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A bituminous wearing surface i s n e a r l y always used on 
base courses constructed of soil-cement or s o i l - l i m e -
f l y a s h . A simpler expedient would be t o chemically 
t r e a t t he compacted roadbase t o increase hardness w i t h 
i n the upper surface. Even i f the hardened c r u s t were 
inadequate as a wearing surface, i t might a l t e r f r e e z e -
thaw s u s c e p t i b i l i t y t o allow a r e d u c t i o n i n the t h i c k 
ness o f bituminous s u r f a c i n g and give a saving i n cost. 

Surface treatments i n v e s t i g a t e d i n the l a b o r a t o r y 
were calcium c h l o r i d e , sodium hydroxide, sodium car
bonate, and sodium s i l i c a t e . Measured amounts of these 
s o l u t i o n s were s p r i n k l e d on the surfaces of molded 2-
i n . by 2 - i n . specimens confined i n t h e i r molds. So
l u t i o n amount, c o n c e n t r a t i o n , and time o f a p p l i c a t i o n 
were v a r i e d . Other specimens were e i t h e r moist-cured 
or s p r i n k l e d w i t h d i s t i l l e d water t o provide a con
t r o l . At the end of the treatment and c u r i n g p e r i o d 
the specimens were t e s t e d f o r bearing c a p a c i t y by the 
Iowa Bearing Value, e s s e n t i a l l y a m i n i a t u r e CBR. Bear
in g values were measured from plimger p e n e t r a t i o n s o f 
up t o ̂  i n . 

S o i l - l i m e - f l y a s h was b e n e f i t e d most by a p p l i c a t i o n 
o f sodiimi s i l i c a t e s o l u t i o n s . The sodium s i l i c a t e pen
e t r a t e s i n t o the s o i l and probably reacts w i t h c a l c i i m 
and magnesium ions from the lime t o produce i n s o l u b l e 
calciimi and magnesium s i l i c a t e s . A s i n g l e a p p l i c a t i o n 
o f sodium s i l i c a t e f o l l o w e d by c o n t i n u a l moist c u r i n g 
approximately doubled the bearing s t r e n g t h , and sodium 
s i l i c a t e treatment f o l l o w e d by d a i l y a p p l i c a t i o n s o f 
water increased bearing capacity i n the surface l a y e r 
about f o u r times. The s i l i c a t e c r u s t also forms an 
e f f e c t i v e seal against e n t r y of surface water. From 
these r e s u l t s , a f i e l d t e s t appears t o be the next 
step. S i m i l a r r e s u l t s are t o be expected f o r s o i l -
l i m e . 

Results w i t h soil-cement were l e s s spectacular, 
but by no means le s s i n t e r e s t i n g . Sodium s i l i c a t e ap
p l i c a t i o n f o l l o w e d by d a i l y w e t t i n g w i t h water again 
proved t o be the best treatment, the improvement being 
between 20 percent and 90 percent over c o n t r o l s t r e n g t h s , 
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depending on the s o i l . A sandy s o i l was most b e n e f i t 
ed. D a l l y w e t t i n g was i n i t s e l f b e n e f i c i a l t o the 
s i l t y s o i l and t h i s alone increased the bearing s t r e n g t h 
about 30 percent over t h a t from o r d i n a r y moist c i i r l n g . 
However, d a i l y s p r i n k l i n g decreased the bearing s t r e n g t h 
o f the s t a b i l i z e d sandy s o i l . A sodium s i l i c a t e s o i l -
cement f i e l d t e s t appears warranted, using sandy s o i l . 

• SOIL-CMENT, and more r e c e n t l y s o i l - l l m e - f l y a s h , are becoming Important 
members i n t h e engineer's l i s t o f m a t e r i a l s f o r low-cost roads or l o t s . 
U n f o r t u n a t e l y both m a t e r i a l s r e q u i r e a bituminous wearing surface which 
not unconmionly costs more than the p r i c e o f the s o i l s t a b i l i z a t i o n i t s e l f . 
A b e n e f l c l e n t a l t e r n a t i v e f o r l i g h t - t r a f f i c uses would be t o chemically 
t r e a t the s t a b i l i z e d s o i l t o increase s t r e n g t h i n the upper l a y e r of pave
ment. This paper r e p o r t s the search f o r such treatments. 

TEST METHODS 
A p\mch-type bearing t e s t was u t i l i z e d t o give a measure o f surface 

hardness o f the t r e a t e d s o i l . The Iowa Bearing Value (IBV) t e s t , essen
t i a l l y a m i n i a t u r e CBR, was s e l e c t e d because the small 2 - i n . diameter by 
2 - i n . h i g h specimen allows a considerable saving i n time and l a b o r . Tests 
were r u n i n t r i p l i c a t e and the average be a r i n g val\ies r e p o r t e d . 

S t a b i l i z e d s o i l c y l i n d e r s s l i g h t l y over 2 i n . long were compacted t o 
standard Proctor d e n s i t y i n s i d e o f ^-In. l o n g brass sleeves by means of a 
drop-hammer molding apparatus. Each sleeve was then s l i p p e d over a 
h i g h pedestal which pushed the s o i l c y l i n d e r i n t o the upper 2 i n . o f the 
sleeve. The p r o t r u d i n g s o i l specimen was then s t m c k o f f l e v e l w i t h a 
s t r a i g h t e d g e , g i v i n g a cut surface s i m l l e i r t o t h a t l e f t on a s t a b i l i z e d 
s o i l road a f t e r trimming by a blade grader. The trimmed s o i l c y l i n d e r 
was pushed back t o the other end o f the sleeve so the w a l l s o f the sleeve 
might a i d i n r e t a i n i n g the c u r i n g s o l u t i o n . 

Chemicals 
Curing s o l u t i o n s o f d i f f e r e n t chemicals were s p r i n k l e d on the cut 

s o i l surfaces i n v a r y i n g amounts, comparable t o those which could be ob
t a i n e d on a road w i t h standard d i s t r i b u t o r equipment. C o n t r o l specimens 
were s p r i n k l e d w i t h corresponding amounts o f d i s t i l l e d water. Laboratory 
s p r i n k l i n g was done from a h e i g h t o f 3 i n . , from a graduated b u r r e t t e . 

Curing 
S t a r t i n g the day a f t e r treatment, most o f the t r e a t e d and c o n t r o l 

specimens were d a l l y s p r i n k l e d w i t h d i s t i l l e d water I n the amount o f -J 
g a l per sq yd, and allowed t o d r y a t 80 F - 5 F i n a r e l a t i v e h u midity 
o f ho percent t 5 percent. As specimens remained i n the brass c y l i n d e r s , 
o nly one end was exposed t o open a i r . 

For comparison, reference specimens not t r e a t e d w i t h chemicals were 
cured by wrapping i n t h i n p l a s t i c ("Saran-wrap") and s t o r i n g a t 70 F t 5 
F i n a r e l a t i v e h u m i d i t y o f 95 percent t 5 percent. 

T e s t i n g 
The 5 / 8 -in. diameter IBV plunger r o d was pushed i n t o a t e s t specimen 
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a t a constant r a t e o f 0.05 i n . per mln, and the l o a d i n poimds was record
ed a t every 0.02 i n . o f s t r a i n t o 0.20 i n . , then a t every 0.05 i n . u n t i l 
the p e n e t r a t i o n reached O.5O i n . The IBV i s the l o a d i n pounds when the 
plunger p e n e t r a t i o n i s O.08 i n . , or a l i t t l e over I / 1 6 i n . ( l ) . (The Iowa 
Bearing Value i s c l o s e l y c o r r e l a t i v e w i t h the C a l i f o r n i a Bearing Ratio i n 
the normal range f o r x m s t a b i l i z e d s o i l s . However, these c o r r e l a t i o n s prob
a b l y are not v a l i d f o r s t a b i l i z e d s o i l s . As a very rough guide, 0 .08-in. 
IBV's of 1,000, 500, and 100 are approximately e q u i v a l e n t t o 0 . 1 -in. un-
soaked CBR's o f 200, 100. and 10 f o r u n s t a b l l i z e d s o i l s c o n t a i n i n g 50 per
cent t o 80 percent sand.) 

The remainder o f t h i s paper i s i n two p a r t s , the f i r s t on treatments 
f o r s o i l - l i m e - f l y a s h , t h e second on treatments f o r soil-cement. 

SOIL-LIME-FLYASH 
A sample o f D e t r o i t Edison Company St. C l a i r f l y a s h was used i n the 

i n v e s t i g a t i o n . This f l y a s h has a s p e c i f i c surface o f 2,720 sq cm per gm 
and a 3.6 percent l o s s on I g n i t i o n . Data show 11.3 percent r e t a i n e d on 
the No. 325 sieve. Except where otherwise s p e c i f i e d , samples were molded 
w i t h 22.5 percent f l y a s h and 2.5 percent monohydrate d o l o m i t i c l i m e , ex
pressed as percents of the dry weight o f the mix. 

I n the i n i t i a l e v a l u a t i o n two s o i l s were used, both having a f a i r l y 
h i g h p e r m e a b i l i t y . One, an A-l4-(8) s i l t loam, i s from the t h i c k , f r i a b l e 
loess deposits o f western Iowa. The other i s a 75:25 mixture o f f i n e a l 
l u v i a l waste sand and medim-textured l o e s s , as used i n a s t a b i l i z e d s o i l 
base course i n primary highway I I 7 n o r t h o f Colfax, Iowa (Table l ) . 

Treatment w i t h Sodium Carbonate 
Sodium carbonate has been found t o be an e f f e c t i v e a c c e l e r a t o r f o r 

c e r t a i n s o i l - l i m e - f l y a s h mixes, and i t was decided t o t r y use o f t h i s 
chemical i n a c u r i n g s o l u t i o n . I t i s b e l i e v e d t h a t sodium carbonate r e 
acts w i t h calcium from lime t o p r e c i p i t a t e calcium carbonate as a cement 
and simultaneously release sodium hydroxide which acts t o accelerate the 
pozzolanic r e a c t i o n (2) . 

Sodium carbonate s o l u t i o n s o f 5, 10 and 20 percent c o n c e n t r a t i o n were 
s p r i n k l e d t o give v a r i o u s weights o f chemical per sq yd ( F i g . l ) . Sprink
l i n g was done a f t e r 0, 1, or 2 days p r e l i m i n a r y moist c u r i n g . Thereafter 
each succeeding day the specimens were s p r i n k l e d w i t h d i s t i l l e d water, and 
a f t e r 7 days they were t e s t e d . 

The loess was not b e n e f i t e d by the sodium carbonate treatment, and 
bearing values were below those o f the c o n t r o l s s p r i n k l e d w i t h d i s t i l l e d 
water ( F i g . l a , b ) . General heaving and s w e l l i n g were n o t i c e a b l e i n the 
tops of specimens, i n d i c a t i n g d e l e t e r i o u s volume change from excess so
dium carbonate. Furthermore, c o n t r o l strengths were below those from 
continuous moist c u r i n g except when d a l l y s p r i n k l i n g was l i g h t , l e s s than 
O.k g a l per sq yd ( t h i s amount represents c o n t r o l s p r i n k l i n g w i t h water 
t o equal the amount o f s o l u t i o n a t a co n c e n t r a t i o n of about 10 p e r c e n t — 
i n Figure 1 stronger concentrations mean l e s s w a t e r ) , i n d i c a t i n g the dele
t e r i o u s e f f e c t s o f excess w e t t i n g . 

S p r i n k l i n g was p a r t i c u l a r l y damaging t o the surface of the s t a b i l i z e d 
sand-loess m i x t u r e , and IBV's f e l l from 65O i n moist-cured specimens t o an 
average o f about 200 i n the c o n t r o l s s p r i n k l e d o nly w i t h water. Sodlm 
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TABLE 1 
SOIL PROPERTIES 

M a t e r i a l F r i a t l e Loess 
(No. 20-2V) Sand 

75:25 Sand-Loess 
Medium Textured 

Loess 
Dune Sand 
(No. S-6-2) 

D e t r o i t C l a y Kansan T i l l 
(No. U09-12C) 

Location 
S o l i s e r i e s 
Great s o i l group 
Sampling depth 
Horizon or bed 

L i q u 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 Index 
G r a v e l (>2 mm) 
Sand (2-0.0714- mm) 
S i l t (74 - 5n) 
C l a y (<5|i) 
C o l l o i d s (ALf.) 
T e x t u r a l c l a s s i f i c a t i o n 
AASHO c l a s s i f i c a t i o n 
Clay m i n e r a l s 

Cation exchange cap., 
me/100 gm 

Carbonate content 
pH 
Organic matter content 
ASTM Cement req.uirement, 

by weight 
CMC f o r soil-cement 
Std. Proctor d e n s i t y 
OMC f o r s o i l + 2k'f, l-.J 

l l m e - f l y a s h 
Std. Proctor d e n s i t y 

Harrison Co., l a . 
Hamburg 
L i t h o s o l 

80 f t 
C, o x i d i z e d , 
calcareous 

2856 
6 
0* 
o.si 

82.7 
17.0 
12.3 

S i l t loam 
A-4(8) 
Montmorlllonlte 

and l l l l t e 

10.2^ 

o.ni 

iTf, 
105 pof 

205S 
98 p c f 

Jaspe r Co., l a . 

Washed sand dredged 
from t e r r a c e of 
Des Moines R i v e r 

Jasper Co., l a . 
Tama 
Brunlzem 
5 f t - 1(0 f t 
C, o x i d i z e d , 
c a l c a r e o u s 

18.9* 
16.H 
2.5 
Of-

57.7 
30.2 
12.1 

Sandy loam 
A - 4 ( l ) 
Mbntmorlllonite 

and l l l l t e 

11.0 
11.6it 
8.0 
0.l65t 

9.8* 
129 pcf 

11* 
120 p c f 

Benton Co., l a . 
Carrlngton ( ? ) 
Brunlzem 
l i f t - 16 i f t 
C, o x i d i z e d , 
l e a c h e d 

19* 

N.P. 
0* 
gU.it 
1.6 
h.o 
3-5 

Sand 
A-3(0) 
Mbntmorlllonite 

and l l l l t e 

0* 
6.5 
0.04* 

Monroe Co., Mich. 

C, o x i d i z e d , 
c a l c a r e o u s 

h% 
21* 
26 
0* 

10.5 
i i t . i 
75.1̂  
70.5 

C l a y 
A-7-6(l5) 
C h l o r i t e and 

l l l l t e 

19.0 
0.9* 
7.6 
1.1* 

l a . Ringgold Co. 
Burchard 
Brunlzem 

f t t o 10-|-
C, o x i d i z e d , 
c a l c a r e o u s 

1(2* 
20* 
22 
0* 

31.9 
28.9 
39.2 

C l a y 
A-7-6(l2) 
Montmorlllonlte 

and l l l l t e 

29.5 
2.1* 
8.25 
0.17* 
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lb 
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_L 
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(c) Sand - Loess 
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Untreated 
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(b) Loess 
(Treatm«nt 0735 Ib/sq yd) 

U n t r e o t e d 

700 
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I B V , 
lb 

400 

300 

200 

100 

(d) S a n d - L o e s s 
(Treatment 0.90 Ib/aq yd ) 

Untreated 

10 20 10 20 

S o l u t i o n c o n c e n t r a t i o n , % 

T r t o l r n n l doy 0 - 0 day + - I day 4 - 2 day! 

Figure 1. E f f e c t s o f sodium carbonate s o l u t i o n s on 7-day Iowa Bearing 
Values o f s o i l - l i m e - f l y a s h . C o n t r o l specimens were s p r i n k l e d w i t h d i s 
t i l l e d water; u n t r e a t e d specimens were simply moist-cured. The 0.25 per
cent and 0.5 percent Na2C03 f i g u r e s r e f e r t o weight of the chemical com

pared t o t o t a l d ry weight of the specimen. 
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0.25 % NozSiOs 

IBV. 
lb 

0 
1300 

( a ) Loess 
(Trtotnwnt 0.367 lb/«q yd ) 

Unirealed_g^=? 

IBV. 
l b 

(c) Sand-Loess 

(Trcotnitnt 0 45 lb /iq yd) 

0 5 % NazSiOs 

IBV. 
lb 

(b ) Loess 
ITreofmwf 073S Ib/ iq yd) 

IBV, 
lb 

J L 

(d) Sand-Loess 

(Treatment 090 Ib / tqyd) 

S o l u t i o n c o n c e n t r a t i o n , % 

Treatment day o - 0 day + - l d a y A - 2 d o y e 

Figure 2 . E f f e c t s o f sodium s i l i c a t e s o l u t i o n s on 7-day IBV's o f s o i l -
l l m e - f l y a s h . Results are p a r t i c u l a r l y good w i t h the sandy s o i l . A low 
s o l u t i o n c o n c e n t r a t i o n means more water i s used t o get the same a p p l i c a 

t i o n o f chemical. 
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carbonate was b e n e f i c i a l , p a r t i c u l a r l y when the chemical was added i n h i g h 
c o n c e n t r a t i o n ; i . e . , w i t h o u t much water ( F i g . I c , d ) , but bearing values 
s t i l l were not so h i g h as w i t h o r d i n a r y moist c u r i n g . I t I s concluded 
t h a t w h i l e s o d i m carbonate c o n t r i b u t e s t o bearing s t r e n g t h o f sand-loess, 
the gain i s o f t e n cancelled by the d e l e t e r i o u s e f f e c t o f w e t t i n g . T e s t i n g 
w i t h t h i s chemical was discontinued. 

Treatment w i t h Sodium S i l i c a t e 
The second chemical t r i e d r eacts somewhat s i m i l a r l y t o the a c t i o n o f 

sodium carbonateJ t h a t i s , sodium s i l i c a t e r e a c t s w i t h lime t o p r e c i p i t a t e 
calcium s i l i c a t e and release sodium hydroxide. Tests were conducted sim
i l a r l y t o those w i t h sodium carbonate, and r e s u l t s were more encouraging. 
The IBV f o r s t a b i l i z e d loess was r a i s e d from 325 only t o about 1+50, but 
f o r s t a b i l i z e d sand-loess i t was r a i s e d from 65O t o between 1,000 and 1,250 
( F i g . 2c , d ) . The day of treatment was fotind t o be not c r i t i c a l . G?here-
f o r e i n t h i s and l a t e r i n v e s t i g a t i o n s the c u r i n g s o l u t i o n was added immed
i a t e l y a f t e r molding as the time representing the g r e a t e s t f i e l d conven
ience. Specimens were then s p r i n k l e d w i t h water the second through the 
s i x t h days. This wet-dry treatment was found t o give somewhat b e t t e r 
strengths than continuous moist c u r i n g a f t e r treatment. 

Next, two kinds o f sodium s i l i c a t e were evaluated, one the m e t a s l l i -
c ate, Na2Si03, having an NagOtSiOg molar r a t i o o f 1:1, and the other having 
a molar r a t i o of 1:3.25. Both amoiint and c o n c e n t r a t i o n o f s o l u t i o n were 
v a r i e d . The loess s o i l 20-2V was used, because t h i s p r e v i o u s l y gave poor
est r e s i i l t s . As seen i n Figure 3 , bearing values go as hi g h as 7OO, or 
approximately double, as more sodium s i l i c a t e i s used. The 1:3*25 s i l i 
cate gave s l i g h t l y higher s t r e n g t h s . 

Age and P e n e t r a t i o n . An important phase of the work was t o discover 
the e f f e c t s o f sodium s i l i c a t e a t d i f f e r e n t depths and a f t e r longer cviring 
times. A 20 percent s o l u t i o n o f 1:3-25 s i l i c a t e was s p r i n k l e d on the sur
face o f s t a b i l i z e d sand-loess immediately a f t e r molding. This treatment 
was f o l l o w e d by 6 days o f wet-dry treatment as be f o r e , then continuous a i r 
d r y i n g , as would be expected i n the f i e l d . 

TABLE 2 

EFFECT OF 1 GAL PER SQ YD OF 20 PERCENT SODIUM SILICATE (1:3-25) ON 
IBV OF LOESS-LIME-FLYASH 

Iowa Bearing Value, l b 
Penetr a t i o n 7-Day Il+-Day 28-Day 
Depth, i n . C o n t r o l Treated C o n t r o l Treated C o n t r o l Treated 

0.08 
0.20 
0.50 

180 1,570 
650 2,1+90 

1,560 l+,650 

300 2,010 
1,260 3,250 
h,^eo 5,950 

730 2,860 
3,020 i+,570 
7,010 8,270 

Bearing values a t d i f f e r e n t depths and ages are shown i n Table 2 . Re
s u l t s are p a r t i c u l a r l y s t r i k i n g a t 7 days, when the bearing value i s t r i p l e 
even a f t e r a p e n e t r a t i o n o f 0.50 i n . At O.O8 i n . , t he 7-'3ay bearing vali;ie 
i s increased e i g h t - f o l d . A f t e r 28 days the e f f e c t i s s t i l l strong a t O.O8-
i n . and 0 . 0 2-in. p e n e t r a t i o n , b u t l e s s maxked a t O.5O i n . 



L i m e - F l y Ash Stabi l ized L o e s s 

Sodium S i l i c a t e , wet -dry c u r e 

(a) N a . O : S i O , = i :3.25 

IBV. 
lb 

Untreated 

(b) NagOiSiOg-n 

20.0 

IBV. 

800H 

.al/iqyf 

Untreoted 

20 0 

Solution concentrat ion, % 

Figure 3 . Seven-day IBV's f o r l o e s s - l l m e - f l y a s h t r e a t e d w i t h two d i f f e r e n t kinds o f sodium s i l i c a t e so
l u t i o n . I n (b) note the d e l e t e r i o u s e f f e c t o f t o o much w e t t i n g w i t h low con c e n t r a t i o n o f chemical. 
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TABLE 3 

EFFECT OF 1 GAL PER SQ YD OF 20 PERCENT SODIUM SILICATE ( l : l and 1:3.25) 
ON IBV OF FOUR SOIIS 

S o i l 
Lime + 
Flyash, 

Lime:Fly-
ash Ratio 

P e n e t r a t i o n 
Depth, i n . 

7-Day IBV, l b * 
Treated 

C o n t r o l 1:1 1:3-25 

75:25 Sand-loess 
( A - 4 ( l ) ) 

25 1:9 0.08 
0.20 
0.50 

180 
650 

1,560 

1,930 
2,9^0 
k,9Q0 

1,570 
2,1^90 
1 ,̂650 

Dune sand 
(A -3 ) 

25 1:5 0.08 
0.20 
0.50 

290 l,6ko 
2,760 
14-, 690 

1,970 
3,050 
5,010 

D e t r o i t c l a y 
(A - 7 - 6 ( l 5 ) ) 

20 0.08 
0.20 
0.50 

370 
630 

1,020 

380 

830 

360 

890 

Kansan t i l l 
(A - 7 - 6 ( l 2 ) ) 

6 lime 
0 f l y a s h 

0.08 
0.20 
0.50 

850 
i,koo 

530 
750 

1,050 
• D e f i n i t e shear f a i l u r e s I n d i c a t e d by dash. 

S o i l s . So f a r the t e s t i n g has i n t e n t i o n a l l y been w i t h r e l a t i v e l y 
permeable s o i l s . Results w i t h fovr d i f f e r e n t s o i l s are shown i n Table 3 . 
Both 1:1 and 1:3.25 s i l i c a t e s were used; the 1:1 i s l e s s viscous and should 
penetrate more. However, r e s u l t s w i t h clayey s o i l s were c o n s i s t e n t l y poor, 
probably due t o poor p e n e t r a t i o n . The choice o f s i l i c a t e r a t i o made l i t t l e 
d i f f e r e n c e . 

Lime. D i f f e r e n t chemical classes o f lime have proved s a t i s f a c t o r y 
f o r s o i l s t a b i l i z a t i o n , so there was a question which would r e a c t best 
w i t h sodlim s i l i c a t e . Results w i t h the two types o f sodlim s i l i c a t e are 
shown i n Table k. With t h i s s o i l the 1:1 Na20:Si02 appears best. Bearing 

TABLE k 

EFFECT OF 1 GAL PER SQ YD OF 20 PERCENT SODIUM SILICATE ( l : l and 1:3-25) 
ON IBV OF SAND-LOESS STABILIZED WITH FLYASH AND TWO DIFFERENT KINDS 

OF LIME 

Type o f Lime 
Pe n e t r a t i o n , 
Depth, i n . 

7-Day IBV, l b 
Treated 

Co n t r o l 1:1 1:3-25 

Dolomitic monohydrate 0.08 180 1,930 1,570 
(Ca(0H)2 + MgO) 0.20 650 2,9kO 2,l|-90 (Ca(0H)2 + MgO) 

0.50 1,560 k,9do lj-,650 

CaJ-cltic hydrate 0.08 iko 1,370 680 
(Ca(0H)2) 0.20 2,080 1,260 (Ca(0H)2) 

0.50 1,760 3,^20 2,6k0 
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val\ies are about 50 percent higher f o r d o l o m i t l c monohydrate, Ca(0H)2 + 
MgO. By c o n t r a s t the c o n t r o l samples show l i t t l e d i f f e r e n c e i n strengths 
w i t h the two types o f l i m e . 

Llme-Flyash Ratio. Theory suggests t h a t because sodium s i l i c a t e r e 
acts w i t h l i m e , the r e a c t i o n might be b e n e f i t e d by a higher r a t i o o f lime 
t o f l y a s h . Dune sand s t a b i l i z e d w i t h 25 percent l l m e - f l y a s h i n two r a t i o s , 
1:2 and 1:5 was t r e a t e d w i t h two types o f sodium s i l i c a t e . 

Results i n Table 5 show t h a t c o n t r a r y t o t h i s t h e o r y , the 1:5 l l m e -
f l y a s h r a t i o gave best r e s u l t s . However, shear f a i l u r e s o f c o n t r o l s p e ci
mens make the r e s u l t s d i f f i c T i l t t o evaluate. Insofar as sodium s i l i c a t e 
surface treatment i s concerned, l l m e - f l y a s h r a t i o i s not c r i t i c a l . 

TABLE 5 

EFFECT OF 1 GAL PER SQ YD OF 20 PERCENT SODIUM SIIICATE (1:1 and 1:3-25) 
ON IBV CF DIME SAND STABILIZED WITH TWO RATIOS OF LIME-FLYASH 

Lime:Flyash Ratio P e n e t r a t i o n 7-Day IBV, l b * 
( T o t a l Amovmt: Depth, I n . C o n t r o l Treated 

255t by Weight) 1:1 1:3.25 

1:2 0.08 
0.20 
0.50 

k60 
810 

2,200 

1,380 
2,200 
3,860 

1,280 
1,910 

1:5 0.08 
0.20 
0.50 

290 l ,6i | -0 
2,760 
4,690 

1,970 
3,050 
5,010 

^ D e f i n i t e shear f a i l u r e s I n d i c a t e d by dash. 

TABLE 6 

MOISTURE CONTENTS OF SOIL-IIME-FLYASH AFTER 7 DAYS CURING WITH AND WITH
OUT 1 GAL PER SQ YD 20 PERCENT SOLUTION SODIUM SILICATE TREATMENT. ALL 

SPECIMENS RECEIVED A DAILY WETTING 

Moisture Content, 56 
S o i l C o n t r o l Sodium S i l i c a t e 

(Water Treatment) 1:1 1:3.25 

Loess 17.5 22.1 21.1 
75:25 Sand-loess 9.0 12.6 10.6 
Dune sand 9.3 11.3 11.7 

Surface Seal. Sodiimi s i l i c a t e treatment gave a l l appearances of seal
i n g the s o i l - l i m e - f l y a s h surface against f i o r t h e r e n t r y o f water. I n some 
cases •̂• g a l o f water per sq yd f a i l e d t o soak i n d\arlng 2h h r . E q i i a l l y as 
Important, moisture r e t e n t i o n w i t h i n the specimens i s improved (Table 6 ) , 
undoubtedly b e n e f i t i n g s t r e n g t h . A bituminous f i l m would o f course do 
l i k e w i s e . 

Cost. The c u r r e n t cost of sodium s i l i c a t e i s about 2 t o 3 cents per 
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ITd, The cost of a 20 percent solution Is thus i n the neighborhood of 5 
cents per gallon. The heaviest application investigated would therefore 
cost about 5 cents per sq. yd. In comparison, t h i s Is approximately equal 
to the cost of the asphalt i n a single spray coat (0 .3 gal per sq yd), t o 
which must be added the cost of stone chips and r o l l i n g . Two asphaltic 
coats are usually used. 

SiiTiiTiiary—Soil-Lime-Flyash. Of two types of curing solutions i n v e s t i 
gated f o r compacted soil-lime-flyash, sodium s i l i c a t e appears best. Ratio 
of Na20 to SIO2 and r a t i o of lime t o flyash are not c r i t i c a l , and the t r e a t 
ment i s only modestly sensitive to kind of lime. Good results are obtained 
only with permeable s o i l s , i n t h i s case f r i a b l e loess and a mixture of loess 
and sand. Laboratory data indicate that a satisfactory treatment may be 1 
gal of 20 percent solution per sq'yd of road siirface, which gives a three-
to e ight-fold increase i n bearing strength. F i e l d tests wotild appear to be 
j u s t i f i e d . 

SOIL-CEMEMT 
For the investigation of surface treatments f o r soil-cement, two s o i l 

samples, the f r i a b l e loess and the 75:25 mixture of f i n e sand and medium-
textured loess, were sta b i l i z e d with required amounts of Type I portland 
cement (Table l ) , and then treated with various curing solutions, cured, 
and tested as before. For comparison, untreated samples were molst-cvired 
the same periods, and untreated control specimens were given a da i l y sprin
kle with d i s t i l l e d water. 

Previous investigators have reported soil-cement strength benefits 
from sodium hydroxide, either as an additive (3) or i n a curing solution 

Treatment with Sodium Hydroxide 

from 

The present investigation (Fig. k) shows that surface treatment with 
sodium hydroxide solutions immediately af t e r compaction usually gives best 
results, and t h i s procedure was adopted. Data i n Figure k show that sodium 
hydroxide treatment followed by 7 days of moist curing only s l i g h t l y bene
f i t e d the 75:25 sand-loess, but the loess soil-cement shows a maximum gain 
from IBV 820 to an IBV near 1,250 (Fig. ka, b ) . This s o i l was selected 
for further study. 

Further r e s i i l t s (Fig. 5) show that when treatment i s followed by moist 
curing the best treatment i s a 5 or 10 percent NaOH solution sprayed at the 
rate of ^ gal per sq yd. Treatment followed by dai l y wetting and drying 
gives better bearing strengths, the optimm treatment being about the same. 
Part i c u l a r l y interesting i n t h i s case i s that wetting and drying with no 
sodium hydroxide treatment (O percent concentration) was jus t as benefi
c i a l to the st a b i l i z e d loess as wetting and drying af t e r a treatment. 
From the standpoint of surface hardness, wetting and drying with no chem
i c a l thus appears to be the best and cert a i n l y the most economical method 
fo r curing f r i a b l e loess soil-cement, and may give an Increase i n bearing 
strength i n the neighborhood of 20 percent. 

The previously measured high IBV of 1,250 f o r loess soil-cement was 
not repeated. Investigation revealed that the higher IBV was f o r an ear
l i e r loess sample, 2 0 - 2(lV), having a measurable pozzolanic a c t i v i t y (k). 
Furthermore, the l a t e r sampling f o r 20-2V was actually i n error, and 20-2V 
i s not t r u l y representative of f r i a b l e loess of western Iowa. However, 
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Cement Stabilized Soils 
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Figure k. Effects of sodium hydroxide solutions on 7-day IBV of two 
kinds of soil-cement. 

t h i s may t e , the poorer results do establish that sodium hydroxide t r e a t 
ment i s p a r t i c u l a r l y sensitive t o s o i l mineral composition. 

The conclusion i s that spraying on a 10 percent solution of sodium 
hydroxide at the rate of about ̂  gal per sq yd w i l l boost the surface 
hardness of loess soil-cement as much as 50 percent, but t h i s depends on 
the pozzolanic a c t i v i t y of the loess s o i l . With a poorly reacting s o i l — 
and most would be poorly reacting—the benefit i s less and may be equalled 
by merely wetting and drying every day f o r 7 days. Testing with t h i s chem
i c a l was not continued. 
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Figure 5. Seven-day IBV's f o r loess soil-cement treated with solutions of sodium hydroxide and 
either moist-cured or wetted with water every succeeding day. From previous tests a 10 percent 
solution applied i n the same amounts {0.k2^ and O.85 gal per sg yd) should have given an IBV of 

1,250 (Fig. k). Inconsistency i s explained i n the t e x t . 
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Cement Stabilized S a n d - L o e s s 
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Figure 6. Eiffects of sodiim metasillcate solutions on T-day IBV of sand-
loess soil-cement. Control strengths af t e r d a i l y wetting with water are 

lower than strengths of imtreated, moist-cured specimens. 

Treatment with Sodium Metasillcate 
The next chemical t r i e d was sodium metasillcate. Cement-stabilized 

75:25 sand-loess was considerably benefited by t h i s treatment, the IBV's 
being Increased from 3,000 to a maximum near k-,SOO (Fig. 6 ) . Treatment 
with 5 percent solutions, immediately af t e r compaction, proved best. With 
sandy s o i l , wetting and drying with p l a i n water proved harmful, as shown 
by the low control IBV's. Bearing values at di f f e r e n t depths are shown 
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Figure 7. Seven-day IBV's f o r loess soil-cement treated with solutions of sodium metasilicate 
and either moist-cured or wetted each succeeding day with ^ gal per sq yd p l a i n water. 
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i n Table 7; note the gain i s s t i l l strong at a penetration depth of 0.5 
i n . 

TABLE 7 
EFFECTS OF 5 PERCENT SODIUM METASILICATE SOLUTIONS ON 7-DAY IBV OF MOIST-

CURED CEMENT-STABILIZED SAND-LOESS 

Penetration Iowa Bearing Value, l b 
Depth, i n . NagSlO^Content 

0% (control)^' 0.2^fP Of, (control)a 0.5^6^ 

o.o8 2,400 4,787 2,260 4,927 
0.20 4,000 7,553 3,810 7,827 
0.50 7,630 11,973 7,210 12,107 

t r e a t e d Immediately af t e r compaction with equal amount of d i s t i l l e d 
water. 

^Percent of dry weight of specimen. O.25 percent = 0.390 l b per sq yd 
for loess, or 0.485 l b per sq yd f o r sand-loess. O.5 percent chemical 
i s double these figures. 

Detailed studies with sodium metasillcate were conducted with loess 
soil-cement. Results In Flgiire 7b Indicate that s t a b i l i z e d loess i s ben
e f i t e d by wetting without any chemical, the IBV increasing from 820 t o 
over 1,000. However, i f i n i t i a l application of water exceeds ̂  gal per 
sq yd, bearing strengths are lowered. I t w i l l be recalled that a f t e r the 
f i r s t day the control specimens a l l received ̂  gal of water per sq yd. 
I f moist curing Is used, 3/4 t o 1 gal of 10 percent sodium s i l i c a t e solu
t i o n per sq yd w i l l increase the IBV to over 1,100. I f wetting and drying 
are used, 1 gal of 20 percent solution per sq yd raises the IBV to over 
1,200, but t h i s i s not too much over that from spraying the road every day 
with the -J gal per sq yd pla i n water. 

Treatment w i t h Calcium Chloride or Sodium Carbonate 
Of the other chemicals t r i e d , calcium chloride solutions give only a 

sl i g h t Increase i n the IBV of loess or sand-loess soil-cement (Table 8 ) . 
Solutions are best applied immediately af t e r compaction, as application 
a f t e r one or two days was i n some Instances deleterious. The mechanism 
may be one of accelerating the set. 

Sodium carbonate solutions were e r r a t i c a l l y b e n e f i c i a l t o loess s o i l -
cement i f applied immediately af t e r compaction (Table 9 ) . Crystal growth 
probably has a deleterious e f f e c t , p a r t i c u l a r l y i f i t takes place after 
the soil-cement has time t o set (2) . 

Testing with these chemicals was not continued. 
Summary—Soil-Cement. Comparison of treated t o mtreated wet-dry and 

molst-c;ire control specimens shows that a good way to cure cement-stabil
ized f r i a b l e loess ( s i l t ) s o i l I s by wetting every day with gal of water 
per sq yd. Early sprinkling i n excess of t h i s shoiild be avoided. One gal 
per sq yd 20 percent sodium s i l i c a t e raises the IBV about 35 t o 50 percent. 

With a penneable sand-loess s o i l , wet-dry treatments are somewhat de
leterious t o soil-cement surface hardness and decrease bearing strength 5 
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TABLE 8 
KFFECT OF CALCIUM CHLORIDE SOLUTIONS ON 7-DAY IBV OF 

MOIST-CURED SOIL-CEMENT 

Solution 0 .08-ln. Iowa Bearing Value, I h 
So i l Concentration, ̂  CaClp Content 

056 (Control)a 0.2556̂ ^ 0^ (Control)a 0.5^" 

Friable 
loess 

10 
20 
30 

820 
820 
820 

867 
833 
785 

790 
820 
820 

965 
753 
71̂ 7 

75:25 sand: 
loess 

10 
20 
30 

2,kk3 
2,500 
2,535 

2,837 
3,113 
2,71^7 

2,390 
2,l^U2 
2,1^83 

2,81+0 
2,833 
2,693 

t r e a t e d immediately af t e r compaction with equal amount of d i s t i l l e d 
water. 

^Percent of dry weight of specimen. 0.25 percent = 0.39O I h per sq yd 
fo r loess, or O.hQ^ l b per sq yd fo r sand-loess. O.5 percent chemical 
i s double these figures. 

TABLE 9 
EFFECT OF SODIUM CARBONATE SOLUTIONS ON 7-DAY IBV OF 

MOIST-CURED LOESS SOIL-CEMENT 

Solution, 0 .08-ln. Iowa Bearing Value, l b 
Concentration, ^ Na2C0^ Content 

0% (Control)a 0.2S<f,t> o<f, (Control)a 0.5̂ 6'̂  

5 795 903 800 797 
10 820 875 787 81+0 
20 820 81+7 820 81+2 

aTreated immediately af t e r compaction with equal amount of d i s t i l l e d 
water. 

^Percent of dry weight of specimen. 0.25 percent = 0.390 l b per sq yd 
fo r loess, or O.I+85 l b per sq yd fo r sand-loess. 0.5 percent chemical 
Is double these f i g i i r e s . 

t o 10 percent, or roughly i n proportion to the amount of water sprayed on. 
However, only a 5 percent solution of sodium metasilicate applied i n the 
amount of ̂  gal per sq yd w i l l approximately double the bearing strength. 
A f i e l d t e s t seems warranted. 

Calcium chloride or sodlimi carbonate solutions are not p a r t i c u l a r l y 
e ffective surface hardeners f o r soil-cement. 
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