117 147 268 358 372 407 A i r d r y , 3 0 % R . H . « 
A i r d r y , 6 6 % R . H . 40 75 97 85 95 70 50 
M o i s t , 9 0 % R . H . 40 65 90 95 85 78 80 
1 1 0 ° F , w r a p p e d 40 100 115 97 105 100 130 
1 6 0 ° F , w r a p p e d 40 112 117 95 106 123 160 
1 6 0 ° F , u n w r a p p e d 
1 day , 9 0 ° F ; m o i s t , 9 0 % R . H . 

40 202 122 130 80 60 82 1 6 0 ° F , u n w r a p p e d 
1 day , 9 0 ° F ; m o i s t , 9 0 % R . H . 40 80 100 90 108 b b 
2 d a y s , 9 0 ° F ; m o i s t , 9 0 % R . H . 40 72 92 68 75 
1 d a y , 1 1 0 ° F ; m o i s t , 9 0 % R . H . 40 222 245 163 117 315 200 
2 d a y s , 1 1 0 ° F ; m o i s t , 9 0 % R . H . 40 278 388 228 338 358 295 
1 d a y , 1 4 0 ° F ; m o i s t , 9 0 % R . H . 40 340 345 335 343 
2 d a y s , 1 4 0 ° F ; m o i s t , 9 0 % R . H . 40 130 343 272 287 
1 d a y , 1 6 0 ° F ; m o i s t , 9 0 % R . H . 
2 d a y s , 1 6 0 ° P ; m o i s t , 9 0 % R . H . 

40 320 277 226 215 1 d a y , 1 6 0 ° F ; m o i s t , 9 0 % R . H . 
2 d a y s , 1 6 0 ° P ; m o i s t , 9 0 % R . H . 40 83 266 293 262 — — 

« R . H . = r e l a t i v e h u m i d i t y . 
' N o t d e t e r m i n e d . 
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from 65 to 90 percent caused little varia
tion in the immersed strengths. 

4. Wrapped specimens cured at ele
vated temperatures of 110 and 160 deg 
F had immersed strengths slightly 
greater than those of specimens moist 
cured at 70 ± 3 deg F . Moisture was pre
served in wrapped specimens, and the 
relative humidity inside the wrapping 
was at least as high as that in the moist
ure cabinet used for normal moist curing. 

5. Prolonged oven drying of unwrap
ped specimens at 160 deg F was ex
tremely detrimental to the silty soil spec
imens and caused considerable reduc
tion in strength of the clayey soil speci
mens. 

6. The combination of one and two 
days oven drying at 90 deg 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, 140 
and 160 deg F gave similar test results, 
except that the 2 day drying at 140 and 
160 deg F caused a reduction in the im
mersed 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 immersed strength; rehydration of the 
stabilized soil by normal moist curing is 

highly beneficial after 1 to 3 days in a 
moisture cabinet. 

8. The loss of strength below the crit
ical moisture content may be caused by 
the increase in air voids that accompanies 
any reduction of moisture. Below the 
critical moisture value, the air-void con
tent may increase to such an extent that 
during immersion, water not only enters 
the soil rapidly but also causes compres
sion of the air trapped within and a con
sequent loss of specimen strength ( F i g 
ure 2 ) . 

The curing studies were performed 
with only one Arquad 2 H T treatment of 
each soil, the optimum treatment deter
mined 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 
2 H T were cured one day at 140 deg F 
followed by normal moist curing for 3 
days. Strength results after 24 hours 
immersion are compared with those from 
seven day air curing (F igure 3 ) . F o r 
both methods of curing the optimum 
chemical concentration in water is about 
the same; 3 percent for soil 20-21 and 
5 percent for soil 44A-1. There is an in
dication 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 

• • • • • • • 1 t 1 

F i t r u r e 2. H e a t c u r e d s p e c i m e n s f o l l o w i n g 24 -hr i m m e r s i o n i n w a t e r . 
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Air dry curing 
Heot-moist curing 

J \ 1 1 _ 
0 I I 

C o n c e n t r a t i o n in W a t e r , p e r c e n t by we igh t 
F i g u r e 3 . C o m p a r i s o n of 7-day a i r d r y c u r i n g w i t h h e a t - m o i s t c u r i n g f o r v a r i o u s c o n c e n t r a t i o n s o f c h e m i c a l . 

the ease of mixing the chemical with the 
soils is greatly reduced. 

Arquad 2S, another quaternary am
monium salt, when tested under eondi' 
tions exactly the same as described in the 
preceding paragraph gave comparable 
immersed strength results, indicating 
that treatments of Arquad 2S and A r 
quad 2 H T have similar effects on both 
soils. 

C O N S I S T E N C Y L I M I T S 

To determine the effect of Arquad 2 H T 
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 ( A S T M Designations: D423-
54T and D424-54T). 

The plasticity of both soils was de
creased by the addition of Arquad 2 H T . 
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-

21 and 44A-1 respectively; further in
creases in chemical resulted in very little 
change in the plasticity index of either 
soil. 

Table 4 shows the results of the con
sistency limits for raw soils and for 
specimens containing optimum concen
trations of Arquad 2 H T after subjection 
to two curing conditions. The P I of 
clayey soil 44A-1 was reduced to a greater 
degree than that of silty soil 20-21 al
though the shrinkage properties of both 
soils were not changed to any appreci
able extent by the Arquad treatments. 
Also, the curing method affected the 
liquid limit and P I of both treated soils, 
being lower with heat-moist curing than 
with air drying. 

M O I S T U R E - D E N S I T Y R E L A T I O N S H I P 

Standard Proctor moisture-density re
lationships ( A S T M Designation: D698-
42T) of raw and Arquad 2 H T treated 
soils are compared in F igure 4 and Table 
4. There was a slight decrease of the max
imum dry density of both soils when 
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T A B L E 4 
E F F E C T O F C U R I N G M E T H O D O N C O N S I S T E N C Y A N D D E N S I T Y P R O P E R T I E S O F R A W A N D 

A R Q U A D - T R E A T E D S O I L S 

Soil No. 20-21 44A-1 

Water 
Concentration 

Arquad 2HT, % 
0 3 3 0 6 6 

Curing 
Condition 

A i r 
Dried" 

A i r 
Dried" 

Heat-
Moist» 

Air 
Dried" 

Air 
Dried" 

Heat-
Moist* 

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

34.2 
26.2 

8.0 
24.6 

1.64 

31.5 
24.8 

6.7 
24.2 

1.67 

30.1 
24.9 

5.2 
24.2 

1.67 

63.1 
25.7 
27.4 
19.9 

1.81 

44.1 
28.1 
16.0 
19.9 

1.81 

42.6 
27.9 
14.7 
17.1 

1.83 

Max std Proctor 
density, pcf 104.3 101.0 102.7 100.2 — 

Optimum moisture 
at std Proctor 
density, % 

18.7 19.5 - 21.2 19.5 -
» Beven days air drying at room temperature. 

One day at 140° F , 6 days moist curing at 90% relative humidity. 

treated with the chemical; however, the 
optimum moisture content of the silty 
soil was slightly increased, whereas that 
of the clayey soil was slightly decreased. 
F r o m these results, it is permissible to 

use the optimum moisture content of the 
raw soil as a basis for estimating the 
amount of chemical-water dispersion to 
be added to the soil in preparing test 
specimens. 

o 
Q . 

CO 

c 
Q 

105 

1 0 4 

1 0 3 

1 0 2 

101 

1 0 0 

9 9 

9 8 

9 7 

9 6 

9 5 

2 0 - 2 1 soM_' 1 1 1 1 ' ' ' ' 4 4 A - l s o i l 

- Raw s o i l — ^ \ 

\ o ^ ' ^ - R a w s o i l ' 

^ — 5 % a r q u a d 
^ ^ ^ ^ " • ^ 1 ° " ^ - " ^ ^ 

3% a r q u a d 
1 

/ 2 H T 

-

I I 1 1 1 1 1 1 1 
15 16 17 18 19 2 0 21 2 2 18 19 2 0 21 2 2 2 3 

Moisture Content, percent 
Figure 4. Comparison of moisture-density relationship of raw and stabilized soils. 



744 S O I L S , G E O L O G Y A N D F O U N D A T I O N S 

M O I S T U R E - C U R I N G T I M E R E L A T I O N S H I P 

To compare the effect of curing on the 
moisture content of raw and optimum 
Arquad 2 H T treated soil specimens, a 
check was made on moisture variation 
during air drying and during heat-moist 
curing (one day at 140 deg F followed 
by 6 days normal moist cur ing) . Moist
ure determinations, expressed as a per
centage 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, ex
pressed 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 de
tected in rate of moisture loss between 
raw and stabilized soils. The moisture 
content of heated specimens was reduced 
to 7 or 8 percent of their optimum moist
ure content in 24 hours. Af ter placement 
in the moisture cabinet for 6 days, they 
had regained moisture up to 22 and 34 
percent of the optimum moisture con
tents of the silty and clayey soils, re
spectively. Af ter immersion, the moisture 
contents of both soils increased rapidly 
for the first day but then began to level 
off. Because of partial satisfaction of 
their affinity for moisture during the 
moist curing period, specimens cured in 

this manner absorbed less moisture dur
ing 7 days immersion than did specimens 
previously air dried for 7 days, indicating 
that elevated 140 deg F temperature dur
ing curing does not destroy the water
proofing characteristics of Arquad 2 H T . 

B E A R I N G A N D D U R A B I L I T Y S T U D I E S 

To further evaluate Arquad 2 H T with 
the two soils on a basis which might be 
indicative of its field performance, bear
ing 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 (2 ) . Samples containing op
timum amounts of Arquad 2 H T were 
compared with raw soil samples. 

Table 5 summarizes the C B R determi
nations. A definite improvement was ob
served in the soaked strengths of the 
Arquad-treated soils and swelling was 
cut in half. The treated soils gained 
strength during the soaking period, an 
indication of a benefit from moist cur
ing that did not appear in the unconfined 
compression tests of the curing study. 

Iowa Bearing Value 

I n some respects the Iowa bearing 

T A B L E B 
E F F E C T O F A R Q U A D 2HT O N C A L I F O R N I A B E A R I N G R A T I O O F S O I L S 20-21 A N D 44A-1 

20-21 44A-1 

Raw 
3% 

Arquad 2HT Raw 
5% 

Arquad 2HT 

U« S" U S U S U S 

C B R at 0.1 in. 
penetration, % 

17.7 2.B 18.B 25.6 4.5 2.0 6.0 10.0 

C B R at 0.2 in. 
penetration, % 28.'i 5.2 30.0 38.4 6.0 2.8 7.2 13.3 

Swell, % of 
original height — 0.5 - 0.2 - 0.8 - 0.4 

* Unsoaked condition. 
Soaked for 4 days. 
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Figure 5. Moisture-curin«r time curves for raw and stabilized soils. 
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value test is a miniature C B H test. I t is 
under development at the Iowa Engineer
ing Experiment Station and is being 
correlated with C B R . 

Preparation and testing of IBV speci
mens. Cylindrical specimens (2-in. di
ameter by 2 in. high) molded to near 
standard Proctor density in 2-in. diam
eter by 5 in. high brass molds are used. 
The specimens are retained in the molds 
during curing and testing. A %-in. di
ameter rod is penetrated into the speci
men at 0.05 in. per minute. The load read
ings, in pounds, at penetrations of 0.1 
and 0.2 in. were taken as relative meas
ures of the bearing strength of the soil. 

F o r each soil, specimens were molded, 
air cured, and tested in the cured, un-
soaked, and cured, 48 hours immersed 
conditions. A i r curing was for 0, 3, and 
7 days following molding. During im
mersion, 500 g surcharges were kept on 
the specimens and measurements of swell 
were made. Specimens of raw soil were 
compared with specimens containing op
timum amounts of Arquad 2 H T . 

Results. Test results are shown in 
Table 6. A i r curing of 3 and 7 days prior 
to 48 hours immersion was extremely 
beneficial. Both the unsoaked and the 
immersed strengths of treated speci
mens increased approximately 130 per
cent at 3 days air curing, and 400 per
cent at 7 days air curing, again indi
cating the essential role of curing in the 
effectiveness of soil-organic cationic 
chemical stabilization. The beneficial ef
fect of the chemical treatment is also seen 
in the reduction of swelling; 3 days a ir 
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 
for evaluating the resistance of Arquad 
2 H T 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 concentra-
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tions of Arquad 2 H T previously deter
mined as being optimum for each soil. 

2. Specimens were air cured at room 
temperature for 7 days. Af ter curing, 
the procedure for freeze-thaw evaluation 
was: 

a. Immerse specimens in distilled 
water for 2 hours. 

b. Remove specimens from water 
bath and place on soaked felt 
pads to maintain capillary ab
sorption. 

c. With specimens on pads, place 
in deep freeze at —10 deg F 
for 23 hours. 

d. Thaw in open air at room temp
erature for 2 hours. 

e. Place thawed specimens in a 
moisture cabinet at approxi
mately 70 deg F and 95 per
cent relative humidity for 23 
hours. This constituted the end 
of the first cycle. E a c h succeed
ing cycle was a repetition of 
steps c through e. 

Three specimens of each soil were tested 
for unconfined compressive strength fol
lowing 1, 3, 5, 7, 10, and 12 cycles of 
freezing and thawing. 

Af ter curing, the procedure for wet-
dry evaluation was: 

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

b. A i r dry specimens at room 
temperature for 24 hours. 

c. Immerse specimens in distilled 

water for 24 hours. This ended 
the second cycle. E a c h succeed
ing cycle was a repetition of 
steps b and c. 

Three specimens of each soil were 
tested for unconfined compressive 
strength following 1, 3, 5, 7, 10, and 12 
cycles of wetting and drying. 

Results. I n addition to strength deter
minations, 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 ap
pear 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 spec
imens than wetting and drying (Table 
7 ) . E a c h cycle of either test caused a de
crease in the unconfined compresive 
strengths, with the exception of wet-dry 
cycles with the silty soil; its strength 
steadily increased up to 10 cycles but 
began decreasing slightly at 12 cycles. 

D I F F E R E N T I A L T H E R M A L A N A L Y S I S S T U D Y 

Preparation of Samples 

Samples of soil 20-21 were prepared at 
optimum moisture content with a high 
percentage water concentration of A r 
quad 2 H T . An equal amount of the chem
ical dispersion was also added to a sam-

T A B L E 7 
E F F E C T O F F R E E Z E - T H A W A N D W E T - D R Y C Y C L E S O N U N C O N F I N E D C O M P R E S S I V E S T R E N G T H 

O F A R Q U A D 2 H T - T R E A T E D S O I L S P E C I M E N S 

Unconfined Compressive Strength, lb 

No. 
of Freeze-thaw Wet-Dry 

Cycles 

Soil 20-21, 3% Soil 44A-1 Soil 20-21 Soil 44A-1 
Cone. Arquad 6% Cone. 3% Cone. 5% Cone. 

2HT Arquad 2HT Arquad 2HT Arquad 2HT 

1 200 510 190 300 
8 200 306 178 169 
5 128 182 207 196 
7 90 52 220 160 

10 60 63 235 135 
12 60 60 230 130 
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V 
Raw 2 0 - 2 1 , n i t r o g e n o t m o t p h c r c 

2 0 - 2 1 , 7 % c o n c a n t r o t i o n A r q u a d 

2 H T - n i t r o g e n a t m o s p h e r e z 
2 0 - ^ 1 , 7 % e « n e e n t r a t i o » A r q u a d 

2 H T - w i t h o u t n i t r o g e n -

S t . P e t e r s a n d , 7 % c o n c e n t r a t i o n A r q u a d 

2 H T - w i t h o u t n i t r o g e n 

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 

T e m p e r a t u r e , " C 
Figure 6. Differential thermal curves of samplea containing a quaternary ammonium salt. 

pie of St. Peter sand. After mixing, all 
samples were allowed to come to equilib
rium in an atmosphere controlled 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 
(IS). A sample is heated at a linear rate 

and the thermal reactions in the sample 
are recorded. I n Figure 6 the initial 
downward peak at about 100 deg C indi
cates the endothermic reaction of ad
sorbed water being driven from the clay. 
The next two curves show a reduction in 
size of this peak due to treatment by A r 

quad 2 H T . I n samples run in an oxidizing 
atmosphere (third and fourth curves) , 
the organic material oxidizes in a drawn-
out exothermic reaction between 250 and 
550 deg C. The reaction with sand shows 
a definite double peak. 

A significant observation from thermal 
analysis study of Arquad 2 H T is the lack 
of any delayed exotherm related to break
down of the clay at around 600 deg C. 
Treatment of soils or clays with some 
organic chemicals results in a delayed 
exotherm believed caused by carbon ad
sorption on the clay (1). When the clay 
structure breaks down, the carbon is re
leased and burned. These reactions have 
been observed with the loess samples 
studied. I f the interpretation is correct, 
the breakdown of Arquad does not leave 
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any such residual carbon attached to the 
clay. 

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 deg C and continuing to 
about 850 deg C. I n thermal analysis of 
Arquad-treated soils the carbonate reac
tion assumes a lower temperature, more 
rounded endotherm. A t first it was be
lieved that the Arquad might be acidic 
and react with the carbonates on mixing 
with soil. However, p H checks by t itra
tion and a measurement of COs gas re
lease from treated soil failed to verify 
this. Perhaps one of the high-temperature 
breakdown products from Arquad may be 
absorbed on and catalyze the thermal de
composition of the soil carbonates. 

In summary, differential thermal anal
ysis offers additional evidence for water
proofing of soil organic cationic chemicals. 
Organic cations are preferentially and 
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 ap
pear to be related to thermal disintegra
tion of the organic chemicals and may 
have no direct bearing on soil stabiliza
tion. 

T H E O R E T I C A L I N T E R P R E T A T I O N S 

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 parti
cles. When such a film thickens it per
forms as a lubricant, reducing the fr ic 
tion between adjacent particles and con
sequently diminishing the resistance 
value. 

The clay-size material of both soils used 
in this work was predominantly mont-
morillonitic. Petrographic studies by 
Handy (9) show 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 3-layer structural units them
selves, however, are so loosely held toget
her that the crystal lattice is often bel
lows-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 nat
ural cation in the two soils used is cal
cium, which gives an aggregated, mod
erately 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-repellency of the 
cationic Arquad 2 H T once its charge is 
neutralized on the negative clay surface. 

Figure 7 illustrates the waterproofing 
effects of Arquad 2 H T on the two soils. 
St irr ing of properly treated soil in water 
does not result in a mud, but in a mass 
of water-stable aggregates as in the lower 
photograph (Figure 7 ) . 

Based on experimental evidence, the 
possible mechanism of Arquad 2 H T as a 
soil stabilizer may be summarized as fol
lows : 

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 
2 H T is such an agent. 

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

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

(b) I n the amounts used, Arquad 
2 H T cations also partially coat 
the clay surfaces with a moisture 
repellent film. Such coated clay 
surfaces have little or no affinity 
for water. 
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Figure 7. Agsresating etFect of Arquad 2HT on silty (left) and clayey 
(right) loess. Above, untreated loess in water; below, optimum treated 

loess stirred in water-

Strength 

1. The strength of soil aggregates de
pends in part on the structure and thick
ness of moisture films binding the parti
cles. Usually the thinner the film the 
better the binding. F o r example, the 
strength of natural soil aggregates is 
usually greatly increased by air or oven 
drying because of the decrease in thick
ness of water films. Immersing such a 
soil in water usually results in thicken
ing 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 waterproof
ing actions of Arquad 2 H T . Figures 8 
and 9 show the untreated soil dispersed 
in water and the water-stable aggregates 
of treated soil. 

3. However, because of the partial 
coating and waterproofing of clay parti
cles by Arquad 2 H T , binding by water 
films is decreased, and the strength of 
the air dry soil is decreased. Therefore, 
Arquad 2 H T treatment of soil causes an 
increase in wet strength and a decrease 
in dry strength. I t follows that in gen
eral the greater the amount of Arquad 
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Figure 8. Photomicrograph of 20-21 soil. Above, raw soil; below, air dry stabilized soil. 
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Figure 9. Photomicrograph of 44A-1 soil. Above, raw soil; below, air dry stabilized soil. 
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2 H T used the lower the air dry strength. 
4. A certain minimum amount of A r 

quad 2 H T is necessary for effective 
waterproofing. This amount is often an 
optimum; if Arquad 2 H T is used in ex
cess of this amount the strength of the 
water-stable aggregates may be decreased 
for the reason stated. 

C O N C L U S I O N S 

Immersed compressive strengths of 
Arquad 2 H T treated 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 
Arquad 2 H T ions. The relations are as 
follows: 

1. Dur ing a ir drying, treated soils 
lose water and gain strength (Tables 2, 
3, F igure 5) at about the same rate as 
untreated soils. 

2. The gain in strength of Arquad 2 H T 
treated soils on drying is probably due 
to reduction in thickness of the moisture 
films. Curing in a humid atmosphere 
gives a lower strength gain. 

3. Heat treatments show that an op
timum degree of drying exists. Overdry-
ing, 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 causes compression of 
the air, disruption of the specimen ( F i g 
ure 2 ) , and loss of strength. With A r 
quad 2 H T treated soils this was observed 
after oven-drying at 140 deg F and 160 
deg F . However, wrapping of oven-cured 
specimens to prevent drying gives 
strength results approximating those ob
tained by moist curing at room tempera
tures. 

4. Treated soils show a satisfactory re
covery from oven-drying i f they are sub
sequently aged in a humid atmosphere 
before immersion and testing. These 
moist cured strengths are much higher 
than those obtained without preliminary 
drying; therefore, drying is instrumental 
in obtaining a better arrangement of 
water films. 

The effects of Arquad 2 H T treatment 

on engineering properties are as fol
lows : 

1. Arquad 2 H T reduces the plasticity 
index of soils probably by flocculating and 
partially waterproofing the clay. Prel imi
nary oven drying increases this effect. 

2. Arquad 2 H T treatment, like lime, 
results in flocculation of the clays in a 
silty soil, giving a poorer gradation and 
lower compacted densities with the same 
eompactive effort. The optimum moisture 
content is not greatly affected. 

3. California bearing ratio tests show 
a substantial increase in soaked bearing 
strength after additions of Arquad 2 H T . 
Iowa bearing value tests run on treated 
soils show further very large increases 
in both dry and soaked bearing strengths 
after air curing. 

4. Data from unconfined compressive 
strength tests show that Arquad 2 H T 
treatments decrease the cohesion in air-
dry soil. Data from the bearing tests in
dicate that Arquad 2 H T treatments may 
increase the angle of internal friction. 

5. Freeze-thaw tests and wet-dry tests 
on air-cured Arquad 2 H T treated speci
mens show a considerable resistance to 
physical weathering. The resistance of 
untreated soils is zero. 
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