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Salt Stabilization on Ohio's Secondary System 
J .W. REPPEL, Engineer of Maintenance, Ohio Department of Highways 

• OHIO'S state road system consists of about 18,000 miles of various types of highways. 
The most expensive maintenance costs are incurred on those roads which carry the least 
amount of t r a f f i c , the farm-to-market portion of our highway net. The annual mainte
nance cost of the poorest of this mileage has averaged about $1,000 per mile over the 
last ten years and some 1,500 miles are in c r i t i ca l need of repairs at this t ime. 

This secondary mileage, generally carrying f r o m 100 to 300 vehicles per day, i s of 
trafficbound or trafficbound surface-treated type. These roads have been gradually 
built up over the years by the occasional addition of aggregate, application of dust con
t r o l materials, and routine surface and ditch maintenance; some have been surface 
treated, with resultant winter and spring fai lures and increased maintenance costs. It 
was considered essential to strengthen bases and remedy deficiencies permanently by 
incorporating additional aggregate in varying quantities and adding a stabilizing agent, 
and experimental work was undertaken to develop a low cost construction method to ac
complish this purpose. 

Different materials have been used to stabilize surfaces and shoulders on selected 
sections with varying degrees of success. Some 25 miles of trafficbound surfaces were 
rebuilt in 1955 by state forces with rock salt as an additive, and results conclusively 
indicated the desirabili ty of ut i l iz ing this type of construction to improve existing un
satisfactory surfaces. 

Several factors were considered in setting up the program. Limited funds made i t 
imperative to keep the cost down, and a brief general specification was prepared to 
permit maximum job control under experienced f i e ld supervision. Required operations 
could be done p r io r to the regular surface treating season, thus giving a large group of 
regular bituminous contractors the opportunity to per form early work at a probable cost 
advantage to the state. Existing roadway materials were used in the work, and aggre
gate was added as required. Existing intermediate satisfactory road sections were un
disturbed, and contracts were set up to cover only weak and unstable portions. Detour 
routes were generally imavailable, and a l l work was accomplished under t r a f f i c . 

Specifications were prepared and 28 projects varying f r o m a single section 3 miles 
long to a group totaling 21 miles in length were sold in March 1956 as purchase order 
contracts to complete about 260 miles of contract stabilization work on secondary sur
faces in f ive highway divisions, with headquarters at Ashland, Newark, Chillicothe, 
Marietta, and New Philadelphia. Completed work averaged about $3,500 per mi le , and 
a l l jobs were finished by June 30. 

The purchase order contracts covered furnishing a l l services, labor, materials, and 
equipment to recondition existing base and surface in conformance with modified s tabi l 
ized base course specifications at designated locations by scarifying, pulverizing, i n 
corporating sodium chloride (furnished by the state f . o . b . state storage), additional 
aggregate, and water, mixing, compacting, reshaping and adjusting to uniform grade 
and cross-section, and applying a bituminous pr ime with cover chips. 

Contracts listed a minimum number of individual pay items to complete the work. 
These items consisted of (a) cubic yards of aggregate to be furnished, hauled, and t a i l 
gate spread at a stipulated rate per mile; (b) square yards of surface reconditioned in 
conformance with base course specifications, including addition of sodium chloride at a 
prescribed rate per square yard per inch; (c) thousands of gallons of water, furnished 
and applied as directed; (d) gallons of bituminous material furnished and applied at a 
stipulated rate per square yard; (e) cubic yards of aggregate furnished, hauled and 
spread at a stipulated rate per square yard as cover; ( f ) lump sum premium on indus
t r i a l insurance; and (g) lump sum f o r lights, signs, and barricades. 

Operations started by scarifying existing surfaces to a depth sufficient to eliminate 
a l l surface i r regular i t ies and provide sufficient soil binder to consolidate finished 
mixture; specifications provided a minimum scarification depth of 4 i n . , but i t was gen
erally necessary to go deeper to obtain desired results. This material was then broken 
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F i g u r e 1. T y p i c a l siirface c o n dition p r i o r 
t o s t a b i l i z a t i o n . 

F i g u r e k. E x i s t i n g base m a t e r i a l wlndrowed 
to s i d e s . 

FigTire 2. S c a r i f y i n g e x i s t i n g s u r f a c e . 

F i g u r e 5. Spreading aggregate. 

Fig u r e 3. P u l v e r i z i n g e x i s t i n g base 
m a t e r i a l . F i g u r e 6. Mixing base m a t e r i a l s and sodium 

c h l o r i d e . 
up and reduced to a uniform condition, with 
a maximum particle size of 2 i n . Power driven rotary pulverizers were used for this 
work by most contractors with good results. 

A l l loose material was then windrowed to the sides in preparation for spreading ad
ditional aggregate to specified widths. The base was sprinkled, if necessary, and ag
gregate was tail-gate spread at rates varying f r o m 500 to 750 tons per mile; additional 
aggregate was usually crusher run or p i t run stone, a i r cooled slag, or gravel, with a 
top size of 1 i n . Some graded sizes were specified, but uniform and dense mixes were 
obtained with crusher or p i t run. About one-half of the windrowed material was bladed 
on top of the new aggregate, and sodium chloride was applied at the rate of one-half 
pound per square inch of thickness of conditioned material . The remainder of the 



windrow was placed over the sodium chloride, sprinkling was started, and materials on 
the base were mixed together. Power driven rotary type mixing machines, travel plants, 
or motor graders were permitted in the specifications; most of the mixing was done with 
graders, with materials being handled a minimum of three times on the mold board. 

The addition of water was a critical job item, and good judgment on the part of the 
engineer was imperative. Specifications stipulated that the mixture should have "proper 
moisture content" for maximum compaction, 
and permitted the engineer to add water as 
required. Extreme caution was exercised 
by the contractors in controlling water con
tent, because a "too wet" mix required 

F i g i i r e 10. R o l l i n g with tandem and pneu
matic t i r e d r o l l e r s . 

F i g i i r e 7. Applying water. 

Figure b. Mixing t a s e m a t e r i a l 

Figure 11. Applying "bituminous prime and 
cover c h i p s . 

F i g u r e 9. Spreading top course. Figure 12. F i n i s h e d s u r f a c e . 



drying out with resultant mixing delays. Material was windrowed and manipulated to 
permit continued t ra f f ic movement, and placed in uniform layers of about 3- in . depth, 
loose measurement. Each layer was compacted with tamping or pneumatic t i red ro l le r s , 
with f ina l compaction obtained with a ten ton f la t wheeled ro l l e r . The top layer was 
finished to a smooth contour and a crown of one-half inch per foot. 

The road surface was lightly bladed and kept i n repair unt i l placement of the b i tumi
nous pr ime coat, which was specified not less than seven days after completion of r e 
conditioning work. The pr ime coat consisted of an application of about one-third of a 
gallon per square yard of light viscous bituminous material and approximately ten 
pounds y2-in. top size chip cover. This completed the contractor's obligation and state 
forces assumed maintenance responsibility unt i l bituminous seal treatments were placed. 

Bituminous seals were sold as separate contracts, and applied as soon as possible 
after completion of the stabilization projects. Minor raveling occurred on these jobs, 
and some spot pr iming was required; t r a f f i c and weather located a few pockets of un
satisfactory material , and these were patched out p r io r to seal placement. Bituminous 
seals consisted of application of about three-tenths of a gallon per square yard of heavy 
viscous bituminous material , and 20 to 25 lb of cover aggregate at an average cost of 
$900 per mi le . 

Recent inspections indicate that a l l projects are in good condition. Mixes are well 
consolidated and stable, and surfaces are tight and reasonably waterproof. The spec -
ifications covering this type of work, which permitted maximum f i e ld control, appear 
to be adequate, and the program, completed as i t was p r io r to summer surface treat
ment operations, obtained good results at reasonable cost. Reconditioning existing 
surfaces by the addition of aggregate and sodium chloride, with a preservative b i tumi
nous prime and seal, has successfully stabilized 260 miles of the secondary system, 
and is believed to be a satisfactory low cost method of reducing maintenance costs and 
furnishing better t r a f f i c service to Ohio's r u r a l highway user. 



Effect of Density on Strength of 
Lime-Flyash Stabilized Soil 
R . K . VISKOCHIL, Captain, Corps of Engineers, U.S. Army , 
R. L . HANDY, Assistant Professor of C i v i l Engineering, and 
D . T . DAVIDSON, Professor of C i v i l Engineering; Iowa State College, Ames 

The strength of an a r t i f i c i a l l y cemented soi l mass, such as soil-cement or 
soi l - l ime-f lyash, is theoretically highly dependent on the intimacy of grain-
to-grain contact. The controlling factor here should be degree of compaction. 
With this in mind, various soi l - l ime-f lyash mixes were compacted at four 
different controlled densities and the specimens were moist cured at normal 
temperature and tested. Three soils were used: an Iowa si l t ( loess), a 
I&uisas dune sand, and a Texas coastal plain clay. The l ime was calcitic 
(high calcium) hydrated l ime. Mixes were prepared with 25 percent l l m e -
flyash and with different ratios of l ime to f lyash. Specimens were soaked in 
water and tested after 7 and 28 days. 

Evaluation of the compressive strength data shows that density is indeed 
a highly important variable. Compaction to above standard Proctor density 
increased 7-day strengths on the average 100 percent and 28 day strengths, 
70 percent. A higher compaction to modified Proctor density raised the av
erage increases to 120 and 110 percent. Compaction to a super-modified 
Proctor increased the averages to 150 and 130 percent over strengths p re 
viously realized at standard Proctor density. I t is concluded that density is 
not only important but that i t may also be an economical consideration in 
design. The si l t also showed influence f r o m overcompaction, but the i n f l u 
ence vanished on 28-day curing. The clay gave the best response to i n 
creased compaction, and strengths with modified Proctor density were ap
proximately three times those obtained at standard Proctor. With modified 
density a l l soils showed 28-day strengths of the order of 600 to 1,000 psi 
with ordinary room temperature moist curing. 

Attendant with this investigation was an evaluation of an optimum l i m e -
flyash ra t io . With most soils the ratio was not c r i t i ca l , taut highest strengths 
were realized with a l ime-flyash ratio of 1:9 or 2:8. A ratio of 1:9 was nearly 
a universal optimum fo r a l l three soils regardless of compactive e f for t . 

• OBJECTIVES of this research were to study the effect of degree of compaction on the 
strength of l ime-f lyash-soi l mixtures. Four compactive efforts were chosen: one to 
give densities equivalent to standard Proctor, one to give densities between standard 
and modified Proctor, one to duplicate modified Proctor, and one to give densities 
greater than modified Proctor (Table 1 ) . A second objective was to determine the ef
fect of a variable compactive effor t on the selection of an optimum line-flyash rat io . 

MATERIALS 
Soils 

Three soils were selected fo r this study: a sand, a s i l t and a clay. The sand is f r o m 
a stable dune area associated with the Arkansas River in south central Kansas. The s i l t 
is a f r iab le , calcareous loess f r o m the deep loess area in western Iowa. The clay is a 
deltaic deposit f r o m the coastal plain region in Texas; i t was sampled a few miles south 
of Houston. Field information on the three so i l samples i s in Table 2, and laboratory 
data are given in Table 3. ASTM procedures were followed fo r laboratory testing ex
cept where otherwise noted. 

Lime and Flyash 

The hydrated l ime is a calcitic l ime f r o m the Linwood Stone Products Co. , Buffalo, 
Iowa. A laboratory analysis furnished by the manufacturer is given in Table 4. The 
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flyash is a fine ash with low loss on i g n i 
tion; i t i s f r o m Paddy's Run Station, Louis
v i l l e Gas and Electric Co. , Louisville, 
Kentucky. Data by the Robert W. Hunt 
Co. , Chicago, are given in Table 4. 

METHODOLOGY 

Correlation Study 

Because of the advantage of small spec
imen size f o r rapid molding and testing, 
the 2 - in . diameter by 2- in . high size was 
used in this study. The 2 - in . height gives 
the advantage of molding in one layer, the 
compactive effor t being applied at both 

TABLE 1 

DESIGNATIONS OF 
COMPACTIVE EFFORT 

Compaction Density Obtained 

A Standard Proctor density 

B Between standard and 
modified 

C Modified Proctor density 

D Above modified 

130 

125 

120 h 

Dry 

density, pcf. 

l i s 

i i o h 

106 

I I I I I I I I I I I r 

M o d i f i t d P r o c t o r 

d e n s i t y 

15 B lows 

12 Blows 
10 Blows 
9 Blows 

T e x a s c l a y 
Compoction with 10 lb. hammer 
on 2 5 0 lb. concre te pedesta l 

I I I I 
7 9 II 13 15 17 19 

Moisture content, percent 
21 

Figure 1. Typical moistvire-density relationships from 2-in. x 2-in. specimens. Ten 
blows with a 10-lb drop hanmer give a maximum density and optimum moisture content close 

to modified Proctor. 



TABLE 2 

FIELD INFORMATION ON SOIL SAMPLES 

Sample: Kansas Sand Iowa Silt Texas Clay 
Geological or igin: Recent dune Wisconsin age Deltaic (Beau

sand f r o m the loess f r o m near mont f m . ) clay 
Great Bend tract Missouri River f r o m coastal 

plain 
Soil Series: Pratt Hamburg Lake Charles 
Horizon: C C C 
Location: 28 mi S of In the town South of Houston 

Great Bend of Missouri Valley 
Sampling depth, f t : iVi - 3% 49-50 SVi - 12 

(Composite) 

TABLE 3 

PROPERTIES OF SOIL SAMPLES 

Sample: Kansas Sand Iowa Silt Texas Clay 

Textural composition, %^ 
Gravel (> 2 mm) 0 0 0 
Sand (2-0.074 mm) 86.4 0.7 7.7 
Silt (74-5 ) 4.0 78.3 48.2 
Clay (< 5 H.) 9.6 21.0 44.1 
Colloids (< 1 | i ) 8.6 15.8 36.8 

Predominant clay mineral^ Montmorillonite Ca montmorillonite Ca montmorillonite 

Specific gravity 25C/4C 2.67 2.68 2.67 
Chemical properties: 

Cat. ex.cap. , m.e. / lOOgmC 7.3 13.4 25.5 
Carbonates, 0 10.5 0 
PH 5.6 7.8 5.9 
Organic matter, %^ 0.4 0.2 0.6 

Physical properties: 
l i q u i d l i m i t , % - 32 57 
Plastic l i m i t , % - 25 20 
Plasticity index NP 7 37 
Shrinkage l i m i t , % 18 25 14 
Centrifuge Moist . 

Equiv., % 5 15 21 
Field Moist . Equiv. , % 21 26 21 

Classification: 
Textural Sand Silty clay loam Clay 
Engineering (AASHO) A-2-4(0) A-4(8) A-7-6(20) 

Dispersed by a i r - j e t with sodium metaphosphate dispersing agent. 

'^From different ial thermal analysis of f ract ion passing No. 200 sieve. 

"Fraction passing No. 40 sieve. 

*From different ia l thermal analysis. 
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ends. Specimens were molded with a drop hammer molding apparatus, and extensive 
correlation work was done to determine the proper hammer weights and numbers of 
blows f o r standard and modified Proctor densities. Figure 1 gives a typical set of 
curves fo r one soil and one hammer weight. In this case modified Proctor density was 
approximated by 10 blows on each end of the 2- in . by 2- in . specimen. The closeness 

Increased compactlve effort 
A B C D 

3200 

3000 

2800 

2600 

2400 

2200 

2000 

Immersed „oo 
compressive 

strength. " ~ 
lbs. '•"o 

1200 

1000 

BOO 

600 

400 

200 

0 

(Standard Proctor 
density) 

1 — I — \ — r 

Sand 

- 7 day 

J I I L . 

ZB do* 

(Modified Proctor 
density) 
r—I—r 

2 8 day 

7 day 

28 day~ 

7 day -

600 

- 300 PS» 

- 400 

- 300 

0 I 0 I 9 2 8 3 7 4 6 5 S 19 2 8 3 7 4 6 5 5 1.9 2 6 3 7 4 6 3 5 19 2 8 3 7 4 6 5 5 

Lime - f ly ash ratio by weight 

Figure 2. Effect of compactive effort on strength of Kansas sand stabilized with 25 
percent lime-flyash in vajrying ratios. 

TABLE 4 

PROPERTIES OF U M E AND FLYASH 

Material Linwood 
Hydrated Lime 

Louisville 
Flyash 

Specific gravity 2.29 2.67 

Fineness 
Passing No. 325 sieve, Percent 
Specific surface, sq. c m . / g m . 

99.00 94.30 
3,470 

Chemical analysis. Percent 
Total Ca(OH)2 
Available Ca{OH)2 
MgO 
CaCQj 
Fe and A l oxides 
Si02 

SOs 
Free water 
Loss on ignition 

97.82 
97.38 

0.49 
0.77 
0.82 
0.80 

24.56 

0.52 
8.36 

Not determmed 
38.90 
22.92 

2.0 
0,17 
2.10 
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to which modified Proctor density can be duplicated with different soils is i l lustrated in 
Table 5. These results were obtained with 20 blows (10 on each end) with a 10-lb 
hammer dropping a distance of 1 f t , the molding apparatus being mounted on a concrete 
pedestal. Other compactive efforts used are B (Table 1) obtained by 10 blows with the 
same arrangement and D obtained with 30 blows. Standard Proctor density (density A) 
was duplicated by 10 blows f r o m a 5-lb hammer fa l l ing 1 f t , the apparatus resting on a 
wooden bench. 

Constants and Variables 

To reduce the number of variables, a constant percentage of l ime-flyash was used 
in a l l tests, the l ime plus flyash makir^ up 25 percent of the dry weight of the mixtures. 
Previous work has shown that 25 percent is both a satisfactory and an economical con
tent ( 1 ) . 

Compaction is the major variable, as previously discussed. The moisture contents 

TABLE 5 

COMPARISON OF MODIFIED PROCTOR DENSITIES 

Sample: Kansas sand Iowa s i l t Texas clay 

ASTM test: 
Maximum dry density, pcf 128.1 121.8 118.8 
Optimum moisture content, percent 9.2 13.2 13.8 

2 - in . X 2 - in . test: 
Maximum dry density, pcf 128.9 122.0 118.9 
Optimum moisture content, percent 9.3 13.3 13.7 

were adjusted to the optimums f o r each mixture and f o r each compactive ef for t . The 
optimum moisture contents of mixtures with different ratios of l ime to flyash were 
read f r o m a triangular chart in which optimum moisture contents of soi l , of 75/25 s o i l -
flyash, and of 75/25 soi l - l ime are plotted at corners of the triangle and intermediate 
values are found by mterpolation (1^, p . 81) . 

The second major variable is rat io of l ime to f lyash. Testing was continued at each 
of the four compactive efforts to show any change in optimum rat io . The previously 
found optimums with these soils has been between 1:9 and 2:8 by weight of l ime to f l y 
ash. In the present study specimens were molded with ratios 0:10, 1:9, 2:8, 3:7, 4:6, 
and 5:5. 

A th i rd variable was age. Strengths were measured after 7 and after 28 days moist 
curing. 

Curing and Testing 

Curing was done at 70 t 3 F and with a relative humidity near 90 percent. Specimens 
were not wrapped, as is sometimes done to exclude carbon dioxide f r o m the a i r . Af te r 
curing the specified t ime, specimens were immersed in dist i l led water at 70 F f o r 24 
hours, then removed and tested f o r unconfined compressive strength. The rate of s train 
was 0.05 i n . per min per i n . of specimen height. Results are expressed in pounds; i f 
the height-diameter ratio is neglected results can be converted to pounds per square 
inch by dividing by 3.14. 

Other measurements include absorption and volume change during curing and 
immersion. 

RESULTS 

Results are plotted in Figures 2, 3, and 4. Jn most cases curves are displaced up
ward by increased compactive ef for t , and 7-day strengths were on the average about 
100 percent higher with compactive effor t B than at standard Proctor density A . Com
paction to modified Proctor density raised this to 120 percent, and compaction to beyond 
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(Standard Proctor 
density) 

2200 

2000 

isoo 

1600 

Immersed ,400 
compressive 1200 

S t r e n g t h , 
lbs. 

800 

-1 1 1 r 

Increased compactive effort 
B C 

(Modified Proctor 
density) 

Silt 

2 8 day 

J 1 I L_ 

[7 noy^ 

z e ' d o T j 

- 2 8 doy 28 day 

7 day 
psi 

0 I 0 I 9 2 8 3 7 4 S S S 19 2:8 3-7 4.6 S S 19 2 8 3 7 4 6 S 5 19 2 8 3 7 4 6 S 5 

Lime - f ly ash ratio by weight 

Figure 3. Effect of compactive effort on strength of Iowa s i l t (loess) stabilized with 
25 percent llme-flyash in varying ratios. 

Increased compactive ef fort -
A B C 

(Standord Proctor (Modified Proctor 
density) density) 

28 doy 3800 

28 day 

7 day 

2800 

2400 28 day 

Immersed zzoo 7 day 

compressive , 0 0 0 
strength. 

lbs. BOO 

1400 

2 8 doy 

0 0 0 

r 7 day 

psi 

0 I 0 I 9 2 8 3 7 4 6 S S 19 2 8 3 7 4 6 5 5 19 2 8 3 7 4 6 5 5 1 9 2 8 3 7 4 6 5:5 

Lime - f ly ash ratio by weight 

Figure k. Effect of compactive effort on strength of Texas clay stabilized with Z3 
percent Ume-flyash In varying ratios. 
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modified Proctor gave on the average a 150 percent increase in 7-day strength. Twenty-
eight-day strengths ref lect the same trends. 

Density and Percent Solids 

Density is of course dependent on compactive effor t , but density also depends on 
l ime-flyash ra t io . Density is decreased by higher contents of l ime because of two fac
tors: the l ime itself is less dense than soi l or f lyash, and l ime causes aggregation of 
clay. The f i r s t factor is calculable and can be corrected by converting measured den
sities to percent solids by volume. This has been done in Figures 5, 6, and 7. In these 

^0001 - T E ca 1, ,1,11, 

3000 H 

Immersed 
s t rength , 2 0 0 0 

lbs. 

effort 1200 

psi 

I C O O K 

Volume percent solids 
Figure 5. Relation of strength to percent solids in Hjne-flyash stabilized Kansas sand, 
f igures compressive strength has been plotted against percent solids, irrespective of 
the l ime-f lyash ra t io . The fact that in most cases smooth curves are obtained indicates 
that the l ime-flyash ratio is not c r i t i c a l . 

fii the Texas clay ( F i g . 7) the influence of clay aggregation on density is found to be 
a maximum. As an example, points labeled 1, 2, 3, 4, 5 under compactive effor t A 
are with l ime-f lyash ratios of 1:10, 2:8, 3:7, 4:6 and 5:5. A higher l ime content de
creases the volume percent solids. With higher compactive efforts the same trend is 
found, but the range in percent solids shown at the top of the graph is less f o r B , C and 
D, indicating that higher effort may break down the clay aggregates and better their 
compaction. This tendency is part icularly pronounced with the s i l t ( F i g . 6 ) , in which 
with effor t A there is a wide range in percent solids depending on the l ime content. The 
range is progressively smaller with efforts B, C and D. It is believed that the sil ty 
soi l aggregates may have less strength than those formed in the clay soi l and are thus 
easier to break down. 
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The sand ( F i g . 5) o f f e r s a d i r e c t con t r a s t to t h i s . W i t h low compac t ive e f f o r t 
add i t i on of m o r e l i m e has p r a c t i c a l l y no e f f e c t on the pe rcen t s o l i d s , as shown by the 
n a r r o w h o r i z o n t a l range i n p o i n t s under A . W i t h h i g h e r compac t ive e f f o r t s the range 
i s g r e a t e r , as i n B and C, but the range i s g r e a t l y reduced , w i t h D the highest c o m 
pac t ive e f f o r t . Al though the reason f o r t h i s i s not known, i t i s suspected tha t l o w e r 
l i m e and h igher f l y a s h contents i m p r o v e the g rada t ion of the sand f o r compac t ion . 

Unconf ined C o m p r e s s i v e Strength f o r Eva lua t ion of S tab i l i zed Soi l s 

Unconf ined compres s ive s t rength i s p r i m a r i l y in f luenced by cementa t ion and does 
not g ive a t r u e measure of the f r i c t i o n a l s t reng th developed i n a conf ined s ta te . T h e r e -
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Silt 
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• • 
1 2 y 

5 i / 
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Figure 6. Relation of strength to percent solids i n llme-flyash stabilized Iowa s i l t . 

f o r e , a s t ab i l i zed g ranu l a r m a t e r i a l w i t h r e l a t i v e l y low unconf ined c o m p r e s s i v e s t reng th 
may show s a t i s f a c t o r y s t a b i l i t y . I t i s known tha t f o r a g iven s t a b i l i z e d s o i l the C B R 
values a r e d i r e c t l y p r o p o r t i o n a l to unconf ined c o m p r e s s i v e s t reng th ( 2 ) , and i t has 
been found that f o r example a l i m e - f l y a s h s t ab i l i z ed sand w i t h an unconf ined c o m p r e s 
s ive s t reng th of 138 p s i has a C B R of 213, w h i l e a s t ab i l i z ed c l a y mus t have an uncon
f i n e d c o m p r e s s i v e s t rength of 705 p s i to develop the same C B R ( 3 ) . 

Strength vs Pe rcen t Solids 

F i g u r e s 5, 6 and 7 show the r e l a t ionsh ips between s t r eng th and pe rcen t s o l i d s . Po in ts 
have been p lo t t ed wi thou t r e g a r d to l i m e - f l y a s h r a t i o , and the s t r i k i n g f e a t u r e i s that 
m o s t of the po in t s f a l l on o r v e r y c lose to the c u r v e s . The except ions a r e numbered 
to ind ica te t h e i r r a t i o s , wh ich a r e e i the r v e r y low (1:10 o r 2:8) o r v e r y h igh ( 5 : 5 ) . 

Cu rves f o r the d i f f e r e n t s o i l s show a s i m i l a r i t y i n that s t r eng th i s a p p r o x i m a t e l y 
p r o p o r t i o n a l to pe rcen t so l i d s , and the p r o p o r t i o n a l i t y f a c t o r i nd ica t ed by the slope of 
the c u r v e i s much the same . A n except ion i s noted i n the case of sand, whe re the 
s t reng th ga in between e f f o r t s A and B i s no t n e a r l y i n a c c o r d w i t h the inc rease i n p e r 
cent s o l i d s . A p p a r e n t l y cementa t ion of the sand i s not g r e a t l y i m p r o v e d u n t i l compac 
t i o n reaches above a c r i t i c a l pe rcen t so l i d s , i n t h i s case about 75 pe rcen t . F o r some 
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reason a c r i t i c a l degree of pack ing i s necessary be fo re g r a i n contact and cementa t ion 
a r e i m p r o v e d . 

Ove rcompac t ion and Tendency to H e a l 

In one c u r v e ( F i g . 6 ) , s t r eng th loss f r o m ove rcompac t ion i s ev ident . T h i s i s the 
7-day s t r eng th c u r v e f o r the s i l t . The same t r e n d can be seen i n F i g u r e 3, w h e r e the 
7-day cu rves i n B , C and D a r e p r o g r e s s i v e l y l o w e r even though dens i ty i s i nc reased 
and abso rp t ion and v o l u m e change a r e reduced by the g rea t e r compac t ion . I t i s b e 
l i e v e d , t h e r e f o r e , tha t s t r eng th l o s s may be due t o shear ing d i sp lacements i n the s p e c i 
men causing i n t r i n s i c p lanes of weakness . 

P a r t i c u l a r l y s i g n i f i c a n t i s tha t a t 28 days the s t reng th c u r v e f o l l o w s a n o r m a l p a t 
t e r n , and the shear planes , i f they ex is ted , have apparent ly healed . Such a tendency 
f o r hea l ing of ove rcompac t i on f a i l u r e p lanes cou ld be of cons iderab le i m p o r t a n c e i n 
f i e l d c o n s t r u c t i o n . P r e s u m a b l y cont inued i n t i m a t e contact wou ld be necessary f o r 
f a i l u r e p lane hea l i ng . 

O p t i m u m L i m e - F l y a s h Ra t io 

P r e v i o u s w o r k has shown that f o r h ighes t s t reng th w i t h s tandard P r o c t o r compac t ion 
the o p t i m u m l i m e - f l y a s h r a t i o (1^) i s u s u a U y i n t h e r a n g e l : 9 t o 2 : 8 . ' L i the p re sen t s tudy. 
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Figure 7. Relation of strength to percent solids in lime-flyash stabilized Texas clay. 
i nc reased compac t ion does not g r e a t l y o r cons i s ten t ly change the o p t i m u m r a t i o ( F i g . 
2 , 3 and 4 ) . F r o m an economic standpoint a l ow r a t i o i s de s i r ab l e , s ince the cos t of 

^An except ion was noted f o r an h a l l o y s i t i c c l ay , w h i c h r e q u i r e s m o r e l i m e . 
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Figure 8. Average effect of Increase i a density on campresslve strengths of a sand, 
a s i l t , and a clay. 

f l y a s h i s u sua l ly a f r a c t i o n of the cos t of l i m e . A l i m i t i s imposed by d i f f i c u l t i e s i n 
m i x i n g and s ecu r ing u n i f o r m d i s t r i b u t i o n of v e r y s m a l l percentages of l i m e . E x p e r i 
ence has shown that r a t i o s of 1:9 and 2:8 can be succes s fu l l y handled i n c o n s t r u c t i o n 
w i t h a wide v a r i e t y of s o i l t e x t u r a l t ypes . 

S U M M A R Y 

A s u m m a r y of the r e l a t i o n between compac t ion and compres s ive s t reng th i s i l l u s 
t r a t e d i n F i g u r e 8. The c u r v e r ep resen t s an average f o r a l l t h ree s o i l s ; the sca t te r 
of po in t s i s g rea t e r than i n F i g u r e s 5, 6 and 7 because of d i s r e g a r d of o ther v a r i a b l e s 
such as s o i l type and the dependence of densi ty on percen t l i m e . The average increase 
i n c o m p r e s s i v e s t reng th i s 43 .5 p , w h e r e p i s the percen t inc rease i n densi ty ove r 
s tandard P r o c t o r . That i s , S = So + 43 .5 p , w h e r e So i s the s t r eng th i n p s i a t s t and
a r d P r o c t o r dens i ty . On the average a 10 pe rcen t inc rease i n dens i ty w i l l about double 
the unconf ined c o m p r e s s i v e s t r eng th . T h i s dens i ty i s a p p r o x i m a t e l y equivalent to m o d 
i f i e d P r o c t o r f o r the sand and the c lay ; because of poor g rada t ion i t i s not r e a d i l y o b 
ta inable w i t h the s i l t . 

CONCLUSIONS 

1 . Strengths of l i m e - f l y a s h s t ab i l i zed s o i l a f t e r 7 and 28 days a r e g r e a t l y inc reased 
by inc reased dens i ty and compac t ion , but the o p t i m u m l i m e - f l y a s h r a t i o i s l i t t l e i n 
f l u e n c e d . The o p t i m u m r a t i o f o r these s o i l s r e m a i n e d 1:9 o r 2 :8 . 

2 . I nc reas ing the addi t ions of l i m e to the c l ay and s i l t s o i l s r e s u l t s i n a decreas ing 
pe rcen t so l ids w i t h the same compac t ive e f f o r t , p robab ly because of c l ay aggregat ion 
by l i m e . The r e s u l t i n g decrease i n s t reng th i s a p p r o x i m a t e l y p r o p o r t i o n a l to the de 
c r ea s ing pe rcen t s o l i d s . T h i s r e l a t i onsh ip was no t found i n the case of the sand. 

3 . L o w e r e d s t rengths o f s t a b i l i z e d s i l t due to ove rcompac t i on w e r e evident a f t e r 7 -
days c u r i n g , but at 28 days the in f luence had van ished . I t i s concluded that o v e r c o m 
pac t ion shear planes i n l i m e - f l y a s h - s o i l tend to hea l on long c u r i n g . 
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• T H E P R O B L E M o f i m p r o v i n g the p h y s i c a l p r o p e r t i e s of s o i l , p a r t i c u l a r l y the s t r eng th , 
i s g r o w i n g i n i m p o r t a n c e because of the r a p i d inc rease i n wheel loads of t r u c k s and of 
a i r c r a f t . Al though many methods of s o i l i m p r o v e m e n t o r s t a b i l i z a t i o n have been de 
v i s e d , the c o m b i n i n g of d i f f e r e n t s o i l s to produce a m i x t u r e w h i c h i s s u p e r i o r to any 
of i t s components i s p robab ly the mos t a t t r a c t i v e s ince i t u t i l i z e s the cheapest i n g r e d 
i e n t s — s o i l s . A l though m i x i n g ( t e r m e d mechan ica l s t ab i l i z a t i on ) has been w i d e l y e m 
p loyed i n h ighway c o n s t r u c t i o n , the re i s l i t t l e known about the mechan i sm by w h i c h the 
s t a b i l i z a t i o n takes p l a c e . M u c h of the r e s e a r c h on mechan ica l s t a b i l i z a t i o n has been 
d i r e c t e d t o w a r d the development of s tandard spec i f i c a t i ons f o r the m i x t u r e s . U n f o r 
tunate ly the p e r f o r m a n c e of s o i l m i x t u r e s designed i n accordance w i t h the spec i f i ca t ions 
i s somet imes not s a t i s f a c t o r y , i nd i ca t i ng that f u r t h e r study i s necessa ry . I t was the 
purpose of t h i s r e s e a r c h to inves t iga te the e f f e c t s of v a r y i n g the p r o p o r t i o n s of coarse 
and f i n e - g r a i n e d s o i l s on the s t rength of the r e s u l t i n g m i x . 

T H E O R I E S O F PROPORTIONING S O I L M I X T U R E S 

What cons t i tu tes the best m i x t u r e of s o i l s to f o r m a s t ab i l i z ed m a t e r i a l obv ious ly 
depends on what s o i l p r o p e r t y i s cons ide red to be the m o s t i m p o r t a n t . F o r subgrades, 
s t r eng th i s the m o s t i m p o r t a n t p r o p e r t y w i t h i n c o m p r e s s i b i l i t y a c lose second. F o r 
l a r g e f i l l s i n c o m p r e s s i b i l i t y i s the mos t i m p o r t a n t w i t h s t rength a c lose second. 

Both of these v i t a l p r o p e r t i e s a r e i n f luenced by s o i l dens i ty . F i e l d exper ience and 
l a b o r a t o r y tes ts show that the s t reng th of a s o i l i s i nc reased (up to a po in t ) and the 
c o m p r e s s i b i l i t y i s decreased by an inc rease i n dens i ty . A s a c o r o l l a r y to t h i s , i t i s 
o f t e n a rgued that when two d i f f e r e n t s o i l s a r e compacted by the same method, the 
denser w i l l be the s t r onge r and the l ess c o m p r e s s i b l e . On t h i s bas i s , t h e r e f o r e , the 
d e t e r m i n a t i o n of the best s o i l m i x f o r mechanica l s t a b i l i z a t i o n r e so lves i t s e l f in to the 
de t e rmina t i ons of the m i x w h i c h y i e l d s the grea tes t compacted dens i t y . A t f i r s t glance 
t h i s appears to be l o g i c a l , but a c a r e f u l cons ide ra t ion shows that the two condi t ions 
a r e not qui te c o m p a r a b l e . In sp i te of t h i s incons i s tency , mos t r e s e a r c h on mechan ica l 
s t ab i l i z a t i on has been d i r e c t e d t o w a r d ob ta in ing the densest poss ib le m i x t u r e . 

Two d i f f e r e n t approaches have been f o l l o w e d i n ob ta in ing the m a x i m u m dens i ty . One 
invo lves the i d e a l g rada t ion concept . T h i s i s i l l u s t r a t e d i n the f o l l o w i n g manner : A 
quant i ty of the l a r g e s t p a r t i c l e s a re a r r a n g e d i n t h e i r m o s t dense s tate; and the next 
l a r g e s t g r a i n s added a r e those that w i l l j u s t f i t i n the vo ids between the l a r g e s t g r a i n s . 
Each succeeding s m a l l e r s ize i s that w h i c h w i l l f i t i n to the vo ids between the next 
l a r g e r g r a i n s . I f t h i s p roces s i s cont inued to i n f i n i t y , the r e s u l t s w i l l be a s o l i d mass . 
F o r any g iven shape of p a r t i c l e the g r a i n s ize c u r v e of the i dea l g rada t ion w i l l f o l l o w 
a d e f i n i t e m a t h e m a t i c a l p r o g r e s s i o n , extending to i n f i n i t y . T h i s approach has been 
used i n the study of concre te aggregate graduat ions (1^, 2 , 3) but the m a t h e m a t i c a l 
cu rves developed f r o m these s tudies have had s e r i o u s sho r t comings i n s o i l engineer 
i n g . The i d e a l g rada t ion concept becomes hopeless ly complex when w i d e l y d i f f e r e n t 
p a r t i c l e shapes a r e i n v o l v e d , such as bu lky quar tz g r a i n s and f l a k e y m i c a . The g r a i n 
s ize d i s t r i b u t i o n cu rves w h i c h a r e p roduced by m i x i n g d i f f e r e n t s o i l s a r e u sua l ly qui te 
i r r e g u l a r , r e g a r d l e s s of the p r o p o r t i o n s . T h e r e f o r e , r e - s o r t i n g of the s o i l s w o u l d be 
r e q u i r e d to achieve anyth ing approaching an i dea l m i x . The g rada t ion concept does not 
take in to account the absorbed wa te r of the c l ays w h i c h r e n d e r s the i dea l g rada t ion of 
these p a r t i c l e s meaning less . 

Another approach i s the aggrega te-b inder concept . The s o i l i s cons idered to be 
made up of two components : the aggregate , composed o f the l a r g e r g r a i n s ; and the 
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binder-, cons i s t ing of the f i n e r g r a i n s and the c l a y . The aggregate should be compacted 
to i t s densest s ta te . The v o i d s between the g r a i n s a r e f i l l e d w i t h compacted b inde r , to 
produce the m a x i m u m dens i ty . T h i s approach was f i r s t suggested by Macadam' s m e t h 
od of pavement c o n s t r u c t i o n , but i t has been extended by m o r e r ecen t r e sea rch ( 4 , 5 ) . 
In s o i l w o r k , t he re a r e s e r ious ob jec t ions i n that the d i v i s i o n of a s o i l in to aggregate 
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Figure 1. Grain size distribution for aggregate and binder s o i l . 

and b inder mus t be a r b i t r a r y and a r t i f i c i a l , and, al though i t i s not too d i f f i c u l t to c o m 
pac t the aggregate a lone , t h e r e i s no way a t the p r e sen t t i m e to i n t r o d u c e compacted 
b inder in to the v o i d s of the compacted aggregate . 

Because of the sho r t comings of both approaches , engineers have f a l l e n back on e m 
p i r i c a l r u l e s guided by these t h e o r e t i c a l concepts but based on exper ience and t e s t s . 
Examples of the r u l e s based on the g rada t ion concept a r e the s tandard spec i f i ca t ions 
f o r mechan ica l ly s t ab i l i z ed s o i l s adopted by the A S T M (6 ) and by many highway d e p a r t 
men t s . Supplementary r u l e s f o r p r o p o r t i o n i n g m i x e s have been proposed ( 7 , 8, 9 ) ; 
s i m i l a r r u l e s i n v o l v i n g b inde r and aggregate p r o p o r t i o n s have been proposed ( 1 0 ) . 
P a r t i c u l a r a t ten t ion has been pa id to the qua l i ty of the b inder component and v a r i o u s 
methods f o r c o n t r o l of the b inde r qua l i ty have been advocated ( U ^ , 12) . 
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Some w o r k has been done to evaluate the f a c t o r s w h i c h c o n t r o l the pene t ra t ion r e 
s is tance ( 5 ) of s o i l aggregate m i x t u r e s . However , l i t t l e r e s e a r c h has been devoted 
t o the components of the s t r eng th of the s o i l : the "cohes ion" and the angle o f shear 
res i s t ance ( o r angle of i n t e r n a l f r i c t i o n ) . I t was the purpose of t h i s r e s e a r c h to study 
the e f f e c t of s o i l p r o p o r t i o n i n g on these components of s t r eng th . Jn doing so, the a g 
g rega te -b inder concept was employed , s ince i t m o r e c lo se ly r ep resen t s the way i n 
w h i c h two component s o i l s a r e handled i n the f i e l d than does the i d e a l g rada t ion concept . 

E X P E R I M E N T A L P R O C E D U R E 

Two n a t u r a l s o i l s , such as w o u l d be used i n mechan ica l s t a b i l i z a t i o n , w e r e obtained 
f o r t h i s s tudy. The f i r s t was a coarse to m e d i u m g ra ined angular to sub-angular r i v e r 
sand f r o m C a r t e r s v i l l e , Geo rg i a . The g r a i n s w e r e l a r g e l y qua r t z , bu t because of 
s m a l l percentages of b a r i t e g r a in s and m i c a the spec i f i c g r a v i t y of the so l ids was 2 . 7 1 
ins tead of the c u s t o m a r y 2 . 6 6 . The second s o i l was a l ow p l a s t i c i t y inorgan ic sandy 
c l a y . I t came f r o m the B - h o r i z o n of a r e s i d u a l s o i l d e r i v e d f r o m the wea the r ing of the 
gneiss bed r o c k of the A t l a n t a a r e a . The g r a i n s ize and p l a s t i c i t y p r o p e r t i e s of these 
s o i l s a r e g iven i n F i g u r e 1 . 

Each of the s o i l s was p r e p a r e d f o r compac t ion t e s t i n g a c c o r d i n g to A S T M Method 
D 6 9 8 - 4 2 T . V a r i o u s m i x t u r e s of the two s o i l s w e r e made rang ing f r o m 100 p e r c e n t 
sand (aggregate) to 100 p e r c e n t c lay ( b i n d e r ) w i t h the grea tes t number i n the range 
f r o m 0 to 50 pe rcen t b i n d e r . A compact ion tes t was r u n on each m i x t u r e us ing A S T M 
Method D698-42T except separate p o r t i o n s of s o i l w e r e used f o r each de t e rmina t i on of 
m o i s t u r e and dens i ty . The m a x i m u m dens i t i es and the co r r e spond ing o p t i m u m m o i s 
t u r e s a r e shown i n F i g u r e 2 . 

A d d i t i o n a l samples w e r e p r e p a r e d at the o p t i m u m m o i s t u r e f o r each m i x t u r e and the 
samples w e r e compacted to the m a x i m u m dens i ty . P o r t i o n s of each sample w e r e 
t r i m m e d in to 1 . 4 - i n . d i ame te r c y l i n d e r s w h i c h then w e r e subjec ted to t r i a x i a l shear 
t e s t s . C o n f i n i n g p r e s s u r e s of 5, 15 and 30 l b p e r sq i n . w e r e employed . The samples 
w e r e loaded a x i a l l y i m m e d i a t e l y a f t e r the c o n f i n i n g p r e s s u r e s w e r e app l ied , so that 
the e n t i r e t e s t ing of each p o r t i o n r e q u i r e d less than 10 m i n . M o h r ' s c i r c l e s w e r e down 
f r o m the t e s t data and M o h r ' s envelopes p l o t t e d tangent to t h e m . The envelopes f o r 
a l l the tes t s w e r e found to be essen t i a l ly s t r a i g h t l i n e s . The i n t e r c e p t on the v e r t i c a l 
ax i s i s the "cohes ion" and the angle the envelope makes w i t h the h o r i z o n t a l ax i s i s the 
angle of shear res i s tance o r the angle of i n t e r n a l f r i c t i o n . The values f o r these two 
p a r a m e t e r s of the s o i l s t rength a r e shown i n F i g u r e 3. 

R E S U L T S 

The r e l a t i onsh ip between m a x i m u m dens i ty and the p r o p o r t i o n s of aggregate and 
b inder ( F i g . 2) ind ica tes that the highest densi ty i s p roduced by 26 pe rcen t b inder and 
74 pe rcen t aggregate by w e i g h t . The m a x i m u m dens i ty i s g r e a t e r than tha t o f e i the r 
the aggregate o r the b inde r , and i t i s about 12 l b p e r cu f t heav ie r than t h e i r average . 
I f the vo lume of the vo ids i n the compacted aggregate i s assumed to be j u s t f i l l e d w i t h 
compacted b inder the r e s u l t i n g p r o p o r t i o n wou ld be 22 pe rcen t b inde r and 78 pe rcen t 
aggregate . The m a x i m u m dens i ty of t h i s t h e o r e t i c a l m i x wou ld be 148 l b p e r cu f t 
w h i c h i s f a r g rea te r than the greates t observed m a x i m u m dens i ty of the m i x t u r e s . 
These f a c t s ind ica te tha t the aggrega te-b inder concept i s not s t r i c t l y c o r r e c t . F u r t h e r 
l i g h t i s shed on the mechan i sm by the r e l a t i onsh ip of b inder compac t ion to the p r o p o r 
t ions of aggregate and b inder ( F i g . 2 ) . The f i r s t p a r t of the c u r v e , f r o m 0 to 12 p e r 
cent b inder , shows a r a p i d l i n e a r increase i n b inder compact ion f r o m 50 pe rcen t to 
82 pe rcen t . Since 82 pe rcen t compac t ion i s a p p r o x i m a t e l y the dens i ty wh ich i s obta ined 
by m e r e l y dumping the m o i s t b inder in to a conta iner , i t appears l o g i c a l that t h i s p a r t of 
the c u r v e ( f r o m 0 to 12 pe rcen t ) r ep resen t s the f i l l i n g of the vo ids w i t h the loose b inde r . 

F r o m 12 pe rcen t to 26 pe rcen t b inde r , the c u r v e o f b inder compac t ion i s f l a t t e r bu t 
a l so l i n e a r . T h i s appears to r ep resen t ac tua l compact ion of the b inder r a t h e r than the 
m e r e f i l l i n g of open vo ids i n the aggregate . A t 26 pe rcen t b inde r , the b inder s o i l i s 
a l m o s t 100 pe rcen t compac ted . P r o b a b l y the aggregate p a r t i c l e s , by c r e a t i n g h a r d 
spots tha t b r idge over the loose r m a t r i x of b inde r , p reven t 100 pe rcen t compac t ion . 
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Beyond t h i s p o i n t the b inde r compac t ion inc reased s l o w l y , as expected. 
The cu rves of cohesion and i n t e r n a l f r i c t i o n shed f u r t h e r l i g h t on the b i n d e r - a g g r e 

gate behav io r . The aggregate alone has a h igh angle of i n t e r n a l f r i c t i o n but no cohes ion. 
The add i t ion of a s m a l l amount of b inder p roduces a sharp d rop i n the angle of f r i c t i o n 
and a r a p i d inc rease i n cohes ion . T h i s indica tes that some of the b inde r i s t r apped 
between some of the aggregate p a r t i c l e s , p r even t ing aggregate to aggregate contact . 
As the amount of b inder inc reases f r o m 10 percen t to 26 pe rcen t the cohesion inc reased 
but at a decreas ing r a t e . T h i s r e f l e c t s i nc r ea s ing b inde r compac t ion and a g rea t e r 
degree of v o i d f i l l i n g by the b inde r . The changes i n c u r v a t u r e occur at about the same 
po in t as the changes i n the pe rcen t b inder compac t ion c u r v e , as w o u l d be expected. 
The i n t e r n a l f r i c t i o n i n the range f r o m 10 to 26 pe rcen t b inder decreases s l i g h t l y w i t h 
i n c r e a s i n g b inde r , showing that t he r e i s l i t t l e add i t i ona l s o i l t r apped between the a g 
gregate p a r t i c l e s . 

Both the cohesion and the i n t e r n a l f r i c t i o n change r a p i d l y i n going f r o m 26 p e r c e n t to 
33 pe rcen t b i n d e r . The i n t e r n a l f r i c t i o n d rops to that of the b inder a lone, w h i l e the c o 
hes ion inc reases to n e a r l y of tha t of the b inder a lone . The change begins at the 
same po in t the b inde r compac t ion cu rve reaches 97 pe rcen t compac t ion and b reaks 
s h a r p l y . A t t h i s po in t the aggregate p a r t i c l e s begin to be su r ro imded by compacted 
b inder ; beyond 33 pe rcen t b inder the aggregate p a r t i c l e s f l o a t i n the compacted b i n d e r . 
T h e r e i s no change i n the i n t e r n a l f r i c t i o n beyond t h i s p o i n t . The cohesion increases 
g r a d u a l l y , w i t h i n c r e a s i n g b inde r , s ince the t o t a l cohesive f o r c e ac ross any plane of 
shear inc reases when the v o l u m e of aggregate decreases . 

F i g u r e 4 shows the hypo the t i ca l g r a i n s t r u c t u r e f o r d i f f e r e n t amounts of b inder and 
aggregate , based on the observed b inder compac t ion , cohesion, and i n t e r n a l f r i c t i o n 
cu rves of the s o i l m i x e s tes ted . F i g u r e 4a r ep resen t s compacted aggregate a lone. 
F i g u r e 4b shows the s t r u c t u r e w i t h up to 10 o r 12 p e r c e n t b i n d e r . P a r t of the b inder 
i s h igh ly compacted between the contact po in t s of the aggregate w h i l e the loose r e m a i n 
de r p a r t i a l l y f i l l s the aggregate v o i d s . Some of the aggregate p a r t i c l e s s t i l l make d i r e c t 
contact , m a i n t a i n i n g t h e i r f r i c t i o n . In F i g u r e 4c (12 to 26 pe rcen t b inde r ) t he r e i s 
h i g h l y compacted b inder between the contact po in t s of the aggregate and p a r t i a l l y c o m 
pacted b inder f i l l i n g the v o i d s . F i g u r e 4d i l l u s t r a t e s the aggregate f l o a t i n g i n a m a t r i x 
of compacted b inde r , when the b inder exceeds about 33 pe rcen t . Between 26 and 33 
pe rcen t the re i s a t r a n s i t i o n w i t h the amount of h igh ly compacted b inder between the 
contact po in t s decreas ing and the degree of compac t ion i n the vo ids i n c r e a s i n g . 

Because the cohesion increases and the i n t e r n a l f r i c t i o n decreases w i t h i n c r e a s i n g 
b inde r content , i t i s not i m m e d i a t e l y apparent what p r o p o r t i o n s p roduced the grea tes t 
s o i l s t r eng th . Since the s t reng th of such so i l s depends on the degree of conf inement , 
i t was assumed that the s o i l was employed as a s u l ^ r a d e beneath a 1 0 - i n . t h i c k pave 
m e n t . The bea r i ng capaci ty of the subgrade was computed on the bas i s of a u n i f o r m l y 
loaded c i r c u l a r a rea hav ing a 1 0 - i n . d i ame te r ( s i m i l a r to a r ubbe r t i r e ) on the pave 
ment s u r f a c e . The t i r e load was assumed to spread out th rough the pavement as i f the 
pavement f o r m e d a t runca ted cone w i t h i t s s ides s lop ing 2 ( v e r t i c a l ) to 1 ( h o r i z o n t a l ) . 
The bea r i ng i n k i p s pe r square f o o t was computed by the f o r m u l a (J[3) : 

qc =""1 tan*(45+<l.) + q ' tan*(45-t4) + 2c [ t a n (45++) + tan ' ' (45+*) 
^ 2 2 L 2 2 

i n w h i c h 

d = d i ame te r of the a rea ; 
•y = weigh t p e r cubic f o o t of s o i l ; 

q' = pavement weight ; 
c = cohesion; and 
<|> = angle of i n t e r n a l f r i c t i o n . 

The r e s u l t s of the computa t ions a r e shown i n F i g u r e 3c . 
The bea r ing increases w i t h i n c r e a s i i ^ b inder up to 26 pe rcen t . The inc rease i s 

r a p i d a t f i r s t but the c u r v e l eve l s o f f above a b inder percentage of 10 o r 12 pe rcen t . 
T h i s i s the same po in t at w h i c h the percentage of compac t ion cu rve changes s lope . 
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a . Compacted a g g r e g a t e a l o n e 
w i t h g r a i n t o g r a i n c o n t a c t and 
h i g h I n t e r n a l f r i c t i o n . 

b . A g g r e g a t e w i t h s i p a l l amount 
o f b i n d e r . B i n d e r h i g h l y com
p a c t e d be tween c o n t a c t p o i n t s o f 
a g g r e g a t e , and l o o s e i n v o i d s . 
Some open v o i d s and g r a i n t o 
g r a i n c o n t a c t p e r s i s t s . 

c . A g g r e g a t e w i t h s u f f i c i e n t 
Dinder t o f i l l v o i d s l o o s e l y . 
B i n d e r h i g h l y compac ted be tween 
c o n t a c t p o i n t s o f a g g r e g a t e , 
l o o s e i n b e t w e e n . 

d . A g g r e g a t e f l o a t i n g i n a 
m a t r i x o f u n i f o r m l y w e l l com
p a c t e d b i n d e r . 

Loose B i n d e r 
(Less t h a n 80% 
C o m p a c t i o n ) 

W e l l compac ted 
b i n d e r (95-1007. 
C o m p a c t i o n ) 

H i g h l y compac ted 
b i n d e r ( o v e r 100% 
C o m p a c t i o n ) 

Figure k. Grain structure of s o i l aggregate mixtures. 

When the amount of b inde r exceeds 26 pe rcen t , the bea r i ng f a l l s o f f v e r y sha rp ly to a 
m i n i m u m at 33 pe rcen t b i n d e r . W i t h m o r e b inder the s t reng th increases s l i g h t l y but i t 
never approaches the peak v a l u e . The r e s u l t s of these computa t ions show that the 
c u s t o m a r y assumpt ion that m a x i m u m dens i ty produces g rea tes t s t r eng th i s j u s t i f i e d i n 
t h i s case. A s l i gh t increase i n b inder beyond that wh ich produces m a x i m u m densi ty 
does not produce a s i g n i f i c a n t decrease i n densi ty but i t does produce a v e r y m a r k e d 
d rop i n s t r eng th . A decrease i n b inder below that r e q u i r e d f o r the m a x i m u m r e s u l t s 
i n on ly a s m a l l decrease i n s t reng th , however . M i x p r o p o r t i o n s w h i c h wou ld s a t i s fy 
the A S T M r e q u i r e m e n t s f o r g r anu l a r s t ab i l i z a t i on were found f r o m g r a i n s ize analyses 
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to range f r o m 15 to 35 pe rcen t b i n d e r . These l i m i t s a r e shown i n F i g u r e 3. The 
p r o p o r t i o n s f o r m a x i m u m s t r eng th and dens i ty l i e w i t h i n t h i s s p e c i f i e d r ange . Howeve r , 
the sharp d rop i n bea r ing a lso o c c u r s w i t h i n the range, w h i c h ind ica tes that the s p e c i 
f i c a t i o n s cou ld r e s u l t i n both a v e r y s t rong s o i l and a weak one. 

R E C O M M E N D A T I O N S 

On the bas i s of these tes t s a s i m p l e method of d e t e r m i n i n g the bes t m i x f o r b e a r i n g 
capaci ty i s p roposed . The aggregate alone and the b inde r alone a re compac ted . The 
weigh t of compacted b inder r e q u i r e d to f i l l the aggregate vo ids i s computed . The ac tua l 
amount of b inder spec i f i ed could v a r y f r o m 50 pe rcen t of the computed value to 100 
pe rcen t of the va lue wi thou t a s i g n i f i c a n t change i n s o i l b e a r i n g . 

The conc lus ions reached i n t h i s i nves t iga t ion w e r e based o n on ly t w o s o i l s . A l though 
these w e r e r ep resen ta t ive m a t e r i a l s , add i t iona l r e s e a r c h i s c e r t a i n l y necessary to 
es tabl i sh the a p p l i c a b i l i t y of t h i s r e s e a r c h to o the r m a t e r i a l s . 
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Discussion 
EUGENE Y . H U A N G , Research Ass i s t an t P r o f e s s o r of C i v i l Eng inee r ing . U n i v e r s i t y 
of I l l i n o i s — T h e e f f ec t of s o i l p r o p o r t i o n i n g on the s t rength components of the r e s u l t i n g 
m i x t u r e has been r e a l i z e d f o r a good many y e a r s . However , i t has r a r e l y been c o r 
robo ra t ed by quant i ta t ive data such as those presented i n t h i s pape r . The paper i s an 
i n t e r e s t i n g and valuable add i t ion to the l i t e r a t u r e of mechanica l s o i l s t a b i l i z a t i o n . 

Al though the data i n F i g u r e 3 ind ica te tha t the s t rength components of the s o i l - a g -
grea te m i x t u r e s a re d e f i n i t e l y a f f ec t ed by the p r o p o r t i o n s of b inder s o i l and aggregate, 
m a t e r i a l p r o p o r t i o n i n g mus t never be r ega rded as the only f a c t o r tha t a f f e c t s the 
s t reng th c h a r a c t e r i s t i c s of a so i l -aggrega te m i x t u r e . I n t e r n a l f r i c t i o n i s the res i s t ance 
of s o i l g r a i n s to s l i d i n g on any plane th rough the m a t e r i a l by the i n t e r l o c k i n g o r mu tua l 
support of adjacent p a r t i c l e s ; cohesion i s the res i s t ance of s o i l g r a i n s to d i sp lacement 
by the bond developed at the sur faces of contact of v e r y f i n e - g r a i n e d s o i l s as a r e s u l t 
of e l e c t r o - c h e m i c a l f o r c e s of a t t r a c t i o n . I t may be sa id that i n t e r n a l f r i c t i o n i s p r i 
m a r i l y con t r ibu ted by aggregate and cohesion i s p r i m a r i l y con t r ibu ted by c l ay , thus 
an increase i n the amount of each const i tuent gene ra l ly r e s u l t s m an inc rease i n i t s 
co r re spond ing s t rength component; i t mus t be r e a l i z e d , however , that the r e s u l t i n g 
e f fec t i s a t t r i bu t ab l e to a number of f a c t o r s . 

h i t e r n a l f r i c t i o n l a r g e l y depends upon a n g u l a r i t y , shape, su r face t e x t u r e , and s ize 
of p a r t i c l e s ; g rada t ion and dens i ty of the m i x t u r e ; and the amoimt of p r e s s u r e exer ted 
on the s l i d i n g p lane . Cohesion i s l a r g e l y dependent upon the k i n d and r e l a t i v e abundance 
of c l ay m i n e r a l s and the m o i s t u r e content . Because some of these f a c t o r s a r e m o r e 
o r less c o r r e l a t e d w i t h each o the r , the pu re in f luence of these v a r i a b l e s on the s t rength 
c h a r a c t e r i s t i c s of so i l - aggrega te m i x t u r e s can only be d e t e r m i n e d by a sy s t em of 
p o l y f a c t o r ana lys i s based on the data of a v a r i e t y of m i x t u r e s . 

Of p a r t i c u l a r i m p o r t a n c e to the s t reng th of a so i l - aggrega te m i x t u r e , f r o m the 
p r a c t i c a l s tandpoint , i s the f i e l d m o i s t u r e condi t ion of the m i x t u r e . Both cohesion and 
i n t e r n a l f r i c t i o n a r e a f f ec t ed by the m o i s t u r e content and a re w e l l p r e s e r v e d on ly when 
a m i x t u r e i s r e l a t i v e l y d r y . A s the m o i s t u r e content inc reases , the adsorbed m o i s t u r e 
f i l m s between f i n e s o i l g r a i n s w i l l be th ickened and cohesion w i l l decrease . The i n 
c rease i n m o i s t u r e content w i l l a lso cause v o l u m e change i n the b inder s o i l wh ich w i l l 
expand the s o l i d f r a m e w o r k and decrease the mechan ica l contact between s o i l p a r t i c l e s . 
Thus the i n t e r l o c k i n g of g r a n u l a r p a r t i c l e s and the m u t u a l support so i m p o r t a n t to the 
i n t e r n a l f r i c t i o n i s r e a d i l y e l i m i n a t e d . W i t h these s o i l p r o p e r t i e s i n m i n d , the p r o 
p o r t i o n i n g of m a t e r i a l s mus t a i m at c o m b i n i n g the h igh i n t e r n a l f r i c t i o n of the a ^ r e g a t e 
w i t h the b e n e f i c i a l cohesion of the b inder s o i l i n such p r o p o r t i o n s as to avo id d e t r i m e n t a l 
c h a r a c t e r i s t i c s of absorbed m o i s t u r e . When a b inder s o i l i s i n c o r p o r a t e d i n an a g g r e 
gate f o r the purpose of supply ing cohesion to s t ab i l i zed the o t h e r w i s e loose mass , the 
amount of the b inder s o i l mus t be d e t e r m i n e d not on ly by the cohesive p r o p e r t y but a lso 
by the s w e l l i n g p r o p e r t y of the s o i l , t a k i n g in to cons ide ra t ion l o c a l c l i m a t i c and d r a i n 
age cond i t ions . A m i x t u r e should never be cons idered s a t i s f a c t o r y wi thou t due r e g a r d 
to the f i e l d m o i s t u r e cond i t ions . 

To d e t e r m i n e what p r o p o r t i o n s of aggregate and b inder s o i l w o u l d p roduce the g r e a t 
est s o i l s t rength the au thors have computed the b ea r i n g capac i t i es of v a r i o u s m i x t u r e s , 
a s suming they a r e employed as subgrade m a t e r i a l s beneath a 1 0 - i n . pavement ( F i g . 3 ) . 
Based on values of cohesion and angle of i n t e r n a l f r i c t i o n , the w r i t e r has es t imated 
the bea r ing capac i t i es of seven so i l -aggrega te m i x t u r e s us ing the f o l l o w i n g f o r m u l a : 

q^l = V2 k d 7 ( N j - 1) + q ' N j + 2c'^{ii^ + 1) 

Tn t h i s f o r m u l a , 1^ i s the u l t i m a t e be a r i ng capaci ty , o r the m a x i m u m p r e s s u r e that 
can be sustained by a so i l - aggrega te subgrade; q ' i s the surcharge p r e s s u r e due to the 
weight of a 1 0 - i n . t h i c k pavement and i s assumed to be 115 l b p e r sq f t ; "Y i s the u n i t 
we igh t of the s o i l - a ^ r e g a t e m i x t u r e , c i s the cohesion shear ing res i s tance of the m i x 
t u r e ; and N ^ , c o m m o n l y known as f l o w va lue , i s dependent upon the angle of i n t e r n a l 
f r i c t i o n <|> of the m i x t u r e , and i s equal to tan^ ( 4 5 ° + <|)/2). The f a c t o r k i s a rough 
measure of the depth of the m a t e r i a l i nvo lved and i s assumed to b e ^ N ^ i n a l l cases . 
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Figure 5. Computed bearing values of soil-aggregate mixtures. 
F o l l o w i n g loading condi t ions assumed by the au thors , the d i ame te r of the c i r c u l a r bear 
i n g a r ea , d , i s 1.67 f t . 

The f o r m u l a a f f o r d s noth ing except an app rox ima te method f o r evaluat ing the i n f l u 
ence on b e a r i n g capac i ty of i n t e r n a l f r i c t i o n and cohes ion . I t i s d e r i v e d , a cco rd ing to 
the p r i n c i p l e s of s t a t i c s , o r i g i n a l l y f o r a rough computa t ion of the bea r ing capaci ty of 
cont inuous f o o t i n g s , a s s u m i n g tha t the subgrade m a t e r i a l under load ac ts i n c o m p r e s 
s ion s i m i l a r to a spec imen i n a t r i a x i a l shear t e x t . I t may be noted tha t the f o r m u l a 
i s a l m o s t exact ly l i k e the one used by the au tho r s . 
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The bea r i ng capaci ty of a so i l -aggrega te m i x t u r e , as ind ica ted by the f o r m u l a , i s 
d e r i v e d f r o m th r ee sources : (a ) The f r i c t i o n due to the weight of the so i l -aggrega te 
m i x t u r e , (b) the f r i c t i o n due to the su rcharge o r the weight of the pavement , and (c ) 
the cohesion shear ing res i s tance of the so i l - aggrega te m i x t u r e . 

The r e s u l t s of the computa t ions a r e tabula ted i n Tab le 1 and also shown i n F i g u r e 5. 
The data indica te that both the f r i c t i o n due to the weight of the m i x t u r e and that due to 
the su rcharge decrease g radua l ly w i t h i nc r ea s ing b inder s o i l . The cohesion shear ing 
res i s t ance , however , inc reases c o n c u r r e n t l y at a much h igher r a t e . A s a r e s u l t of the 

TABLE 1 
COMPUTATION OF BEARING VALUES 

Mixture 
Desig
nation 

Aggregate 
in 

Total Mixture 

(%Wt.) 

100 

86 

74 

66 

60 

53 

0 

Binder Soil 

Total Mixture 

(%Wt.) 

Unit Wt., 

(pcf) 

Cohesion 
Value, 

(psf) 

0 

14 

26 
34 

40 

47 

100 

133 

137 

139 

138 

137 

136 

126 

0 

700 

720 

1,700 

1,800 

1,720 

2,300 

Angle of 
Internal 
Friction, 

+ 

(deg) 

45.5 

36.0 

35.5 

21.0 

24.0 

22.5 

23.0 

Diameter Pavement Flow 
Value, I of 
N^ J Loading 

i Area, 
' d 

(ft) 

5.97 

3.87 

3.77 

2.12 

2.37 

2.24 

2.28 

Weight 
per 

|Unit Area, 
1' 

(psf) 
Shi 
(pst: 

1.67 

1.67 

1 67 

1.67 

1.67 

1.67 

1.67 

I 115 

I 115 

115 

i 115 

j 115 

115 

115 

(psf; 

'9,410|4, 

|3,110 

2,980 

5801 
820 

680 

670 

100 

710 

640 

520 

650 

580 

(psf) 

0 

13,300 

13,300 

15,400 

18,700 

16,700 

600 e2,800 

(psf) 

13,500 

18,100 

17,900 

16,500 

20,200 

18,000 

24,000 

combined e f f ec t , the bea r ing capaci ty of the so i l -aggrega te m i x t u r e shows an inc rease 
by add i t ion of b inder s o i l and reaches Us peak value at 100 pe rcen t of the s o i l . I t mus t 
be noted, however , that the so i l - aggrega te m i x t u r e s w e r e tes ted f o r s t rength at o p t i 
m u m m o i s t u r e content . A s p r e v i o u s l y d iscussed, the increase i n b ea r i n g capac i ty at 
t h i s p a r t i c u l a r m o i s t u r e content as a r e s u l t of an mcrease i n cohesion does not neces
s a r i l y ind ica te that the m i x t u r e i s becoming m o r e des i r ab l e , s ince t h i s s t reng th c o m 
ponent i s not r e l i a b l e under a l l cond i t ions . I t may a lso be noted that the m a x i m u m 
dens i ty , w h i c h occur s at 26 pe rcen t of b inder s o i l , d i d not p roduce the grea tes t bea r ing 
s t r eng th . 

A s a bas i s f o r examin ing the behavior of the b inder s o i l and the aggregate at o p t i 
m u m m o i s t u r e content i n v a r i o u s m i x t u r e s , the w r i t e r has used the data of compac t ion 
tes t s f r o m F i g u r e 2 and computed the absolute vo lumes of aggregate , b inder s o i l , 
wa te r , and a i r i n these m i x t u r e s . The r e s u l t s a r e presented i n F i g u r e 6. The absolute 
v o l u m e of vo ids ( w a t e r p lu s a i r ) i n the so i l -aggrega te m i x t u r e s i s ind ica ted by cu rve 
A B C . T h e o rd ina tes between cu rves A D E and A B C rep re sen t the absolute v o l u m e of 
the b inder s o i l ; those between l ines F E and A D E represen t the absolute v o l u m e of the 
aggregate . 

A s s u m i n g tha t bo th the b inder s o i l and the aggregate had no change i n t h e i r i n d i v i d u a l 
v o i d c h a r a c t e r i s t i c s when they w e r e combined , the absolute vo lumes of these two c o n 
s t i tuents i n v a r i o u s m i x t u r e s wou ld be ind ica ted by l i nes A E and AC ( F i g . 6) and the 
t o t a l amount of vo ids i n these m i x t u r e s ( w a t e r p lu s a i r ) w o u l d be r ep resen ted by the 
o rd ina tes of l i n e A C . However , both the ac tua l absolute v o l u m e of the aggregate and 
that of the b inder s o i l , under s tandard compact ion condi t ions , a r e l a r g e r than those 
assumed. The c o r r e c t vo lumes a r e ind ica ted by the l i nes A D E and A B C . The amount 
of the underva lua t ion i n the absolute v o l u m e of aggregate i s r epresen ted by the v e r t i c a l 
o rd ina te between the l ines A E and A D E . The underva lua t ion m the b inder s o i l v o l u m e 
i s represen ted by the v e r t i c a l o rd ina te between A C and A B C , minus the o rd ina te be 
tween A E and A D E . T h i s i s represen ted as the o rd ina te between A C and AGC ( F i g . 6 ) . 

F i g u r e 6 indica tes that , when the b inder s o i l was i n c o r p o r a t e d i n the aggregate, i t 
apparent ly reduced the p a r t i c l e i n t e r f e r e n c e and f a c i l i t a t e d the r e a r r a n g e m e n t of a g 
gregates being compacted in to c lo se r a s soc ia t ion . The absolute vo lume of the b inder 
s o i l was c o n c u r r e n t l y inc reased a t t r i bu tab le to i t s f i l l i n g in to the vo ids of the aggregate 
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and/or an increase in its degree of densification. It is difficult to discriminate the 
influence of these two factors. It appears, however, that the void-filling effect was 
probably predominating when the amount of binder soil was relatively low. For a mix
ture with a large amount of binder soil, the aggregate particles were floating in the 
soil mass. The increase in the absolute volume of the binder soil would be primarily 
attributed to the increase of its degree of compaction. At all events, the data in 
Figure 6 suffice to show that the binder soil did not, in the main, function as a filler 
of voids within the structure formed by the aggregate. 

The writer expresses his appreciation to Richard A. Davino, Research Assistant 
in Civil Engineering at the University of Illinois for reading the first draft of this 
paper and checking the computations in Table 1 . 
W.H. CAMPEN, Manager, Omaha Testing Laboratories, Omaha, Nebraska—The most 
important point brought out by this paper is that in order to obtain maximum strength 
the mixture must be such as to produce maximum density. In other words, the mix
ture must contain all the aggregate it can possibly carry. In spite of the fact that the 
authors seem to be of a different opinion, the writer is sure that most of those engaged 
in this field are aware of the principle involved and have been following it. 

The method suggested for determining the relative amounts of aggregate and binder 
has merit. However, it might be difficult to determine the weight per cubic foot of 
some coarse aggregates, and for this reason it might be necessary to make moisture-
density tests with mixtures containing the calculated amount of coarse aggregate as 
well as a few percent more or less. 

The strength of soil-aggregate mixtures is susceptible to moisture content. There
fore, the use of as little as 50 percent of the binder necessary for maximum density 
might be undesirable for the reason that the mixture would be able to take in more 
water than indicated by the optimum moisture. 

W.A. GOODWIN, Research Engineer, Tennessee Highway Research Program, Univer
sity of Tennessee, Knoxville—This subject is one of considerable interest. It is en
couraging to know that research work of this nature is being carried on and is finding 
its way into the literature, ^formation of this type is of immeasurable benefit to those 
who use soils as an engineering material. 

Data presented in Figure 3 is most significant. It can be seen that there is an opti
mum percent binder for maximum strength as indicated by the curve for bearing capac
ity versus percentage of binder solids in total mix. This optimum occurs at about 26 
percent. As stated in the paper, present ASTM specifications permit a wide range in 
percent binder which could result in both strong and weak mixes. In view of these data, 
the recommendations in the paper for determining the best mix seem to be justified. 

Tn support of the data presented the writer wishes to submit the following summary 
of a paper which was presented at the annual meeting of ASCE in New York in Novembei 
1951 . The paper was entitled "Clay Mineralogy and Soil Stabilization, " by James H. 
Havens and W.A. Goodwin, Highway Materials Research Laboratory, Lexington, 
Kentucky. 

The strength characteristics of soils, as presented in this discussion are based 
largely upon relationships developed experimentally in connection with a long-range 
program of research on clays and their influences on the fundamental properties of 
soils. The objective of the over-all program is to develop data on the occurrence and 
distribution of clays in Kentucky and eventually to correlate these findings with soil 
formations as well as with the engineering properties of the soils. 

For this phase of the project, about 40 lb of a mixed illite-kaolinite clay, smaller 
than 1 micron ( H. ) , was separated from one soil and another 40 lb of a mixed montmor-
illonite-kaolinite clay, also smaller than 1 ji , was recovered from another soil. The 
separations were accomplished by sedimentation procedures. About 50 lb of silt was 
separated from a third soil, also by sedimentation. The recovered clays, with both 
Na+ and Ca++ modifications, were combined in definite proportions with the silt to 
form synthetic soils of known composition. 

Maximum densities and optimum moisture contents, under a given method of static 
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compaction, were determined and these formed the basis for preparation of triaxial-
test samples for combined stress analysis. Further comparisons or evaluations were 
made through the Atterburg limits tests. 

X-ray diffraction patterns for both clays indicated that Samples C-3 is a yellow clay 
composed of illite and kaolinite. Sample C-13 is a red clay composed of montmorillon-
ite and kaolinite. The silt is composed of angular quartz grains ranging in size from 5 
to 75 | i , the largest portion occurring at about 25 (i, 

Cationic modifications were introduced during the process of recovery by adding to 
the suspension of clay, chloride salts of sodium and calcium in excess of the amount 
necessary to produce flocculation. The flocculated clays were separated from the re
maining water by vacuum filtration. The recovered clays were then air-dried, pulver
ized to pass the No. 200 sieve, and combined with the silt. 

Triaxial specimens were prepared by adding sufficient water to the mixtures to 
bring them up to optimum moisture contents. The specimens were formed in a 2-in. 
diameter split-mold under a compressive load of 1,500 lb. They were sealed and al
lowed to age a minimum of 21 days prior to testing. In terms of triaxial nomenclature, 
the loading conditions approximated the so-called consolidated quick-type of test. Con
fining pressures of 0, 5, 10, and 15 lb per sq in. were used throughout this study. 

Since the synthetic soils used in this study were formed by combining two clays with 
a silt, it might be well to consider them separately and then collectively. The clays 
were a flat, flaky, fine-grained material which could hold considerably more water 
than the silt before their strengths were materially reduced. The silt was composed 
of relatively clean, angular to spherical-shaped particles. Its strength was sensitive 
to small changes in moisture. 

The combined influence of clays and granular (silt) materials in a mixture are best 
understood by their influence on the total voids of the mixture. It is the clay-water 
system within the voids which reflects the strength of the mix. 

An idealized concept of the system can be shown by considering three methods of 
packing uniform spheres. Let A represent the loosest arrangement, B the densest, 
and C an mtermediate stage. All three conditions are independent of size and quantity 
of spheres so long as they are uniform. 

A has a calculated porosity of 47.6 percent; B, 26 percent; and C, 39.7 percent. A 
can accommodate, in its interstices, an equivalent number of spheres whose size is 
0.732 times the diameter of the large spheres. These smaller spheres reduce the 
porosity of A to 27 percent. C will accommodate an equivalent number of small spheres 
0.528 din diameter, but they only reduce its porosity to 31.8 percent. B, which is the 
densest arrangement to begin with, will accommodate two sizes of small spheres, 
0.414d and 0.225 d. Together, they reduce the porosity of B to only 19.86 percent. 
The average for all conditions in which the small spheres are included is 26 percent 
voids, whereas without the small spheres the average for all three conditions is 37.8 
percent voids. 

Taking the average of A, B, and C with their corresponding small apheres as rep
resentative of a well-graded granular material, 26 percent voids could well be consid
ered typical of naturally-occurring soils. Since the range is only about 20 percent to 
32 percent, the assumption of 26 percent is within the predictable limits of 6 percent. 

The introduction of sizes larger than the interstices for any condition would expand 
the structure and increase the porosity. Furthermore, a volume of a clay-water mix
ture in excess of the porosity of any granular structure would tend to float the strength
ening structural members, and the strength of the mass thereafter would be determined 
by the strength of the clay-water system alone. 

Although these concepts are elementary in nature, they have a bearing on the inter
pretation of results and should be kept in mind. The extrapolated or dashed portion of 
the curves between 30 and 100 percent clay (Fig. 7) represent the writer's conceptions 
of the relationships, and they lack verification by experimental data. 
Maximum Dry Density vs Percent Clay 

As the percent clay is increased the maximum density of the mass increases to the 
place where the clay begins to over fill the voids. When this occurs, it is apparent 



31 

that the clay has begun to expand the granular structure and, consequently, further con
solidation of the mass is dependent upon the susceptibility of the clay-water system to 
consolidate. This relationship is shown in Figure 7. 
Cohesion vs Percent Clay 

In considering the cohesion of the mixtures, reference should be made to the "mini
mum porosity of the granular structure." With respect to the silt used in these experi
ments, the silt alone at maximum density has a calculated porosity of 43 percent which 
means that 43 percent of its bulk volume may be occupied by a clay-water system with
out disrupting its structure. 

The silt alone is cohesive to the extent of the meniscus tension of the water within its 
voids. As clay is added in small increments, the water content required by optimum 
conditions is still very large in terms of clay content. In fact, it is so large that the 
clay-water system exists there in a state of fluidity incapable of contributing further 
cohesion to the silt. As more clay is introduced, the moisture content, with respect to 
the clay only, decreases. Accordingly, the moisture content of the clay is higher than 
its liquid limit until about 22 percent clay has been added. Above 22 percent, the clay 
very rapidly approaches its plastic limit, which serves to explain the sharp inflections 
in the cohesion curves. 

At clay contents above the critical volume, determined by the minimum porosity of 
the silt, cohesion is no longer dependent upon binding the silt grains together but is 
dependent upon the cohesion of the clay-water system itself. Throughout this higher 
range of clay content, cohesion is constant provided the moisture content of the clay is 
constant, which it is assumed to be. 
Angle of Internal Friction vs Percent Clay 

Below the critical minimum porosity of the silt in Figure 7, the angle of internal 
friction for the mass is determined by the degree of frictional contact existing between 
the silt grains. As the clay becomes more concentrated with respect to the water in the 
voids, it departs more and more from a state of fluidity and merges into a state of low 
plasticity. In doing so, it becomes increasingly capable of lubricating the silt grains 
which explains the proportional decrease in the angle to about 30 percent clay content. 

As the clay content approaches the minimum porosity of the silt, the angle rapidly 
becomes less dependent upon the inter-granular friction of the silt and more dependent 
on the degree of friction inherent in the clay-water system. 

The following summary is quoted from the original paper: 
"Throughout the discussion of this group of curves, the most outstanding feature 

common to all has been the volume relationships existing between the clay-water sys
tems and the void volume of the granular structures. These have shown up repeatedly 
as critical points of inflection in the curves. 

'As an approach to soil stabilization, these relationships emphasize the necessity of 
defining a soil in terms of its clay-water system and granular structure. As an approach 
to the evaluation of clay-water systems, they confirm the necessity of testing them in
dependently of a granular structure. When tested independently, they demonstrate the 
profound characteristics inherent in the mineralogical identity of the clay and the extent 
to which cationic modifications influence the physical properties of clay-water systems." 

GEORGE F . SOWERS, Closure—The authors wish to thank Mr. Huang for his inter
esting analysis of their data. They agree that absorbed moisture should also be con
sidered, particularly when the soils are exposed to extreme weathering. Huang's 
analysis of bearing capacity tends to underrate the contribution of internal friction to 
bearing capacity, compared to the author's analysis. Furthermore, the author's anal
ysis is low compared to the widely-used method of Terzaghi. Therefore, Figure 5 
may give the false impression that bearing increases with increased binder amounts. 
It has been the author's experience that there is an optimum binder amount that is in the 
neighborhood of that shown in the paper. 
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Mr. Campen's comment regardii^ the importance of maximum density is welcomed. 
However, exception is taken to the statement that most engineers engaged in the field 
are aware of it. Too many highway engineers place blind faith in rigid specifications 
for soil aggregate mixtures which may not yield the maximum density. The most im
portant fact brought out by the paper is the sharp drop in strength produced by amounts 
of binder only slightly in excess of that required for maximum density. 

It was not intended to imply that the mix proportions are the only factor affecting 
soil strength. Certainly, if the soil is subjected to extreme moisture conditions a 
shortage of binder might be detrimental, unless the binder has swelling properties. 
In the latter case a shortage of binder would be helpful. 

It is gratifying that the work of Havens and Goodwin confirms some of the findings 
presented in this paper. It is particularly encouraging to see the emphasis placed on 
the volume relationships of the soil and aggregate. The volume approach is a much 
sounder basis for stabilization than one based purely on gradation. Of course, the 
mineralogy of the binder is extremely important, as Mr. Goodwin demonstrates, and 
any consideration of volume should include the volume changes of the clay components. 



Expanded Shale as an Admixture 
In Lime Stabilization 
RAYMOND F . DAWSON, Professor of Civil Engineering, Associate Director of the 

Bureau of Engineering Research, The University of Texas, Austin; and 
CHESTER MCDOWELL, Senior Soils Engineer, Texas Highway Department, Austin 

The pozzuolanic action between lime and volcanic ash or flyash has long 
been known. It is also known that other materials when combined with lime 
will produce a similar action, but the investigation of these other combina
tions has been limited. This paper gives the results of the use of dust 
from expanded shale aggregate as an admixture in Ume stabilization. The 
effect of expanded shale and the unbumed raw material on the compressive 
strength of the mixtures is given as well as a limited amount of data on the 
variation of the quantities of the expanded shale dust. Li general, the re
sults show considerable increase in the strength of the lime stabilized mix
tures for two different aggregates, one aggregate having a high clay content 
and the other being a sandy gravel. 

• THE POZZUOLANIC ACTION between lime, volcanic ash, flyash and some other 
materials has long been known. The use of artificial materials in combination with 
lime is also quite old, although not nearly as old as the use of the natural volcanic 
materials. India has long used burned clay as a pozzuolanic material. Reports of 
early use of burned clay in Egypt have also been found, although complete references 
are limited. Mortar composed of lime and burned clay was used extensively in the 
construction of the Asyut Barrage completed in 1902 across the Nile River as reported 
by George Henry Stephens (1 )̂. He describes in detail the test of lime and clay mortars 
in which was found considerable increase in strength with the addition of burned clay 
to the lime mixtures. The soft-burned clays gave greater strengths than the hard-
and very hard-burned clays. Although no reason was given for the greater strength 
obtained with the soft-burned clays, the writer believes that it might be possible that 
the softer clays were actually ground much finer than the harder materials thus pro
ducing much greater action. "The burnt clay after grinding was passed through a sieve 
having 400 meshes per square inch." This, of course, would be a No. 20 sieve and 
therefore a rather coarse grind. 

McDowell found that the addition of small quantities of dust from expanded shale 
aggregate also had beneficial effects on lime stabilized soil mixtures. This paper is 
a report of the investigation of the use of expanded shale dust as an admixture in lime 
soil stabilization. 

MATERIALS 
Lime was freshly burned, hydrated lime obtained from the Austin White Lime Com

pany and was sealed in tight containers prior to use. 
Expanded shale was dust passed through a 200-meshsieve, obtained from pulveriz

ing light weight concrete aggregates that had been made from burning shale materials. 
Two different aggregates were used in these investigations. One was the WASHO 

gravel which had a liquid limit of 24, a plasticity index of 4, a shrinkage ratio of 1.71 
and a grading as shown in Figure 1. This material had only a small percentage of the 
clay sizes. The second aggregate was Post Oak gravel from near Austin, Texas which 
had a Uquid limit of 53 and a plasticity index of 33. It can be seen (Fig. 1) that the 
Post Oak gravel all passed the y4-in. sieve, and although the percentage of clay was not 
high, most of the clay fraction was smaller than 0.001 mm in diameter. 

Figure 2 shows the moisture density relationship of the Post Oak gravel as obtained 
naturally and the effect of the addition of lime and shale to the mixtures. These den
sity tests were made with the Harvard miniature compaction apparatus. 
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Figure 1. Grain size accumulation curve. Post Oak and Washo gravels. 
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Figure 3. Typical stress strain curve. Post Oak gravel, 5 percent lime and 10 percent 
expanded shale. Age 28 days. 

fo determining the percentage of lime and shale, the total aggregate was taken as 
100 percent, and the percentages of this figure were added to the aggregate in making 
the final mixture. 

TESTING METHODS 
In order to have a comparatively simple test that could be quickly made and yet 

give a satisfactory indication of the action of the expanded shale, it was decided to use 
the unconfined compression test. A few flexure tests were also made on small beams. 

The unconfined specimens varied considerably in size, many of them being 2-in. by 
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4-in. cylinders made with material passing in a V i - i n . sieve. Others were 4-in. by 
8-in. cylinders, and 6-in. by 8-in. cylinders were used with the coarse WASHO gravel. 
The specimens were compacted to the standard Proctor density and cured under moist 
conditions prior to testing. Testing was done in a constant-strain testing device at a 
rate that required approximately 5 minutes to cause failure. Sjpecimens were capped 
with plaster of Paris prior to testing and protected with Saran-wrap to prevent the loss 
of moisture. 

Figure 3 is a typical stress-strain curve for the 2-in. by 4-in. specimens. Most of 
the breaks occurred rather suddenly, and the specimen shattered with little or no bulg
ing, thus simulating a brittle material. 

Flexural strength tests were made on small beams cut from cured cylinders. These 
beams were approximately 1.33 in. wide, 1.1 in. high and 2.8 in. long and were tested 
with mid-point loadings. 

RESULTS OF TESTS 
The flexural strength tests were limited; all were made after a considerable curing 

period. All of these specimens were made with WASHO gravel and contained 8 percent | 
lime and 10 percent expanded shale. The following results were obtained: 

Curing Time in Days 
229 
487 
487 

Flexural Strength 
psi 

533.9 
550.9 
343.2 

Although there is some variation in the strengths obtained, the tests do indicate that 
the material has considerable flexural strength. 

Figure 4 shows the results of a number of compressive strength tests. The solid 
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dots are results obtained with the WASHO gravel and the x's result from specimens 
made with the Post Oak gravel. For combinations of 5 percent lime and 10 percent 
expanded sKale, it can be seen that the Post Oak gravel gave values only slightly lower 
than the WASHO gravel, and there is considerable increase in strength with age and 
also with the addition of expanded shale. M one set of specimens made with Post Oak 
gravel, the percentages of materials were determined as a percent of the total mixture 
and not as a percentage of the aggregate. When these values were reduced to percent
ages of the aggregate, it was found that actually 5.9 percent lime and 11.75 percent 
expanded shale were used, thus giving considerably higher strengths. These points 
are indicated with x's inside the circles. One specimen was made with 5 percent lime 
and 5 percent expanded shale which gave lower values than the 10 percent expanded 
shale mixtures. Also the specimens with 5 percent lime and 0 percent expanded shale 
were lower than when the expanded shale was used. These values are given with dots 
and x's inside the squares. When no lime or lime and shale was used, very low values 
were obtained, as indicated by the inverted triai^les. 

In order to check the effect of burning on the shale, one series of tests was made in 
which a raw shale was used. This material is one that will expand on burning, but in 
these tests was merely pulverized by passing through a 200-mesh sieve. Figure 5 
gives the results of these tests showing that the raw shale actually reduced the strength 
below that of the specimens with lime but no shale admixture. The expanded shale dust 
causes a considerable increase in strength over the other mixtures while the raw gravel 
specimens gave very low strengths. 

CONCLUSIONS 
Although the addition of lime to these gravels was quite beneficial as compared to 

the raw soils, the addition of 10 percent expanded shale dust to the lime mixtures gave 
added strength to the specimens. In some cases, the increase in strength was as much 
as 100 percent above the straight lime stabilized soil. The addition of more than 10 
percent of the expanded shale indicates somewhat higher strengths than the 10 percent 
expanded shale mixtures. Other tests now under way indicate that the optimum amount 
of expanded shale ranges from about 7.5 percent to 12.5 percent. 

The addition of raw shale reduces the strength of the lime-gravel mixtures as this 
material is merely adding more clay to the gravel. 

Flexural strength tests indicate that considerable bendii^ strength may be obtained 
from mixtures stabilized with lime-expanded shale admixtures. 
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Improvement of Strength of Soil-Cement 
With Additives 
T. WILLIAM LAMBE, Director, and ZA-CHIEH MOH, Research Assistant; 
Soil Stabilization Laboratory, Massachusetts Institute of Technology, Cambridge, Mas! 

The paper describes a search at the M.I. T. Soil Stabilization Laboratory 
for additives to improve the strength of soil treated with portland cement. 
Mvestigated were 29 additives, including dispersants, synthetic resins, 
waterproofing agents, and several salts and alkalis. The three soils 
studied were: a silt from New Hampshire, a clayey silt from Massachu
setts, and a loess from Vicksburg, Miss. The soil samples were treated 
with 5 percent Type I normal portland cement plus 0.5 or 1.0 percent of 
the additives being studied; compacted; cured for 7 or 28 days; totally im
mersed in water for one day; and then tested for compressive strength. 

The most effective additives were sodium carbonate, sodium hydroxide, 
sodium sulfate, and potassium permanganate. The trace quantities of these 
additives improved the strength of the soil-cement in excess of 150 percent 
for the two silts. Many of the other additives improved the strength of the 
silt significantly. The additives had a modest or no effect on the strength 
of the loess-cement. 

Since a number of the additives that were effective are relatively cheap 
chemicals, they can permit economical improvement of soil-cement. The 
effectiveness may be limited, however, to certain soils. 

# PORTLAND CEMENT is one of the most common and successful stabilizers for soil 
Excellent results with soil-cement have been obtained in many parts of the world for a 
number of uses, especially for stabilizing pavement bases and subgrades. Nearly all 
soils which can be mixed with cement will respond to treatment. The difficulties of 
incorporating cement into plastic soils and the high cement requirements have, howeve 
greatly limited its use with these soils. Acceptable clay-cement has been obtained 
with plant mixing and high cement concentration (> 15 percent). 

Because of the present importance and considerable potential of soil-cement, the 
M.I. T. Soil Stabilization Laboratory has studied it for some years. Tests (Baker 
1954) clearly showed a direct relation between the degree of mixing of soil and any 
stabilizer and the strength of the resulting product. Several studies at M.I. T. (Lambe 
1954) showed that the mixing and compaction characteristics of soils could be marked
ly clu.nged by the addition of trace chemicals, especially dispersants. 

Based on these mixing and trace chemical studies, it was reasoned that the effec
tiveness of Portland cement as a soil stabilizer could be enhanced with chemical addi
tives. Denz and Steinbom (1953) investigated the effect of aggregants and dispersants 
on a sandy clay with 10 percent cement; they found that the chemicals could increase 
both the compacted density and strength a modest amount. For lower cement levels 
(1 percent) a higher percentage of strength increase (50 percent) was obtained. Con
tinued study by Le Tellier and Wagner (1955) showed that considerable increase of 
strength could be effected on silt plus portland cement. 

In 1955 a thorough review and investigation of the improvement of soil-cement with 
additives was undertaken. This paper, describing the most recent studies, indicates 
the very large improvements that are obtainable. A detailed explanation of the mech
anisms employed by the various additives is not given, mainly because they are not 
yet well understood. Certainly, the dispersion mechanism which initiated this study 
is not the most important one. Some chemical reaction after compaction appears to 
occur in most of the systems. The authors are now studying the chemistry of the best 
systems, hoping to delineate the various reactions. Such an understanding should 
help in finding the most effective additives and in predicting the degree of response of 
different soils. 
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TABLE 1 
PROPERTIES OF SOILS EMPLOYED IN STUDY 

Soil 

Massachusetts 
Clayey 
Silt 

Viscksburg 
Loess 

New Hampshire 
Silt 

?extural Gravel 0 0 0 
composition^ Sand 47 10 3 

percent by Silt 42 86 90 
weight Clay 11 4 7 

^gineering 
classification A-4(4) A'7-6(10) A-4(8) 

properties P. L . 14 
P . L 6 
Si).Gr.c 2.77 
Max. dry density^ 

in lb/ft* 122.3 
Optimum moisture<l 

in percent 13.3 

26 
15 

2.80 

104.5 

18.5 

20 
8 

2.72 

99.5 

19.9 
Ihemical 
properties 

Cat. Ex. Cap., 
m.e./lOO gm. 

PH 
Soluble saltS:̂  

m.e.NaCl/lOO-gm. 
Organic matter, 

percent 

10 16 
4.6 

0.2 

1.8 t o . 1 

3 
5.4 

0.4 +0.1 
lineral Quartz 35 30 40 
composition^. Feldspar 20 30 40 

percent by Mica - - 10 
weight niite 30 15 10 

Montmo rillonoid - 20 -
Fe20s 2.9 1.6 1.0 

Based on M.I .T. classifications: Gravel-above 2.0 mm, sand-0.06 to 2 mm, silt-
0.002 to 0.06 mm, clay-below 0.002 mm. 
Based on Highway Research Board system. 
Determined on the fraction passing No. 10 sieve. 
Determined by Harvard Miniature compaction apparatus, compacted in three layers 
with a 40-lb tamper, 25 blows per layer. 
Determined on the fraction smaller than 0.074 mm. 

The testing program described in the following pages was a screening one. For these 
jreening tests only compressive strength has been used for evaluation; no freeze-thaw, 
et-dry or abrasion tests have been nm. 

MATERIALS AND TESTING PROCEDURE 
[aterials 

The research considered the effects of 29 chemicals on the strength of 3 soils of 
ifferent composition stabilized with 5 percent portland cement. The 3 soils tested 
ere a clayey silt from Massachusetts, a uniform silt from Manchester, N. H. , and a 
liform loess from Vicksburg, Miss. Properties of these soils are shown in Table 1. 
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Figure 1. Assembly of stati c compaction 
apparatus. 

Table 2 lists the 29 chemicals — disper- Figure 2. Testing machine for unconflnec 
sants, synthetic resins, bonding and water- compression, 
proofing agents, alkalies, and salts. 

Testing Procedure 11 
Preparation of Soil, Cement, and Additive Mixtures. Five percent Type I normal 

Portland cement was used in all cases with additives at concentrations of either or 
1 percent, both cement and additive concentrations based on the dry weight of soil. 

SOIL BATCH I 
BLANK , ( 5 % CEMENT ) 28 

7 
SODIUM CHLORIDE 28 

POTASSIUM CHLORIDE 28 

POTASSIUM PERMANGANATE 

POTASSIUM HYDROXIDE 

SOIL BATCH 2 
BLANK ( 5 % CEMENT) 28 

SODIUM HYDROXIDE 

SODIUM SULFITE 

SODIUM CARBONATE 

SODIUM CHLORIDE 

OUADRAFOS 

CALCIUM CHLORIDE 

BLANK ( 10 % CEMENT ) 

7 
28 

7 
28 

ADDITIVE CONCENTRATION 
I 1 0.5 % 

1.0 % 

2S0 900 790 1000 

WET COMPRESSIVE STRENSTH, PSI. 

1250 

Figure 3. Effect of additives on 7 and 28 day wet compressive strength of cement 
stabilized Massacliusetts clayey s i l t . 
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Air-dried soil passing No. 10 sieve was handmixed with a predetermined amount of 
;ement. The chemical was dissolved in the mixing water in proper proportion and the 
solution added to the dry soil-cement; this procedure was followed with all chemicals 
?ith the exception of the following four synthetic resinous agents: Aroclor 4465, Vinsol, 
Piccolyte S-125, and Picco XX-IOOB. Because these resins were not water-soluble 
mder ordinary conditions, they were pulverized and mixed dry with the soil-cement 
)efore the addition of water. In all cases mixing was done in a sigma-blade mechanical 
nixer for 5 min. 

TABLE 2 
CHEMICAL ADDITIVES EMPLOYED IN STUDY 

Material Source 
Dispersants: 

Sodium tetraphosphate (quadrafos) 
Pozzolith 2AA 
Daxad 21 
Lignosol X2D 

Synthetic resin bonding and 
waterproofing agents: 

Aroclor No. 4465 
Piccolyte S-125 
Picco SS-IOOB 
Vinsol (powdered resin) 
Piccopale emulsion A-1 
Piccopale emulsion A-35 
Losorb 
Polyvinyl alcohol (Grade 50-42) 
Polyvinyl alcohol (Grade 5-88, 65-98) 

Dthers: 
Calcium chloride (CaClz) 
Sodium chloride (NaCl) 
Potassium chloride (KCl) 
Potassium dichromate (K2Cr207) 
Potassium hydroxide (KOH) 
Calcium hydroxide (Ca(OH)2) 
Sodium hydroxide (NaOH) 
Sodium sulfite (Na2S03) 
Sodium carbonate (Na2COs) 
Borax (Na2B407 • 10 H2O) 
Ferric chloride (FeCls • 6 H2O) 
Ferric sulfate (Fe2(S04)3- 6H2O) 
Phosphorus pentoxide (PzOs) 
Arquad 2HT 
Darax polyvinyl acetate X52L 

Rumford Chemical Co. 
Master Builders Co. 
Dewey and Almy Chemical Co. 
Lignosol Chemical, Ltd. 

Monsanto Chemical Co. 
Penn. Industrial Chemical Corp. 
Penn. Industrial Chemical Corp. 
Hercules Powder Co. 
Penn. Industrial Chemical Corp. 
Penn. Industrial Chemical Corp. 
Penn. Industrial Chemical Corp. 
Dupont Co. 
Borden Co. 

Commercial 
Commercial 
Commercial 
Commercial 
Commercial 
Commercial 
Commercial 
Commercial 
Commercial 
Commercial 
Commercial 
Commercial 
Commercial 
Armour Chemical Division 
Dewey and Almy Chemical Co. 

Water contents used for each system studied at the beginning of this work were (a) 
)ptimum moisture content for unmodified soil-cement as determined in the Harvard 
niniature compaction apparatus, and (b) optimum t 2 percent. Results obtained with 
lAassachusetts clayey silt showed that the water contents nearest to the optimum mois-
ure content for untreated soil-cement gave higher strength than either above or below 
tptimum. Only optimum water content was used for the screening tests on the other two 
soils. 

Molding of Specimens. Needed for the screening work was a simple method of pre-
)aring soil samples to determine the relative effect of different additives on the stability 



TABLE 3 
SUMMARY OF RESULTS OF BENEFICIAL ADDITIVES ON THREE SOIL-CEMENT SYSTEMS 

BASED ON 7-DAY CURING STRENGTH a 

Improvement 
(percent) 

New Hampshire Silt 
(percent) 

Massachusetts Clayey Silt 
(percent) 

Vicksburg Loess 
(percent) 

20 to 50 1.0 Aroclor 4465 1.0 Vinsol 0.5 Quadrofos 
1.0 Vinsol 1.0 Aroclor 4465 0.5 Lignosol X 2D 
0.5 Quodrofos 0.5 Quadrofos 1.0 PVA (50-42) 
1.0 Piccopale emulsion A-1 0.5 Picco XX-IOOB 
1.0 Quadrofos 1.0 Picco XX-IOOB 
1.0 Calcium chloride 0.5 Sodium carbonate 

1.0 Lignosol X2D 

50 to 100 0.5 Piccopale emulsion A-35 1.0 Potassium permanganate 1.0 Sodium sulfite 
1.0 Potassium chloride 0.5 Sodium carbonate 1.0 Sodium carbonate 
0.5 Calcium chloride 0.5 Sodium sulfite 
0.5 Potassium permanganate 1.0 Sodium hydroxide 
0.5 Sodium chloride 0.5 Sodium hydroxide 
0.5 Sodium hydroxide 
0.5 Potassium dichromate 
1.0 Sodium chloride 
1.0 Potassium dichromate 

100 to 150 1.0 Potassium permanganate 1.0 Quadrofos 
1.0 Sodium sulfite 1.0 Sodium sulfite 

150 to 200 1.0 Potassium hydroxide 0.5 Sodium hydroxide 
1.0 Sodium hydroxide 1.0 Sodium hydroxide 
0.5 Sodium sulfite 1.0 Sodium carbonate 

Over 200 0.5 Sodium carbonate 
1.0 Sodium carbonate 

Blank is soil plus 5 percent cement; all other systems are soil plus 5 percent cement plus additive. 
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BLANK ( 9 % CEMENT) 

OUADRAFOS 

CALCIUM CHLORIDE 

SODIUM CHLORIDE 

POTASSIUM CHLORIDE 

POTASSIUM PERMANGANATE 

POTASSIUM HYDROXIDE 

CALCIUM HVDROXIOE 

SOWUM HYDROXIDE 

SODIUM SULFITE 

SODIUM CARBONATE 

BLANK ( ro % CEMENT) 

0.8 % 

100 eoo BOO 

WET COMPRESSIVE STRENGTH, PSI 

Figure k. Effect of additives on 7 and 28 day wet compressive strength of cement 
stabilized Vicksburg loess. 

)f soil-cement. This method should be fast and simple, and yet display the full benefits 
>f the additive. 

Dynamic compaction methods were discarded since they entailed too much molding 
jffort; static compaction from one end was also found to be unsatisfactory since it yield-
id a specimen denser at one end than the other. The method adopted was static com-
)action from both ends; a Harvard miniature-size mold (1.313 in. in diameter, and 
S.816 in. high) was fitted with an extension collar and piston at each end. Compaction 
vas then carried out simultaneously at both ends under a specified pressure by means 
)f a hydraulic jack. This specified pressure was that required to mold soil-cement to 
he maximum dry density as determined by dynamic procedure, that is, compacted in 
hree layers by a 40-lb spring tamper with 25 blows per layer. Figure 1 shows the 
issembly of the molding apparatus. 

Static compaction admittedly is generally less representative of field compaction; 
lowever, it appeared to give satisfactory and reproducible results for this screening 
est program. 

Curii^ of Specimens. Molded specimens were cured for periods of both 7 and 28 
lays in a desiccator maintained at 100 percent relative humidity and room temperature 
about 20 to 25 C ) . 

Tesing of Si)ecimens. All specimens were subjected to a 24-hr complete immersion 
n distilled water at room temperature prior to testing in unconfined compression. Com-
)lete water immersion is a most severe treatment for stabilized soils. 

The apparatus used for determining compressive strength was a proving-ring type 
nachine (Fig. 2). The maximum pressure causing failure of the specimen was taken 
IS the compressive strength. 



TABLE 4 

SUMMARY OF RESULTS OF BENEFICIAL ADDITIVES ON THREE SOIL-CEMENT SYSTEMS 
BASED ON 28-DAY CURING STRENGTH» 

Improvement 
(percent) 

Over 200 

New Hampshire Silt" 
(percent) 

Massachusetts Clayey Silt 
(percent) 

Vicksburg Loess 
(percent) 

20 to 50 0.5 Pozzolity 2AA 0.5 Aroclor 4465 1.0 Sodium carbonate 
0.5 Lignosol X 2D 1.0 Aroclor 4465 1.0 Sodium sulfite 
1.0 Calcium hydroxide 0.5 Sodium sulfite 0.5 Sodium hydroxide 
1.0 Aroclor 4465 0.5 Quadrofos 
0.5 Potassium chloride 1.0 Potassium permanganate 
0.5 Aroclor 4465 
0.5 Vinsol 
1.0 Vinsol 
1.0 Piccopale emulsion A-35 

50 to 100 1.0 Calcium chloride 1.0 Sodium hydroxide 
1.0 Borax 
0.5 Calcium chloride 
0.5 Piccopale emulsion A-35 
0.5 Sodium chloride 
0.5 Quadrofos 
1.0 Potassium hydroxide 
0.5 Potassium permanganate 
0.5 Sodium hydroxide 

100 to 150 1.0 Sodium carbonate 0.5 Sodium carbonate 
0.5 Potassium dichromate 1.0 Quadrofos 
1.0 Potassium chloride 
0.5 Sodium sulfite 
1.0 Quadrofos 
1.0 Sodium chloride 
1.0 Potassium dichromate 
1.0 Sodium sulfite 

150 to 200 0.5 Sodium carbonate 1.0 Sodium sulfite « 

1.0 Sodium hydroxide 1.0 Sodium carbonate 

1.0 Potassium permanganate 1.0 Sodium hydroxide 
0.5 Sodium hydroxide 

nf nine ixtilitiT 



45 

RESULTS 
Effect of Additives on Compacted Density 

None of the trace additives studied had any large effect on the compaction character
istics of the soil and cement mixtures. Most of the dispersants, alkali reagents with 
sodium(ions and salts with sodium-ions, caused a modest increase in maximum com
pacted density (1 to 7 lb per cu ft) and a slight decrease in optimum moisture. Several 
additives increased strength but had no influence on the compaction characteristics. 
There was not any observable relation between strength increase and density increase. 
These facts indicate that the strength improvements are not primarily due to any effects 
on compacted density. 

Although there are no numerical data on the degree of mixing, visual observations 
suggest that the use of trace additives is not a significant aid to mixing. 

These and other considerations strongly point to some chemical reaction, or reac
tions, between various components in the system with a resulting increase of cementing 
action. Now in progress are a number of investigations aimed at ascertaining what 
reactions occur and what the effects are of the various reactions. 
Effectiveness of Additives 

Tables 3 and 4 show that over one-half of the chemicals tried increased the strength 
of the soil-cement. There were seven chemicals which, when used at concentrations of 

SOIL BATCH I 
BLANK (9 % CEMENT) 

QUAORAFOS 

CALaUM CHLORIDE 

SOOHJM CHLORIDE 

7 
28 

POTASSIUM CHLORIDE 

P01ASSIUM PERMANGANATE 

P01ASSUM DICHROMATE .1 

SODIUM HYDROXIDE 7 
28 

CALCIUM HYDROXIDE 28 

SOIL BATCH 2 
BLANK ( 9 % CEMENT) gB 

SODIUM SULFITE 28 

SODIUM CARBONATE 

BORAX 
7 

28 

POTASSIUM HYDROXCE 28 

BLANK (10 % CEMENT) 28 

ADDITIVE 
CONCENTRJKTION 

1 = 1 0.9 % 
mm 1.0 %' 

100 200 900 400 

WET COMPRESSIVE STREN8TH, PSI 

Figure 5. Effect of additives on 7 and 28 day wet compressive strength of cement 
stabilized Hev Hampshire s i l t . 
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TABLE 5 

COST COMPARISON OF STABILIZED NEW HAMPSHIRE SILT WITH CEMENT 
ALONE AND WITH CEMENT PLUS ADDITIVE FOR A REQUIRED STRENGTRa 

Soil-Cement Soil-Cement Plus Additive 

Compressive 
strength 
required, psi 

Concentration 
of admixtures 
required, percent 

Cost* per 
mile f o r 
stabilizer and 
additives, dollars 

300 

12 cement 

5,340 

300 

5 cement 
plus 0.5 
sodium 
carbonate 

3,170 

300 

5 cement 
plus 1.0 
sodium 
hydroxide 

3,540 

300 

5 cement 
plus 1.0 
sodium 
suUite 

3,850 

*The cost estimates are f o r a mile of base course 8-in. thick and 12 f t . jvide, with a 
compacted dry density of 100 lb per cu f t . The prices of chemicals are obtained f r o n 
Oi l , Paint and Drug Reporter Weekly, December 10, 1956. 

1 percent or less, more than doubled the strength of the sil ts treated with cement. 
Figures 3, 4, and 5 present the strength data as bar graphs. The white bars show 

the strengths of soil-cement with 0.5 percent additives and black bars show the strengl 
with 1 percent additives. For example. Figure 5 shows that 0.5 percent sodium car
bonate increased the 7-day strength of New Hampshire s i l t (with 5 percent cement) 
f r o m 100 psi to 345 psi and the 28-day strength f r o m 180 psi to 500 ps i . The 1 percent 
sodium carbonate treatment gave a 7-day strength of 370 psi and a 28-day strength of 
375 ps i . Figure 5 also shows that the s i l t and 10 percent cement with no additive had s 
7-day strength of 265 psi and a 28-day strength of 330 ps i . 

The preceding example illustrates several important general points, namely: 

1. The beneficial effects were not merely due to acceleration of cement hydration 
since these effects are apparent at 28 days. Other tests show that the benefits fu l ly 
persist after four months of curing, the maximum period so far investigated. 

2. The influence of chemical concentration is not predictable. An increase f r o m 
0.5 to 1 percent sodium carbonate caused a beneficial effect on the 7-day strength but 
a detrimental effect on the 28-day strength increase. Unti l the nature of the chemical 
reaction can be better understood, optimum treatment levels fo r any system w i l l have 
to be determined by t r i a l . 

3. The chemical additives can be more effective than a sharp increase i n the amou: 
of cement added. For example, the addition of 1 lb of sodium carbonate gave more 
strength increase than 10 lb of cement. 

Response of Soils to Treatment 

The test data show that both cement-silts responded to chemical treatment better 
than did the loess f r o m Vicksburg. This fact can be seen in Tables 3 and 4 which i n 
dicate no additive as much as doubled the loess-cement strength. During the last dec
ade, stabilization research at M . I . T . on many soils and many stabilizers has always 
shown that different soils respond to stabilization in greatly different extents. 

Certain general correlations between soil composition and soil responses to variou: 
types of stabilization have been noted. There are too few data and too l i t t l e understam 
ing of the principles of chemical reactions in soil-cement to draw such correlations 
at this t ime. I t i s apparent, however, that different soils w i l l respond d i f f e r a i t l y to 
cement plus chemical treatment. 
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conomics of Chemical Treatment 
Although the test program has not advanced f a r enough to warrant a detailed economic 

udy on the use of additives to soil-cement, i t does indicate that significant financial 
Lvings are possible. Table 5 presents a cost comparison of New Hampshire s i l t -ce-
ent with and without additives. The figures show that the cost of total admixture per 
i l e , to obtain a strength of 300 psi , i s considerably less fo r the cement plus additives 
an fo r the cement alone ( $3,200 vs $5,300). The use of strength alone as a pe r fo rm 
ice cr i ter ion may not be just i f ied. There would also be. a saving in material handling, 
id possibly a saving in soil processing, with the cement-chemical combination. 

Certainly, at this stage of the research, the economics of chemical treatment of so i l -
;ment looks very promising. 

SUMMARY AND CONCLUSIONS 

This paper describes an experimental investigation aimed at improving the effective-
;ss of Portland cement as a soil stabilizer. The sole cr i ter ion of improvement is 
Lsed on the compressive strengths of moist-cured and water-immersed specimens. 

The results show that, on two of the three soils tested, low level chemical treatment 
L v e strengths more than double those of soil-cement specimens with no chemical addi-
ve. More modest improvements were obtained on the th i rd so i l . Since a number of 
e beneficial additives are relatively cheap and since the effective treatment levels are 
percent or less, based on the dry soil weight, the use of additives to soil-cement is 
;onomically interesting. 

Not enough is yet known to explain in detail the mechanism the additives employ to 
crease the strength. Chemical reactions which result in fur ther cementation are 
)viously occurring. 
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THE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN
CIL is a private, nonprofit organization of scientists, dedicated to the 
furtherance of science and to its use for the general welfare. The 

ACADEMY itself was established in 1863 under a congressional charter 
signed by President Lincoln. Empowered to provide for all activities ap
propriate to academies of science, it was also required by its charter to 
act as an adviser to the federal government in scientific matters. This 
provision accounts for the close ties that have always existed between the 
ACADEMY and the government, although the ACADEMY is not a govern
mental agency. 

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY 
in 1916, at the request of President Wilson, to enable scientists generally 
to associate their efforts with those of the limited membership of the 
ACADEMY in service to the nation, to society, and to science at home and 
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their 
appointments from the president of the ACADEMY. They include representa
tives nominated by the major scientific and technical societies, repre
sentatives of the federal government, and a number of members at large. 
In addition, several thousand scientists and engineers take part in the 
activities of the research council through membership on its various boards 
and committees. 

Receiving funds from both public and private sources, by contribution, 
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work 
to stimulate research and its applications, to survey the broad possibilities 
of science, to promote effective utilization of the scientific and technical 
resources of the country, to serve the government, and to further the 
general interests of science. 

The HIGHWAY RESEARCH BOARD was organized November 11, 1920, 
as an agency of the Division of Engineering and Industrial Research, one 
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL. 
The BOARD is a cooperative organization of the highway technologists of 
America operating under the auspices of the ACADEMY-CoUNCiL and with 
the support of the several highway departments, the Bureau of Public 
Roads, and many other organizations interested in the development of 
highway transportation. The purposes of the BOARD are to encourage 
research and to provide a national clearinghouse and correlation service 
for research activities and information on highway administration and 
technology. 
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