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Properties of Lime-Flyash-Soil Compositions 
Employed in Road Construction 

L . JOHN MINNICK, Chief Chemist, and 
W. F. MEYERS, Chemical Engmeer; 
G. and W. H. Corson, Inc. 

AN evaluation of field projects in which lime and flyash are used for the sta­
bilization of several types of soil indicates that the resulting compositions 
are very satisfactory as road bases. The evaluation includes laboratory tests 
for unconfined compressive strength, wetting and drying, freezing and thaw­
ing, and pulse group velocity. The equipment used to measure pulse velocity 
is described in some detail. The velocity measurements are found to be bene­
ficial in evaluating the strength and durability of the compositions and good 
correlation is found to exist between the different test series. The construc­
tion work utilizes the mixed-in-place method. Several types of surface treat­
ment have been applied to the stabilized bases. 

• THE use of lime and flyash for the 
stabilization of soil and in the preparation 
of lime-flyash-aggregate mixtures has 
received considerable attention in recent 
years (1., 2). In the evaluation of these 
compositions the earlier work showed that 
the lime and flyash develop, through 
pozzolanic action, a cementitious matrix 
which acts to bond the material together 
into a coherent mass. For fine-grained 
and plastic soils the addition of lime and 
flyash also produces a substantial im­
provement in the engineering properties 
of the soil immediately after prepara­
tion of the mixtures. The method has 
given good results with natural soils and 
with aggregate materials such as crushed 
stone, boiler slags, and cinders. These 
compositions are currently being used 
in road construction with very satisfactory 
results. A few of these projects are de­
scribed in this paper. 

In order to adequately evaluate the 
field compositions, a laboratory investi­
gation has been carried out on the same 
soils which were used in the field projects. 
As part of this study it has been nec­
essary to give consideration to test 
methods which are applicable to compo­
sitions of this type and which are of use 
in developing relationships between lab­

oratory tests and field performance. 
These methods include compressive-
strength tests and a study of the effects 
produced by wetting and drying and by 
freezing and thawing. Since results ob­
tained from sonic test methods (2, 3) 
have indicated that measurements of 
velocity of sound through the composition 
are of value in considering the durability 
and other physical characteristics of the 
test mixtures, this method has been 
included as an important part of the 
investigation. 

The equipment employed in making 
group-velocity measurements is some­
what different from that reported by other 
investigators (3, 4, 5). A detailed de­
scription of the apparatus and the electric 
circuit is therefore included below. The 
equipment was found to give unusually 
stable readings with laboratory samples 
and also worked very well as a portable 
battery operated unit in the field. Longi­
tudinal wave-front velocities, both com­
pression and traction, have been meas­
ured and the results compared to other 
data such as water content, compressive 
strength, and durability measurements. 

While most of the field projects will 
require more time before a complete 
evaluation can be made, sufficient in-
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formation is available to indicate the 
properties and the early performance of 
the stabilized compositions. 

MATEraALS 

The materials used in the investiga­
tion were selected from the sites where 
the field projects were to be carried out. 
The physical properties of the soils used 
in the study are given in Table 1. A 
few of the soils contained appreciable 
quantities of a bituminous fraction from 
previous surface treatments of the roads 
with asphaltic oil or tar and stone chips. 
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The chemical and physical character­
istics of the hydrated lime and flyash 
used for practically all of the work are 
given in Table 2. In the field projects 
the flyash was supplied in moist con­
dition usually containing from 10 to 20 
percent water. The hydrated lime was 
supplied dry in paper bags. 

TEST PROCEDURE 

The previous papers (1., 2) described 
the methods employed to develop opti­
mum proportions of lime and flyash for 
both fine- and coarse-grained materials. 



Figure 1. Pulse-velocity equipment with covers removed. 

The same procedure was employed in the 
present investigation. In order to cut 
down on the amount of work, the dura­
bility studies were largely confined to the 
investigation of these optimum mixtures. 
The field projects also employed pro­
portions as used in the laboratory tests. 

The following procedures were used in 
the laboratory investigation. 

Soil Classification 

The soil samples were classified in 
accordance with standard AASHO methods, 

TABLE 2 
PROPERTIES OF HYDRATED UME AND FLYASH 

Chemica l Ana lys i s 

D o i o m i t i c 
Hydra ted 

L ime 

Flyash 
P h i l a d e l p h i a B 

Area 
i l t i m 0 r e 
Area 

Si02 1.0 35. 95 44. 17 
FesCh 0.4 22. 67 17. 28 
FeO 0.0 - -
AlsQs 0.2 23.13 28. 65 
CaO 47.8 7.06 2.79 
MgO 33.8 1.01 0.89 
Loss on Ignition 16.3 6.1s 4.97 
CO! 0.8 - -
H2O 0.28 0.21 
Sieve A n a l y s i s 
Sieve No. 

60 (Total % Ret.) up 0 . ^ 2.23 
100 (Total % Ret.) 2.8 4. CO 8.33 
200 (Total % Ret.) - -

325 (Total % Ret.) - 28.58 27. 84 
Specific Gravity 2. 46 2. 31 
Dry Rodded Density « 70 70 

(lb. per cu. ft. ) 



Those soils which contained a bituminous 
fraction were further classified so that the 
bituminous fraction retained on the No. 4 
sieve was separated from the complete 
fraction retained on the No. 4 sieve. 
For those tests in which the effect of the 
bituminous fraction was studied, the 
specimens were prepared by recombining 
all the original ingredients in their original 
proportions. 

Moisture-Density Characteristics 

The optimum moisture was determined 
for samples of natural soil and for lime-
flyash-soil mixtures of proportions de­
termined to be suitable for the particular 
soil type. Standard Proctor procedure 
was employed for these tests, as out­
lined in AASHO Designation T-134-45. 

Unconfined Compressive Strength 

Specimens were compacted in the 
Proctor mold with 25 blows per layer 

with a 10-lb. hammer dropped through 18 
in. and were tested for unconfined com­
pressive strength after being cured for 
various ages and under several condi­
tions of storage. Most of the tests were 
run at seven days with storage in sealed 
jars at 140 F. , plus or minus 5 F. The 
specimens were capped and usually oven 
dried for most of the tests although a few 
measurements were made under saturated 
moisture conditions. 

Wetting - Drying and Freezing-Thawing 

Wetting-drying and free zing - thawing 
resistance was established using AASHO 
Designations T-135-45 and T-136-45 with 
the exception that the specimens were 
compacted in three layers with 25 blows 
per layer with a 10-lb. hammer dropped 
through 18 in. 

Pulse-Velocity Measurements 

The equipment used for the measure-

m 

Figure 2. Measuring pulse velocity with portable f i e ld unit. 
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Figure 3. Block diagram for compressive wave-front-veloci ty 
measurement of a proctor sample A, transmitter driver, B, trans­
mitter, C, acoustical-delay rod, D, proctor sample, E , r e c e i v e r , 
F, rece iver ampl i f i er , G, v e r t i c a l - d e f l e c t i o n c i r c u i t , H, h o r i ­
zontal timing-wave generator, J , timing-wave ampl i f i er ; K, un-
blanking ampl i f i er , L , ca l ibrated variable-delay and sweep gen­
erator ; M, h o r i z o n t a l - d e f 1 e c t i o n c i r c u i t , and N, c a l i b r a t i o n 

o s c i l l a t o r . 

ment of pulse group velocity is described 
in the next section in detail. A number 
of the laboratory samples prepared for 
the program were tested with this equip­
ment. Specific efforts were made to ob­
tain measurements for compression wave-
front velocity during the wetting and dry­
ing, and freezing and thawing tests, and on 
samples which were tested for uncon-
fined compression. Measurements were 
also made on specimens with different 
moisture contents to determine the effect 
of water on the test results. 

In addition to the laboratory tests, 
velocity measurements were made in the 
field. Some of the tests were carried out 
using axial in-line placement of the trans­
mitter, receiver, and sample, which re­
sulted in the use of the compressional 

wave. In order to do this, sufficiently 
large depressions were cut in the road to 
allow placement of the transducers 3 in. 
below the surface. The transducers were 
then pressed laterally face to face against 
a significant length of road base, usually 
about 20 in. An oiled-clay mixture was 
placed between the road base and each 
transducer to assure good transfer of 
energy. The reading was made of the 
time required for the impact leaving the 
transmitter to reach the receiver. 

In order to reduce the amount of dis­
turbance to the road resulting from prq)-
aration of the base for the longitudinal 
wave-front tests, traction impact veloc­
ities were also measured at several field 
locations, and have been used in the 
majority of the recent tests. Traction 



TABLE 3 
Soli and Composition 
Sample Moisture Curing Comp 
Designation Remarks Soil FA Lime (dry basis) Dry Density Oven Moist. Str 

parts by weight *. lb per Days Months psl. 
N J Turnpike cu f t 
A-l-b 
New Brunswick 
Interchange 9 

583 Field Sample 90 10 S 10.0 125 0 7 -- 583 Field Sample 
90 10 5 10 0 125 0 7 -- 535 

" " 90 10 5 10.0 125 0 7 — 694 
•• II 90 10 5 10 0 125.0 14 -- 1050 
II II 90 10 5 10 5 125 0 7 % 704 
II 90 10 5 11 5 125 0 7 % 800 
II 11 90 10 5 11 5 125 0 7 % 810 
II 1. 90 10 5 9 0 125 0 7 % 621 
1. 90 10 5 12 0 123 0 7 3 920, 

II 90 10 5 10.0 126.0 7 3 398* 
,1 90 10 5 10.0 126 5 7 3 706? 
II II 90 10 5 11 5 123.5 7 3 850' 
II II 90 10 5 10.0 126.0 7 2% 865? 
II II 90 10 5 11 5 124.0 7 2% 780° 

N J Turnpike 
A-l -b 
Hlghtstown 
Interchange 8 

400 Lab Sample Bituminous ( 90 10 S 10 0 125 0 7 — 400 
fraction ( 90 10 5 9 0 124.0 7 — 430 

" " omitted ( 90 10 5 9 0 124 0 7 1191 
II ( 90 10 S 9 0 124.0 3 1225 
" " Bituminous ( 90 10 5 10 0 125 0 7 — 375 

Field Sample fraction ( 90 10 S 9 S 123 5 7 5 871» 
" " Included ( 90 10 S 9 S 123 5 7 5 872° 

N J Turnpike 
A-l-b 
Bordentown 
Interchange 7 

Lab Sample Bituminous ( 90 10 5 10 0 122 0 S -- 655 
" " fraction ( 90 10 5 10 0 122 0 7 -- 750 

Field Sample omitted ( 90 10 S 11.5 123 5 7 -- 708 
Lab Sample Bituminous ( 90 10 S 10 0 122.0 5 -- 485 

" " fraction ( 90 10 S 10 0 122 0 7 — 735 
Field Sample included ( 90 10 5 10 0 122 0 7 2'/. 280* 

N J Turnpike 
A-l -b 
Burlington 
Interchange S 

375 Field Sample 90 10 5 9 0 125 0 7 -- 375 Field Sample 
90 10 5 7 9 120 2 28 -- 960 

II 90 10 5 7 9 120 2 28 2 732 
Marlboro By-Pass 
A-2-5 
Marlboro, Md. 

Field Sample 90 10 5 9 2 121 0 7 467 Field Sample 
90 10 5 9 0 121 0 7 % 896 

ti II 90 10 S 9.0 121 0 7 % 912^ 
•1 11 90 10 5 9 5 121 0 7 2% 910^ 
II 90 10 5 9 5 121 0 7 2'/. 1280* 

HlNelU, N J 
A-5 

Lab Sample 90 10 4 8 0 125 0 5 — 350 Lab Sample 
90 10 4 9 0 124.0 5 — 360 

Field Sample 90 10 4 8 0 125 0 7 1010 Field Sample 
90 10 4 8 0 125 0 7 1253 

Velocity 
f t per sec 

4620 
4670 
3420 
4145, 
3430' 
4880| 
4170' 
5100? 
3050" 

4330* 
3590" 

2130* 

6250 
6650^ 
6170" 
6190* 



Soil and 
Sample 
Designation Remarks 

TABLE 3 (continued) 
Composition 

Moisture 
Soli FA Lime (dry basis) Dry Density 
parts by weigHT ^ 

Curing 
Oven Moist 

Comp. 
Str. Velocity 

f t per sec". 

Crestwood Ave 
A-5 
Somerdale, N.J. 

lb. per 
cu f t 

Months E S l . 

Lab Sample 90 10 4 8 0 124 5 7 -- 450 
90 10 6 9 0 120.0 7 — 390 

Field Sample 90 10 3 9 0 130.5 7 1605 6450 
90 10 3 9 0 132 0 7 — 1382 6450 
90 10 3 9 0 131 2 7 _ _ 1185 6350 

„ 90 10 3 9 0 130.2 7 -- 1180^ 6550. 
90 10 3 9 0 123 8 7 1% 1660° 7010° 

U S Avenue 
A-3 
Lindenwald, N.J 

Lab Sample 85 15 3 8.0 127 2 2 -- 177 
85 15 4 7.8 128.2 2 -- 244 
85 15 5 8.0 127. 2 2 -- 365 

Mercer Ave 
A-3 
Barrington, N J 

Lab Sample No 1 90 10 3 10 0 120 5 4 -- 585 
" *' 90 10 5 11 7 118.8 4 -- 758 

Lab Sample No 2 90 10 3 9 0 117.6 1 -- 242 
90 10 5 9 0 117 8 1 -- 258 

Field Sample 90 10 4 9.0 127 5 7 1345 5720 
M « 80 10 4 9.0 128 5 7 -- 1365 5790 
„ „ 90 10 4 9.0 128.8 7 -- 1680* 5410* 

90 10 4 9.0 12a 0 7 -- 1325": 5840^ 
,1 ,1 90 10 4 9 0 128.1 7 -- 1610'' 5320° 

90 10 4 9 0 128.2 7 1790^ 4620^ 
90 10 4 9 0 12a 7 7 1459* 6440* 

WhaleysvlUe, Md. 
A-3 

Lab Sample 85 IS 6 3 6 5 124. 1 7 _ _ 1420 8280 
M „ 80 20 5 3 5 2 124.8 7 984 5640 
t, ,1 75 25 3 0 5 3 124.8 7 -- 1152 5720 

E. Atlantic Ave 
A-l-a 
Oaklyn, N.J 

Lab Sample 92.2 7 8 3.0 10 2 117 2 7 -- 374 3760 
„ It 92.2 7 8 3.0 10.2 114.2 7 -- 371 3760 
M I , 90.25 9 75 3 25 9 5 116.0 7 - . 383 

90. 25 9 75 3 25 9 5 uao 7 — 328 
Woodbury, N J. 
A- l -b 

Lab Sample 90 10 4 9.0 121 0 7 — 390 
II 1. 90 10 4 9 0 121 0 7 -- 365 

Field Sample 90 10 4 9 0 121 0 7 -- 580 
II II 90 10 4 9 0 12L0 7 -- 590 

Laurel By-Pass 
A-2-5 
Laurel, Md. 

Lab Sample 90 10 5 9 0 127.0 7 -- 900 
M II 90 10 5 9 0 127.0 7 — 920 

Alter 12 cycles of wet-dry 
''After 12 cycles of freeze-thaw 
After 12 cycles of wet-dry, tested In saturated state. 

''After 12 cycles of freeze-thaw, tested in saturated state 
^Tested in the saturated state 
'Tested in the 100 percent relative humidity state 
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Figure 4. Battery-line-regulated power supply. 

impacts were generated by inserting the 
transmitter delay rod vertically into a 
1-in. -diameter hole cored two thirds of 
the way into the road base. For this 
type of measurement the pick-up was 
placed at a number of points on a 3 -in. 
circle around the transmitter and was 
applied face down to the surface of the 

road. Another procedure which is cur­
rently being investigated involves the 
measurement obtained by placing both 
the transmitter and receiver vertically 
downward upon the surface of this base 
material. In some cases cuts were 
made in the material between the trans­
mitter and receiver to determine the 

TABLE 4 

Typical Example of Five Soils Measured for Compression 
Wave-front Velocity in the Saturated and Dried SUtes of 
Wetting-Drying Cycle Tests on Cured, Optimum Range, Llme-

Flyash-StabiUzed Soil Compositions 
Woodbury, New Jersey 

Moisture Content Velocity 
Cycle Saturated Dried Saturated Dried 

% * f t per sec f t per sec 

0 15 2 9 4,180 4,590* 
1 14 6 1 5 4,190 4,200 
2 14 1 0 9 4,010 4,280 
3 14 2 0 7 3,780 3,770 
4 14 8 0 6 4,120 3,870 
S 13 8 0 5 3,990 3,910 
6 13 8 0 4 4,220 4,030 
7 14 0 0 8 4,280 4,260 
8 13 7 0 8 3,950 3,710 
9 13 5 1 1 4,040 4,460 

10 13 4 0 9 3,830 4,310 

Sample as cured at 100 percent relative humidity 
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depth to which some of the waves pene­
trated. In making the measurements 
on the road base, the condition of the 
base was carefully noted, particularly 
with respect to moisture content. In 
general, the tests were run at times 
when the road base was either quite dry 
or in a wet state rather than at times 
when the material was in a partially 
dried out condition. 

SONIC TEST EQUIPMENT 

Leslie and Cheesman have found the 

velocity of sound as measured by the 
somscope (4) to be a useful method for 
investigating the characteristics of con­
crete. The somscope has been used by 
Whitehurst in the evaluation of concrete 
(5) and also by Whitehurst and Yoder in 
the study of lime-soil stabilization (3). 
The authors wish to express appreciation 
to the above mentioned investigators for 
their very helpful assistance and advice 
during the construction of the instrument 
used in the previous study (2) and as 
modified for the present investigation. 
This apparatus represents a consider-

TABLE 5 
Field inspection data from three Ume-nyash-stabilized soil shoulder InstallaUons In the New Jersey Turnpike 
Composition, parts by weight. Lime, 5, flyash, 10, soil 90 

Curing- Type of Velocity 
Item Days Wavelront Determination 
No Field Measured Details Concerning Velocity Determination Ft. per Sec 
Location New Brunswick Interchange Na 8 Ramp to south on Route SZ8 Station 0 20 situated under an 

overpass Material at this location was generally wet, cool, and subject to little traffic 

1 0 Direct Compression Received signal weak and wavefront degenerated 1,710 
2 0 2,050 
3 0 TracUon Dial readings 253, 266, 295, and 300 1,260 
4 87 140, 141, 137, and 144 3,100 
Drilling was fairly difficult, material compact, frequent visible particles of lime one-quarter inch and 
smaller evident from test hole corlngs. 
5 87 Traction Dial readings 143, 135, 141, and 131 3,200 
8 141, 140, 153, and 140 3,000 
7 88 Compression On sample removed from road 4,030 
8 4,J80 

LocaUon 
cation bearing steady traffic and the majority of heavy trucks rising and accelerating. 

S7- -] Dial readings lOfl, 110, 107, 163" 4, soft I TracUon 
Drilling was extremely difficult using star dril l and hand sledge Some visible particles of lime one-
quarter inch and smaUer were evident from test hole corlngs The appearance of the shoulders was 
exceUent and no distlncUon between shoulders and the pavement was evident from performance under 
traffic 

Location. Hlghtstown interchange No 5 Northbound Exit Ramp, right-hand shoulder Station 12 + 15. 
The traffic load observed was heavy. 

10 Direct Compression Signal path, 3 12 f t . 3,S20 
11 „ « " 1. 33 ft . 3,550 
12 TracUon Dial Readings 175, 183, 174, 202 2,135 
These readings were taken at the center of the shoulder 

13 95 TracUon Dial Readings 132, 140, 142 3,300 
These readings were taken one foot from the outer edge of the pavement. 

14 95 TracUon Dial Readings- 195, 160, 152 2,400 
These readings were taken one foot from the outer edge of the shoulder 

IS 95 TracUon Dial Readings. 151, 150, 155 2,800 

LocaUon. Bordentown Interchange No 5 Ramp "B" StaUon 333 * 00 This locaUon is on a "J" Loop before 
the southbound acceleraUon lane Traffic was light, but generally rode on the shoulder 
between pavement and shoulder was evident from appearance 

No visible disUncUon 

l i f t TracUon Horizontal distance between transducers, 1 /a in. 3,S70 
17 3 in. 4,250 
18 4 in. 4,060 
19 5 in. 3,980 
The IniUal wave front intensity decreased steadily as the distance between transducers was increased. 
The received signal showed a second wavefront of lower velocity increasing with receiver distance 
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12 

Figure 6. New Jersey Turnpike project : Condition of shoulder 
pr ior to treatment. 

Figure 7. Preparation of shoulder for treatment. Blade i s re ­
moving loose bituminous material . This operation i s followed by 
s c a r i f y i n g to desired depth with the motor grader, N. J . Turn­

pike project . 



13 

, / L ft 

Figure 8. Bulk flyash being spread by motor grader, N. J . Turn­
pike project . 

able departure in design from that de­
scribed by the above investigators, al­
though measurements made on both type 
instruments give substantially identical 
results on the same laboratory speci­
mens. Recently Meyer (6) has described 
a modified form of soniscope which also 
employs a different transmitter sys­
tem to that described in the early in­
vestigations. 

Calibration has been carried out by the 
use of standard frequencies and by meas­
urements of materials for which the 
velocity values are available in the l i t ­
erature. It is felt that the instrument de­
scribed in this paper not only measures 
pulse velocity but is adaptable to other 
quantitative measurements of particular 
use in soil stabilization work. This in­
strument has given stable readings upon 
numerous materials in the field and lab­
oratory. The unit may be operated from 
100- to 130-volt, 60-cycle, A. C. lines or 
by a conventional 6-volt lead-acid stor­
age battery. A 120-amp. -hr. battery 
provides 4 hr. of continuous service from 
a fu l l charge. The instrument was built 

up from both new and surplus components, 
and the cost of all parts (some of which 
are not now in use) was approximately 
$500. There has been practically no 
maintenance required on the equipment, 
even though it has been subjected to 
rather rough usage on numerous field 
trips. 

Views of this instrument are shown 
in Figures 1 and 2. The unit is divided 
into two - handle -equipped major units 
of approximately equal weight for con­
venience in transportation between the 
laboratory and field locations. Storage 
batteries are maintained as separate 
units as well as a 65-watt inverter which 
it is planned to eliminate by circuit 
revision. 

The internal operation of the apparatus 
is outlined by Figure 3, a block dia­
gram. An acoustical pulse is generated 
by a thyratron-driven electric hammer 
which strikes a target at a rate of ap­
proximately three times a second. The 
leading edge of this impact triggers the 
horizontal and unblanking systems for 
a long-persistence-screen cathode-ray 
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Figure 9. Mix - in -p lace Pulvimixer i n ­
corporates the lime and f lyash into the 
ex is t ing shoulder. Lime was supplied in 
50-lb. sacks and dropped on shoulder as 

shown, N. J . Turnpike project . 

F i g u r e 10. A f t e r s e v e r a l passeswith 
Pulvimixer a homogeneous composition re­
s u l t s which i s ready for moisture check 
and r o l l i n g with rubber- t ired and f l a t -
wheeled r o l l e r s , N. J . Turnpike project . 

tube. The pulse is conducted through a 
steel delay rod 1 ft. long at the end of the 
transmitter to the sample where transfer 
is effected through an oil clay mixture. 
The impact passing through a sample path 
of known length is registered by the re­
ceiver pickup. The polarity (compression 
or traction) and modulation of the wave 
front as well as the transit time required 
in the sample are indicated by vertical 
displacement of the trace. Measurement 
of the transit time is effected by the 
introduction of an equivalent calibrated 

Figure 11. Completed shoulder a f ter ap­
p l i ca t ion of o i l and stone chips to s ta ­
b i l i z e d base, N. J . Turnpike p r o j e c t . 

delay in the horizontal sweep; this re­
sults in the leading edge of the wave-front 
trace being translated to zero. The first 
portion of the sweep is rapid which per­
mits easy measurement. In addition, 
the latter portion of the sweep may be 
varied by the horizontal gain control to 
provide for convenient interpretation. 

Figure 4 shows the 110-v. -A. C. -to-6-
V. -D. C. -power-supply schematic draw­
ing not including the inverter which at 
present provides low-wattage 110 volts 
of A. C. on battery operation for the 
cathode-ray-tube power supply. Figure 
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Figure 12. Soi l at HiNella, N. J . : Pro­
j e c t contained appreciable quantit ies of 

green sand marl. 

Figure 13. Condition of road base pr ior 
to compaction and a f t e r mixing lime and 
f l y a s h i n t o the s o i l , H i N e l l a , N . J . 

Figure 14. Stabi l izat ion project at Woodbury, N. J . , u s i n g P&H 
single pass unit for incorporating lime and f lyash into the s o i l . 
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I 

F i g u r e 15. Compaction of s t a b i l i z e d 
shoulder using sheepsfoot r o l l e r , f o l ­
lowed by rubber t i re and f la t steel ro l l ers . 
Taken on shoulder at Somerdale N. J . 

5 is a general schematic diagram of the 
instrument. 

The signal generated contains an initial 
high-energy wave front whichpasses from 
the steel rod to the sample with a satis­
factory acoustical impedance ratio for the 
materials giving good high-frequency 
transfer. Fast initial rise provided in the 
wave front by the high-frequency com­
ponent results in sharp resolution in 
small samples. In addition, the attenua­
tion effect of the samples as related to 
the wave form is felt to be useful in the 
further evaluation of the compositions. 
The peak force of the impact may be set 
to allow relatively low receiver-am­
plifier gain despite passage of the signal 
through such field specimens of high at­
tenuation as stabilized soil. Good orien­
tation of the transducers is also bene­
ficial in such applications. 

FIELD PROJECTS 

The field projects reported in this 
paper represent mixed-in-place opera-

T A B L E 6 
Field inspection data from the lime-£lyash-stabilized soil project at Woodbury, N. J . 
Composition, parts by weight: Lime, 4; flyash, 10; soil, 90. 

Item 
No. 

Curing-
Days 
Field 

Type of 
Wavefront 
Measured 

Station 
No. Details Concerning Velocity Determination 

Velocity 
Determination 
Ft. per Sec. 

1 55 Traction U-1 Dial readings: 114, 118, 120, and 113 5,420 

This material showed good mixing, compaction, and was dilficult to drill. This station was observed to bear maximum 
traffic and to be exposed to weathering. 

U-2 Dial readings: 170, 185, 168, 162 2,450 

Test hole drilling was very easy and the corings indicated a variable composition. The job history showed that the machine 
mixer could not operate in this station. See item No. 7 below. 

3 1 55 1 Traction | U-3 | Dial readings- 137, 142, 150, 148 

The location and properties of station U-3 were intermediate to U-1 and U-2. 

3,130 

4 55 
Traction j U-4 

Dial readings: 130, 125, 126, 142 5,070 

This area was exposed to weathering. Test hole corings show particles of lime one-quarter inch and smaller. 

5 j 55 1 Traction 

This area is shaded by a large tree. I 

U-5 1 Dial readings: 117, 124, 142, 138 

^articles of lime one-quarter inch and smaller were present. 

3,750 

6 j 55 1 Traction | U-6 | Dial readings; 141, 151, 132, 141 

This station similar to U-5 though traffic load was greater. 

3,140 

7 1 133 1 Traction | U-2 | Dial readings: 102, 122, 149, 122 

Drilling was rather difficult. Compare with item No. 2 above. 

4,260 

8 133 Traction U-3 Dial readings: 147, - - , 125, 147 3,080 
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Figure 16. Application of MC-3 o i l on s tabi l ized base at project 
in Lindenwold, N. J . 

Figure 17. Application of stone chips over shoulder project at 
US 301, Marlboro, Md. 
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tions in which the existing road ma­
terial was subjected to the stabilization 
process. Projects using manufactured 
material imported to the job sites are 
likewise under way but will be reported at 
a later date. 

For the mixed-in-place operation, the 
procedure in general followed that illus­
trated in Figures 6 to 11. The chief con­
cern during construction was to establish 
good mixing and proper compaction. 
Constant check of moisture and density 
was carried out during the operation. 
Figures 12 to 19 show scenes taken from 
field projects constructed with the mate­
rials referred to in this paper. 

A few tests were run using hydrated 
lime supplied in bulk form. While this 
has not been employed in the present 
field work, it has been established that 
the application of bulk lime is quite fea­
sible with several types of sand spreaders 
in general use. 

Several types of surface treatment 
have been placed on the stabilized base. 
Since most of the roads have only been 
constructed recently, it is too early to 
determine the relative merits of the 
various methods employed. The oldest 
application has been through three winters 
and is holding up quite well, showing no 
sign of deterioration. The use of both 
asphaltic oil and tar with applications of 
stone chips has been tried. In addition, 
the use of bituminous concrete in thick­
ness of 1 to 2 in. has been employed and 
this treatment also appears to be per­
forming satisfactorily. 

There have been frequent inspection 
trips made to the field projects and a 
definite program of checking has been set 
up. Q[ particular interest are those 

points which werepreparedunder adverse 
weather conditions or which were sub­
jected to unusual conditions of traffic 
during construction or were involved with 
such problems as poor drainage con­
ditions, high water tables, poor subbase 
material, etc. Occasional specimens have 
been removed for unconfined compressive 
strength. The use of the portable equip-

Figure 18. Condition of s tabi l ized shoul­
der after one winter of service, no wear­
ing course applied, US 1 Bypass, Laurel , Nid. 

ment for making pulse-velocity measure­
ments in the field has been in operation 
for about 6 mo. These measurements 
were usually made during the early stages 
on those roads recently constructed. Since 
this is the age period where considerable 
increase in strength is developed, the 

T A B L E 7 

Field inspection data from the lime-flyash-stabilized shoulders of Navajo Road, Camden County, New Jersey. 
ComposiUon, parts by weight: Lime, 4; Ilyash 10; soil, 90. 

Item 
No. 

Curing-
Days 
Field 

Type of 
Wavefront 
Measured 

Station 
No. Details Concerning Velocity Determination 

Velocity 
Determination 

Ft. per Sec. 

1 68 Traction 1 Dial readings: 116, 112, 123, 133 3,930 

The n 

2 

3 
4 

ative soil under 

68 

lying this road an 

Surface 
Compression 

i that used 

4 
n the road, contained considerable glauconite. 

Distance between transducer center axes, 3 in. 

Distance, 6 in. 
Distance, 9 in. 

4,170 

3,850 
3,710 
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Figure 19. Condition of shoulder adjacent to s tabi l ized section. 
US 1 Bypass, L a u r e l , Md. 

results of these measurements are con­
sidered to be quite pertinent. Some of 
the observations made of the field tests 
are included in Tables 5, 6, and 7. 

TEST RESULTS 

The results of tests on optimum den­
sity-moisture requirements are included 
in Tables 1 and 3. In general, it has 
been noted that there is a slight drop in 
density with the lime-flyash mixtures 
as compared with those of the straight 
soil. Also there is a small change in 
the water requirement for the optimum 
compositions. 

Unconfined Compressive Strength 

Table 3 includes results for compres­
sive strength tests for various soils. 
Most of these results are based on oven 
curing for 7 days, although it may be 
noted that the soil designated Mercer 
Avenue, A-3, was tested at 1 and 4 days, 
and the soils designated New Brunswick, 

New Jersey A- l -b and Marlboro, Mary­
land, A-2-5 were tested after additional 
21 days curing at room temperature in a 
moist curing room. Also the soil des­
ignated Hightstown, New Jersey A - l - b 
was tested after aging three months by 
curing under moist conditions at room 
temperature. The soils marked HiNella, 
A-5 and Somerdale, A-5 both contained 
appreciable quantities of glauconite. 

A number of compressive-strength 
values are given for specimens which 
were f i rs t subjected to freezing-and-
thawing and wetting-and-drying tests. 
The strengths of these specimens were 
observed to be quite good. 

It wi l l be noted that the test results 
are included with the Bordentown, New 
Jersey, Soil A - l - b for those specimens 
which contained a bituminous fraction. 
Tests at both 5 and 7 days are presented. 
It is evident that the sample containing 
the bituminous fraction shows a sig­
nificantly lower compressive strength 
value in 5 days, although the 7-day re­
sults are more nearly in agreement with 
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the sample free of bituminous material. 
Two of the soils, Mercer Avenue A-3 

and New Brunswick A-l-b, were tested 
for compressive strength both m wet and 
in dry condition. From the results of the 
latter tests as well as other data available 
but not reported here, it is indicated that 
the samples which are in wet condition 
at the time they are tested give slightly 
lower compressive-strength values than 

$1200 

0"° 

o9 

ZPOO 4,000 
vaioaty - H pv 1 

SpOO epoo 

Figure 20. Unconfined compressive strength 
and veloci ty data for cured l ime-f lyash-
s t a b i l i z e d s o i l samples in the oven dry 
state. These values represent both Proc­
tor and 2-in. cubes of various so i l c las ­
s i f i c a t i o n s and curing condit ions. The 
compositions inc lude optimum and non-
optimum proportions. Clusters of points 
are represented as c i r c l e d numerals i n ­
d ica t ing the quantity of data contained 

i n the a r e a . 

samples which have first been dried to 
constant weight. This would appear to 
conform to the results obtained from 
velocity tests described below. 

All of those values which represent 
optimum proportions of lime and flyash 
are quite good, although it has been found 
that the laboratory results are usually 
somewhat lower than the results obtained 
on samples which were made from mate­
rial mixed at the job site, prepared m the 
field, and then brought back to the labora­
tory. For example, in the soil designated 
Somerdale, New Jersey, A-5, the results 

from the field specimens were approxi­
mately 1,200 psi. as compared with the 
laboratory specimens which were 400 psi. 
The lime content in this field test was 
lower than that used m the laboratory mix. 
Similarly, the tests taken at HiNella 
showed nearly three times the strength in 
the field specimens. In addition to the 
above, samples removed from the road 
after being in service for periods of 
6 mo. or longer usually averaged better 
than 2,000 psi. inunconfined-compression 
tests. 

0 20 40 60 BO 
vwocit, Squon Root Density TiirM o"' 

Figure 21. Unconfined compressive strength 
versus ve loc i ty-square-root density for 
optimum range l ime-f lyash-stabil ized soi l 
compositions. Proctor samples in the oven 

dry s ta te . 

Wetting and Drying 

Wetting-and-drying specimens gave the 
same type results described in theprevious 
papers (1, 2). The results of the wetting-
and-drying tests are shown in Figures 
23 to 27, and as will be noted, the speci­
mens show good resistance to this treat­
ment. In addition, the results are com­
pared with the pulse-velocity tests. This 
I S discussed more fully below. 

Freezing and Thawing 

Results of the standard test on the 
Proctor specimens showed that the mate-
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rials with lime and flyash developed 
excellent resistance to freezing and thaw­
ing. The results of the test are given in 
Figures 23 to 27 inclusive. This method 
of determining freezing - and - thawing 
resistance is also compared with the 
pulse-velocity method as discussed in the 
next section. 

8000 

A -2-5 & 6000 

HJ A - i - w 

S 4000 

2000 
4 6 8 

Petcent Moisture - Dry Basis 
10 

Figure 22. Moisture-velocity curves for 
cured l ime-f lyash-stabi l ized soi l samples. 

Pulse-Velocity Tests 

Results of the pulse-velocity meas­
urements are contained in Tables 4 to 7 
and Figures 20 to 27 inclusive. A pre­
liminary correlation between unconfined 
compressive strength and pulse velocity 
for cured lime-flyash-stabilized soil 
samples was reported in a previous paper 
(2) and included both optimum and non-
optimum compositions for an A-2-5 and 
an A-7 soil. Figure 20 gives an overall 
plot of unconfined compressive strength 
against pulse velocity measured on oven-
dry samples prepared in the present in­
vestigation and also includes the data 
previously reported. Fourteen soils are 
represented including the following des­
ignations: A-l-a, A-l-b, A-2-5, A-3, 
and A-5. Also included are four points 
representing values for a lime-fly-ash-
stabilized cinder mix which was avail­
able for use in this study. Those points 
which indicate a drift to the left at low 
values of compressive strength in Figure 
20 represent the previous data on com­
positions made up with nonoptimum pro­
portions while the companion compositions 
using optimum proportions fall into the 
general pattern. 

Figure 21 is aplot of velocity compen­
sated for the effect of density against un­

confined compressive strength for opti­
mum compositions measured in the oven 
dry state. The variation introduced by 
nonoptimum compositions is eliminated 
from this chart but very little change in 
overall correlation is indicated between 
the various soils by this operation. 

The effect of the presence of water 
with several nonoptimum range com­
positions of A-7 soil was also previously 
studied and significant variations were 
reported. Figure 22 shows the effect of 
moisture content upon the pulse velocity 
of several optimum-range lime-flyash-
stabilized soils from saturation to oven 
dryness. Table 4 shows group velocity 
data typical of five different stabilized 
soils from saturation to low moisture 
contents during wetting and drying cycles. 
This data indicates that velocity is not 
greatly affected by moisture in the case of 
optimum range compositions for the soils 
so far tested. Several sets of data taken 
during wetting-drying and freezing-thaw­
ing cycles showed that velocity is not 
greatly affected by temperature variations 
above 40 F. for cured optimum range 
lime-flyash-stabilized soil compositions. 
Mechanical stress, however, has been 
observed to decrease transit time by as 
much as 25 percent and the major portion 
of the data given in Figures 20 and 21 is 
known to have been affected by consider­
able variation in axial loading from trans­
ducer contact pressure. 

In Figures 23 to 27 the cumulative 
weight loss, moisture content, and pulse 
velocity for a number of compositions 
during wetting-and-drying and freezing-
and-thawing cycles is presented. For the 
materials tested the velocity values at 
the termination of the durability cycles 
showed a gradual decrease during the 
course of the test. Circled points at 
the end of the velocity curves of Figure 
27 indicates that measurements taken on 
the core of the sample after the outside 
had been carefully removed are essen­
tially equal to the measurements made 
on the complete sample. Several points 
which fall above the general pattern in­
dicated in Figure 20 were obtained from 
unconfined compressive-strength tests 
made on samples which had been subjected 
to wetting-and-drying and freezing-and-
thawing tests. It is indicated from these 
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values that the ve loc i t y measurements may 
be m o r e e f f e c t i v e i n evaluat ion of the 
d u r a b i l i t y tes ts than unconf ined c o m p r e s ­
s ive s t reng th . Resul t s of p u l s e - g r o u p -
v e l o c i t y measurements taken i n the f i e l d 
a r e g iven i n Tables 5, 6, and 7. I t w i l l 
be noted that i n i t i a l compres s ion -wave -
f r o n t - v e l o c i t y measurements taken w i t h 
the t r a n s m i t t e r and r e c e i v e r v e r t i c a l l y 
down upon the base m a t e r i a l s u r f a c e gave 
l o w e r values than d i r e c t readings taken 
w i t h a x i a l i n - l i n e t r ansducer o r i e n t a t i o n ' 
under w h i c h condi t ions a x i a l loading of 
the m a t e r i a l i s i nvo lved as i n the case of 
the measurement of l a b o r a t o r y specimens. 

Stat ion numbers w e r e de t e rmined to 
w i t h i n 10 f t . Where t r a c t i o n readings 
w e r e taken around a tes t hole , the i n ­
s t r umen t d i a l readings a re g iven to i n ­
dicate the v e l o c i t y v a r i a t i o n and the av­
erage used to ca lcula te v e l o c i t y f r o m a 
c a l i b r a t i o n cu rve and the s igna l -pa th 
length. 

CONCLUSIONS 

W h i l e the study of l i m e - f l y a s h - s o i l 
t r e a tmen t has not extended to a po in t 
w h e r e f u l l i n f o r m a t i o n i s ava i lab le , i t i s 
poss ib le to d r aw s e v e r a l t en ta t ive c o n ­
c lus ions w h i c h a r e ind ica ted by the i n ­
ves t iga t ion up to the p resen t t i m e : 

1. F o r the s o i l s s tudied i t i s evident 
that the addi t ions of s m a l l amounts of 
hydra ted l i m e and f l y a s h develop c o n ­
c r e t e - l i k e compos i t ions of h igh s t r eng th 
at r e l a t i v e l y e a r l y ages. When compacted 
w i t h o p t i m u m m o i s t u r e , unconf ined 
c o m p r e s s i v e s t rengths a re developed of 
t h e o r d e r o f 1,000 p s i . i n 28 days (ambient 
t e m p e r a t u r e condi t ion) . When c u r e d at 
e levated t e m p e r a t u r e (140 F . ) w h i c h ac­
ce le ra tes the pozzolanic r eac t i on of 
the l i m e and f l y a s h , the compres s ive 
s t rengths obtained i n 7 days a re of the 
o r d e r of 350 to 1,400 p s i . depending upon 
the s o i l type used. 

2. The wea the r ing res i s tance of the 
compos i t ions appears to be except ional ly 
good s ince tes ts f o r w e t t i n g and d r y i n g 
and f r e e z i n g and thawing show excel lent 
r e s i s t ance to d e t e r i o r a t i o n a f t e r 12 cyc les 
of t r ea tment . 

^By comparison to traction wavefront velocity measurements, 
Table 7, Item No 1 - 4 

3. The use of p u l s e - v e l o c i t y meas ­
u remen t s ind ica tes that t h i s method i s 
u s e f u l i n eva lua t ing the s t reng th and 
wea the r ing res i s t ance of the compos i t ions 
both i n the l a b o r a t o r y and m the f i e l d . A 
r e l a t i onsh ip ex is t s between unconf ined-
c o m p r e s s i v e - s t r e n g t h and p u l s e - g r o u p -
v e l o c i t y measurements . The presence of 
m o i s t u r e i n the specimens made w i t h 
o p t i m u m p r o p o r t i o n s of l i m e and f l y a s h 
IS found to have l i t t l e e f f ec t on the v e l o c i t y 
readings . F o r nonopt imum m i x t u r e s the 
m o i s t u r e content has been observed to 
e f f e c t the v e l o c i t y read ing . 

I t i s i nd ica ted that the use of p u l s e -
v e l o c i t y methods a r e be t te r su i t ed to 
measu r ing d u r a b i l i t y of the compos i t ions 
than a re the s tandard w e t t i n g - a n d - d r y i n g 
and f r e e z i n g - a n d - t h a w i n g tests . The l a b ­
o r a t o r y tes t s a r e convenient to c a r r y out 
and the f i e l d inves t iga t ion i s m a r k e d l y 
s i m p l i f i e d , s ince the measurements may 
be made on the same sec t ion of r o a d at 
p e r i o d i c i n t e r v a l s . I t i s f e l t that the use 
of f u n d a m e n t a l t r a n s v e r s e - r esonan t -
f r equency measurements can a lso se rve 
to g ive adequate ind ica t ions of p e r f o r m a n c e 
of l a b o r a t o r y samples (2, 3). However , 
t h i s method i s i nvo lved w i t h shape c o n ­
s ide ra t ions and i s , of cour se , not r e a d i l y 
adaptable to use i n the f i e l d . 

4. The newly developed equipment f o r 
m e a s u r i n g pu l se v e l o c i t y i s rugged, 
s table , and ine;q)ensive to b u i l d . A p o r t ­
able un i t has been produced w h i c h i s w e l l 
su i ted f o r use i n the evaluat ion of s tab­
i l i z e d r o a d bases. 

5. F i e l d t es t s up to the p resen t t i m e 
show i n a l l cases good p e r f o r m a n c e f o r 
the compos i t ions that have been p r e p a r e d 
by the m i x e d - i n - p l a c e opera t ion . Severa l 
p rocedures a r e being tes ted to evaluate 
su r face cove r ings f o r the s t a b i l i z e d base 
and these w i l l be r e p o r t e d at a f u t u r e date. 
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Soil-Cement Test-Data Correlation in 
Determining Cement Factors for Sandy Soils 

J . A . L E A D A B R A N D , Manager , and 
L . T . N O R L I N G , L a b o r a t o r y Ch ie f ; 
So i l -Cement Bureau , P o r t l a n d Cement A s s o c i a t i o n 

T O p r o v i d e qu ick and s i m p l e p rocedures f o r d e t e r m i n i n g cement f a c t o r s f o r 
s o i l - c e m e n t cons t ruc t ion and to r e l i e v e the p r e s s u r e on l a b o r a t o r y pe r sonne l 
and f a c i l i t i e s , the P o r t l a n d Cement Assoc i a t i on i s c o r r e l a t i n g data obtained 
f r o m t e s t ing m o r e than 6,000 s o i l s , r ep re sen t ing many d i f f e r e n t s o i l types , 
t e x t u r e s , and m i x t u r e s . 

T h i s paper presents and discusses the r e s u l t s of a c o r r e l a t i o n of s o i l and 
s o i l - c e m e n t l abo ra to ry data obtained by t e s t i ng 2 ,229 sandy s o i l s f o l l o w i n g 
A S T M o r AASHO s tandard tes t p rocedures . By use of the c o r r e l a t i o n , methods 
of q u i c k l y d e t e r m i n i n g cement f a c t o r s f o r mos t sancfy so i l s encountered i n 
s o i l - c e m e n t cons t ruc t ion w e r e developed. The 2 ,229 s o i l s w e r e p laced in to 
t h r ee groups , two of w h i c h a re based on t e x t u r a l c l a s s i f i c a t i o n . The t h i r d 
group includes spec ia l o r misce l laneous g r a n u l a r m a t e r i a l s . 

T h e methods i n v o l v e d a r e p resen ted as s t ep-by-s tep p rocedure s and i n ­
clude the use of cha r t s based on r e l a t ionsh ips between m a x i m u m dens i ty , 
combined s i l t , and c lay content and the cement r equ i r emen t f o r adequately 
ha rden ing the s o i l . M i n i m u m compres s ive s t rengths also a re r e q u i r e d . 

T h e p rocedures r e q u i r e cons iderably l ess l a b o r a t o r y w o r k and t i m e than i s 
needed f o r m a k i n g comple te A S T M o r AASHO s o i l - c e m e n t t es t s , and i n ad ­
d i t i o n , s m a l l e r s o i l samples can be used. 

The dependabil i ty of the tes t methods when checked against the sandy so i l s 
p r e v i o u s l y tes ted by the s tandard A S T M - A A S H O tests i s discussed. The 
s tep-by-s tep t e s t ing p rocedures p r o v i d e d r e l i a b l e methods f o r es tab l i sh ing 
safe cement f a c t o r s f o r 2 , 2 0 1 (or 9 8 . 7 percent ) of the 2 ,229 so i l s . W h i l e 
the cement f a c t o r s obtained w e r e p r a c t i c a l , they w e r e not a lways the m i m -
m u m o r mos t economica l tha t could be used to harden the s o i l . 

The paper suggests adoption of the tes t methods developed. I t f u r t h e r 
suggests that the cha r t s be used i n the f o r m shown u n t i l l o c a l data and ex­
p e r i e n c e a r e obtained that w i l l p e r m i t r e v i s i o n t o c o n f o r m m o r e c lose ly t o 
l o c a l condi t ions . 

• T H E use of es tabl ished A S T M - A A S H O ' 
t e s t methods f o r c o n t r o l of cement content, 
m o i s t u r e content, and densi ty i n the c o n ­
s t r u c t i o n of many m i l l i o n square y a r d s of 
s a t i s f a c t o r y s o i l - c e m e n t p a v e m e n t at tests 
the dependabi l i ty of these p r o v e n tes t 
methods. Bu t invaluable as they a re to 
engineers , s tandard A S T M procedures 
a re t i m e consuming. A p p r o x i m a t e l y 6 
weeks of t i m e and 100 l b . of s o i l a r e 
usua l ly needed f o r the tests . 

T o p r o v i d e qu i ck and s i m p l e p rocedures 
'ASTM Oesignations 0558-44, D559-44, DS60-44 or AASHO 
Standard T-134-45, T-13S-45, T-136-45 For the sake of 
brevity these are referred to hereafter as ASTM tests 

f o r d e t e r m i n i n g cement f a c t o r s f o r s o i l -
cement c o n s t r u c t i o n , and to r e l i e v e the 
p r e s s u r e on l a b o r a t o r y pe r sonne l , a l ­
ways i n sho r t supply, and to l i gh t en the 
load on l a b o r a t o r y f a c i l i t i e s as the use of 
s o i l - c e m e n t i n highway a i r p o r t , and 
o ther cons t ruc t ion inc reases , the P o r t ­
land Cement Assoc i a t i on has under taken 
to c o r r e l a t e the data obtained f r o m t e s t i ng 
m o r e than 6,000 so i l s . These so i l s r e p ­
resent many d i f f e r e n t s o i l types , t ex tu r e s , 
and m i x t u r e s and w e r e d i s t r i b u t e d over the 
whole of the Uni ted States and p a r t s of 
Canada. 



30 

The r e su l t s of the w o r k comple te to 
date cove r 2 ,229 sandy so i l s and a re p r e ­
sented i n t h i s paper. These s o i l s w e r e 
f i r s t p laced in to t h r ee g roups , two based 
on t e x t u r a l c l a s s i f i c a t i o n and one cons i s t ­
i n g of spec ia l o r misce l laneous g r a n u l a r 
m a t e r i a l s . 

I t was found poss ib le to c o r r e l a t e m a x i ­
m u m dens i ty , combined s i l t and c lay c o n ­
tent and compres s ive s t rengths w i t h the 
c e m e n t f a c t o r f o r mos t of the so i l s s tudied. 
Step-by-step t e s t i ng p rocedures w e r e then 
developed f o r sandy so i l s f a l l i n g in to the 
th ree groups . These invo lve only a f e w 
w e l l - k n o w n s i m p l e l a b o r a t o r y tes ts and 
the use of cha r t s . Sma l l s o i l samples of 
app rox ima te ly 25 to 40 l b . w i l l usua l ly 
s u f f i c e . One l a b o r a t o r y man can p e r f o r m 
a l l the tes t w o r k needed f o r mos t samples 
i n one day al though a t i m e i n t e r v a l of one 
week i s r e q u i r e d to obta in 7-day c o m ­
p r e s s i v e s t rengths . 

T h e r e a re l i m i t a t i o n s to the use of the 
p rocedures , but w i t h p r o p e r app l ica t ion 
they should save cons iderable t i m e and 
p r o v e of g r ea t help t o engineers do ing s o i l -
cement w o r k . The p rocedures suggested 
should p rove even m o r e exact and h e l p f u l 
i f the char t s p resen ted a r e checked and 
poss ib ly r e v i s e d by us ing l o c a l tes t data 
obtained f r o m t e s t ing s o i l s f r o m m o r e 
l o c a l i z e d areas. T h e so i l s f r o m a g iven 
a rea w i l l have s i m i l a r basic p r o p e r t i e s 
and reac t i n the same gene ra l manner 
w i t h cement. 

Inc luded i n t h i s paper a re (1) d i scuss ion 
of p resen t s o i l - c e m e n t tes t methods and 
c r i t e r i a ; (2) p resen ta t ion of the suggested 
s tep-by-s tep p rocedures f o r d e t e r m i n i n g 
cement f a c t o r s ; (3) d i scuss ion of c o r r e l a ­
t i o n and r e s u l t s obtained i n checking the 
suggested s tep-by-s tep tes t p rocedures ; 
and (4) s u m m a r y and suggestions. 

PRESENT T E S T METHODS 
A N D C R I T E I U A 

T h r e e p rocedures w h i c h have been 
genera l ly used f o r d e t e r m i n i n g the r e ­
q u i r e d cement content of s o i l f o r s o i l -
cement cons t ruc t ion w e r e adopted as 
s tandards by the A S T M i n 1944. I d e n ­
t i c a l p rocedures w e r e adopted by the 
AASHO i n 1945. These tes ts a re : (1) 
"Method of T e s t f o r M o i s t u r e - Densi ty 
Rela t ions of S o i l - C e m e n t M i x t u r e s " 
A S T M DesignaUon: D 5 5 8 - 4 4 ; AASHO 

Standard T - 1 3 4 - 4 5 ; (2) "Method of W e t -
t i n g - a n d - D r y i n g T e s t of Compacted S o i l -
Cement M i x t u r e s " A S T M Designat ion: 
D559-44; AASHO Standard T - 1 3 5 - 4 5 ; and 
(3) " M e t h o d of F r e e z i n g and T h a w i n g T e s t 
of Compacted So i l -Cement M i x t u r e s " 
A S T M Designat ion: D 5 6 0 - 4 4 ; AASHO 
Standard T-136-45 . 

Based on tes t data obtained f r o m tes ts 
made i n accordance w i t h the above s tand­
a rds and f r o m supplementa l compres s ive 
s t r en g th tes t s , the f o l l o w i n g c r i t e r i a have 
been suggested and used by the P o r t l a n d 
Cement Assoc i a t i on f o r d e t e r m i n a t i o n of 
cement , m o i s t u r e , and densi ty f a c t o r s r e ­
q u i r e d to produce a s o i l - c e m e n t of s a t i s ­
f a c t o r y hardness and d u r a b i l i t y (1). These 
c r i t e r i a w e r e based on data obtained f r o m 
p e r f o r m a n c e and condi t ion su rveys of 
s o i l - c e m e n t p r o j e c t s i n s e r v i c e f o r many 
y e a r s throughout the Uni ted States and i n 
Canada, f r o m l a b o r a t o r y r e s e a r c h data, 
and f r o m i n f o r m a t i o n obtained f r o m ou t ­
door wea the r ing s tudies (2). 

1. So i l - cement losses d u r i n g 12 cyc les 
of e i the r the w e t - d r y tes t o r f r e e z e - t h a w 
tes t s h a l l be w i t h i n the f o l l o w i n g l i m i t s : 

S o i l Group A - l - a , A - l - b , A - 3 , A - 2 - 4 and 
A - 2 - 5 , not ove r 14 percent . 

So i l Group A - 2 - 6 , A - 2 - 7 , A - 4 and A - 5 , 
not over 10 percent . 

So i l Group A - 6 , A - 7 - 5 , and A - 7 - 6 , not 
over 7 percent . 

2. M a x i m u m v o l u m e change d u r i n g 
e i t he r w e t - d r y o r f r e e z e - t h a w tes t s s h a l l 
not exceed the v o l u m e at t i m e of m o l d i n g 
by m o r e than 2 percent . 

3. M a x i m u m m o i s t u r e content d u r i n g 
e i the r w e t - d r y tes t o r f r e e z e - t h a w tes t 
s h a l l not exceed that quant i ty w h i c h w i l l 
comple t e ly f i l l the vo ids of the spec imen 
at t i m e of mo ld ing . 

4. Compress ive s t rengths s h a l l i n ­
c rease w i t h age and cement content i n 
the ranges of those p r o d u c i n g r e s u l t s 
mee t ing Requi rements 1 , 2 , and 3 above. 

The c r i t e r i a suggested above have not 
been cons idered i r r e v o c a b l e o r f i n a l . 
However , many m i l l i o n s of square y a r d s 
of s o i l - c e m e n t have been cons t ruc ted i n ­
v o l v i n g c o n t r o l f a c t o r s se lec ted on the 
bas i s of these c r i t e r i a . T h e outs tanding 
p e r f o r m a n c e of the p r o j e c t s i n s e r v i c e 
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indica tes the comple te adequacy of the 
c o n t r o l f a c t o r s es tabl ished i n t h i s m a n ­
ner. T h e r e a r e , i n f a c t , some ind ica t ions 
that the cement f a c t o r s ind ica ted by these 
tes ts and c r i t e r i a f o r c e r t a i n so i l s i n 
some c l i m a t i c s i tua t ions may be m o r e 
than r e q u i r e d to p r o v i d e s o i l - c e m e n t of 
adequate d u r a b i l i t y . A s exper ience on 
s o i l - c e m e n t t e s t ing and cons t ruc t ion i s 
gained and t i e d in to p e r f o r m a n c e and 
condi t ion su rveys of l o c a l j obs , m o d i f i ­
cat ions of test p rocedures o r c r i t e r i a 
may be j u s t i f i a b l y made to meet these 
s o i l and l o c a l c l i m a t i c condi t ions . 

I n a f e w areas , tes t methods and 
c r i t e r i a o ther than those discussed above 
have been developed and a re used i n 
es tab l i sh ing c o n t r o l f a c t o r s f o r l o c a l 
s o i l - c e m e n t cons t ruc t ion . I n those areas 
f o r the p a r t i c u l a r s o i l s and c l i m a t e i n ­
v o l v e d , these loca l ly -deve loped tes t 
methods a r e apparent ly p r o v i n g s a t i s ­
f a c t o r y . 

I n other instances a shor tened o r 
m o d i f i e d A S T M tes t p rocedure i s used. 
I n the P o r t l a n d Cement Assoc ia t ion ' s 
So i l -Cement L a b o r a t o r y , f o r example , 
rou t ine A S T M tes ts f o r es tab l i sh ing f i e l d 
cons t ruc t ion f a c t o r s have been made i n 
reduced f o r m f o r some t i m e w i t h s a t i s ­
f a c t o r y r e s u l t s except f o r unusual o r 
spec ia l so i l s (3). The reduced p rocedure 
invo lves only one m o i s t u r e - d e n s i t y tes t 
and the m o l d i n g and tes t ing at th ree 
cement contents of No. 2 f r e e z e - t h a w 
specimens and one No. 2 w e t - d r y s p e c i ­
men at the median cement content. No . 
1 specimens f o r v o l u m e change o r m o i s ­
t u r e content de t e rmina t i on a re not molded. 
Al though a No. 2 w e t - d r y spec imen has 
been inc luded i n the tes t s , losses i n c u r ­
r e d f o r i t r a r e l y a re h igher than f o r the 
f r e e z e - t h a w specimens. A s a supple­
menta l tes t , a t o t a l of f o u r 2 - i n . - d i a m ­
e te r - by - 2 - i n . -height compres s ive -
s t rength specimens have been molded 
and tes ted at two cement contents. I n 
addi t ion to m a k i n g s o i l - c e m e n t t es t s , a 
g r a i n - s ize analys is and l i q u i d - l i m i t , 
p l a s t i c - l i m i t , and shr inkage - l i m i t de­
t e r m i n a t i o n s a re made f o r each s o i l . 
T h i s reduced t e s t ing p rocedure lessens 
apprec iab ly the amount of l a b o r a t o r y w o r k 
but not the p e r i o d of t i m e r e q u i r e d f o r 
m a k i n g tes ts . The quant i ty of s o i l needed 
IS a lso reduced. 

The need f o r conduct ing s o i l - c e m e n t 
tes ts can be sha rp ly reduced and even 
e l i m i n a t e d a l together f o r l a rge s o i l a-
reas by es tab l i sh ing cement r equ i r emen t s 
by h o r i z o n f o r s o i l types as c l a s s i f i e d 
f o r mos t areas of the Uni ted States by 
the Bureau of P lan t Indus t ry (Bureau of 
C h e m i s t r y and So i l s ) ^ T h i s sys t em of 
s o i l c l a s s i f i c a t i o n o r i d e n t i f i c a t i o n i s 
based on the f a c t that so i l s having the 
same weather , topography, and the same 
dra inage c h a r a c t e r i s t i c s w i l l g r o w the 
same type of vegeta t ion and w i l l be the 
same k i n d of s o i l . T h i s i s i l l u s t r a t e d by 
the f a c t that the b l ack whea t -be l t s o i l s of 
our M i d w e s t a r e same as the b lack , 
whea t -be l t so i l s of Russ ia , A r g e n t i n a , 
and other count r ies . The sys t em i s i m ­
por t an t ba s i ca l l y because a s o i l of a 
p a r t i c u l a r s e r i e s , h o r i z o n , and g r a i n 
s i ze w i l l p e r f o r m the same as a h i g h ­
way m a t e r i a l w h e r e v e r i t o c c u r s , because 
such i m p o r t a n t f a c t o r s as r a i n f a l l , f r e e z ­
i n g , g roundwater tab le , c a p i l l a r i t y of the 
s o i l , etc. , a r e a p a r t of the i d e n t i f i c a t i o n 
sys t em. 

T h i s s o i l - c l a s s i f i c a t i o n sys t em has 
p r o v e d h e l p f u l i n s o i l - c e m e n t w o r k . As 
tes t data w e r e obtained by f o l l o w i n g the 
A S T M tes ts and the o ther tes t p rocedures 
ou t l i ned above, i t was found that the 
cement r equ i r emen t s of a de f in i t e s o i l 
type and h o r i z o n a re the same, r e g a r d ­
less of w h e r e the s o i l i s encountered, and 
no f u r t h e r s o i l - c e m e n t tes ts f o r t h i s 
p a r t i c u l a r s o i l a r e , t h e r e f o r e , needed. 
A number of engineers a re m a k i n g use of 
t h i s s y s t e m to reduce t h e i r s o i l - c e m e n t 
t e s t ing w o r k (4). 

I n many instances s o i l and s o i l m i x ­
tu re s a re found i n the roadway o r s t r ee t 
w h i c h cannot be d e f i n i t e l y i d e n t i f i e d as to 
s o i l s e r i e s , nor can the o r i g i n a l loca t ion 
of the m a t e r i a l be d e t e r m i n e d to p e r m i t 
checking i t against p r e v i o u s l y obtained 
s o i l - c e m e n t tes t r e su l t s . I t i s usua l ly 
necessary i n such cases to conduct c o m ­
ple te tes ts to es tabl i sh cement r e q u i r e ­
ments . S i m i l a r l y , i t i s somet imes d i f ­
f i c u l t to i d e n t i f y the s o i l s e r i e s of e x i s t ­
i n g und is tu rbed s o i l m a t e r i a l , and i n 
some cases the so i l s have not been m a p ­
ped. F u r t h e r , w h i l e qui te a f e w s o i l 
types have been tes ted f o r s o i l - c e m e n t , 
t he r e a re many r e m a i n i n g untested. I n 

'NOW identified as U S. Bureau of Plant Industry 
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Combined silt and cloy content of minus No 4 fraction-per cent 

Figure 1. Minimum 7-day compressive strengths required for Group 
I s o i l s at the indicated cement content obtained from Figure 2. 

many cases, too , samples of s o i l a r e 
l i f t e d and f o r w a r d e d to l abo ra to r i e s w i t h ­
out s o i l s e r i e s o r h o r i z o n i d e n t i f i c a t i o n 

be ing noted. Many of the s o i l s inc luded 
i n the present study f a l l i n the above 
ca tegor ies . 

TABLE 1 
TEXTURAL CLASSinCATION GROUPS* 

SOILS CONTAINING LESS THAN 20 PERCENT CLAY AND 
50 PERCENT SILT AND CLAY COMBINED 

Soils containing less than 15 percent silt and clay combined 

SANDS AND GRAVELS 

Gravel, 85 percent or more fine and coarse gravel com­
bined 

Gravel and sand, 50 to 85 percent fine and coarse gravel 
combined 

Sand and gravel, 25 to 50 percent fine and coarse gravel 
combined 

Coarse sand, 50 percent or more coarse sand and gravel 
combined, but less than 25 percent gravel 

Sand, less than 50 percent fine sand and less than 50 per­
cent coarse sand and gravel combined 

Fine sand, 50 percent or more fine sand 

B Soils containing from 15 to 
combined 

LOAMY SANDS 

percent silt and clay 

Gravelly loamy sands, loamy sands listed below, having 
25 percent or more fine and coarse gravel combined 

Loamy coarse sand, 50 percent or more coarse sand and 
gravel combined 

Loamy sand, less than 50 percent fine sand and less than 
50 percent coarse sand and gravel combined 

Loamy fine sand, 50 percent or more fine sand 

C Soils containing from 20 to 50 percent silt and clay com­
bined 

SANDY LOAMS 

Gravelly sandy loams, sandy loams listed below, having 
25 percent or more fine and coarse gravel combined 

Coarse sandy loam, 50 percent or more coarse sand and 
gravel combined 

Sandy loam, less than 50 percent fine sand and less than 
50 percent coarse sand and gravel combined 

Fine sandy loam, 50 percent or more fine sand 

SOIL SIZE UMITS 

Coarse gravel 76 2 mm to 4 76 mm (3-ln. to No. 4 sieve) 
Fine gravel 4 76 mm to 2 mm (No 4 sieve to No 10 

sieve) 
Coarse sand. 2 mm to 0 25 mm (No 10 sieve to No. 60 

sieve) 
Fine sand. 0 25 mm to 0 05 mm (No 60 sieve to No. 

270 sieve) 
Silt. 0 OS mm to 0 005 mm 
Clay 0 005 mm to 0 00 mm 

^Basic concept for these classifications is from the U S. 
Bureau of Chemistry and Soils 

PROCEDURES FOR D E T E R M I N I N G 
C E M E N T FACTORS 

Step-by-s tep p rocedures f o r e s t ab l i sh ­
i n g cement r e q u i r e m e n t s of many sandy 
so i l s encountered i n s o i l - c e m e n t c o n s t r u c ­
t i o n and f a l l i n g i n one of th ree es tabl ished 
groupings a r e l i s t e d below. The char t s 
a r e based on c o r r e l a t i o n s of tes t data ob ­
ta ined f r o m mak ing A S T M s o i l and s o i l -
cement tes ts and c o m p r e s s i v e s t reng th 
tes ts on 2 ,229 so i l s conta in ing less than 
20 pe rcen t c lay and less than 50 percen t 
combined s i l t and c lay . D a r k - g r a y to 
b lack s o i l s conta in ing apprec iab le amounts 
of o rgamc m a t e r i a l w e r e not inc luded i n 
th i s s tudy, and the p rocedu re s , t h e r e f o r e , 
do not apply to such s o i l s . 

T o apply the s tep-by-s tep p rocedures , 
i t IS f i r s t necessary to make a g r a i n -
s ize ana lys i s of the s o i l to p e r m i t i d e n t i f y ­
i n g i t t e x t u r a l l y and to see i f i t contains 
less than 20 percen t c lay and less than 50 
percen t of s i l t and c lay combined (Table 
1). I f i t meets these r e q u i r e m e n t s , i t i s 
then p laced i n e i ther Group I o r l l depend­
i n g upon i t s t ex tu r e , o r i n Group H I , i f i t 
i s a spec ia l type of m a t e r i a l , such as 
shale, s c o r i a , ca l i che , c inders . 

The t e x t u r a l c l a s s i f i c a t i o n s , types of 
m a t e r i a l s , and the s tep-by-s tep t e s t ing 
p rocedures f o r each group f o l l o w s : 

Group I Soi ls 

T e x t u r a l c l a s s i f i c a t i o n s inc luded: 
Coarse sand, sand, f i n e sand 
L o a m y coarse sand, loamy sand, loamy 

f i n e sand 
G r a v e l l y sandy l o a m , coarse sandy 

l o a m , sandy l o a m , f i n e sandy l o a m 
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^ 125 7 % Cement by 
volume in minus No 4 

fraction 
S 120 
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Combined silt and clay content of minus No4 fraction-percent 

Figure 2. Indicated cement content required for adequate hard­
ening of Group I s o i l s . 

T e s t i n g p rocedure : 
A p p r o x i m a t e l y 25 to 40 lb . of s o i l gen­

e r a l l y w i l l s u f f i c e . 
Step 1: D e t e r m i n e the m a x i m u m densi ty 
o p t i m u m m o i s t u r e content f o r a m i x t u r e of 
the s o i l and p o r t l a n d cement by making a 
m o i s t u r e - d e n s i t y tes t i n accordance w i t h 
A S T M D558-44. The cement content to 
use f o r the Tes t may be de t e rmined by 
f i r s t ob ta in ing f r o m F i g u r e 3* an approx­
i m a t i o n of the expected densi ty and us ing 
th i s value to se lect the cement content 
f r o m F i g u r e 2. 
Step 2: Us ing the m a x i m u m densi ty ob­
ta ined f r o m the mo i s tu r e -dens i t y test i n 
Step 1 and percen t of combined s i l t and 
clay content of the m i n u s - N o . -4 p o r t i o n 
of the s o i l , de te rmine f r o m F i g u r e 2 the 
percen t of cement by v o l u m e of m i n u s -
No. -4 m i x t u r e . 
Step 3: M o l d compres s ive s t rength 
specimens* i n t r i p l i c a t e us ing m i n u s -
No. -4 s o i l and the m a x i m u m densi ty , 
o p t i m u m m o i s t u r e and the cement f a c t o r 

'The curves In Figure 3 were obtained by first platting den­
sities for 2,020 soils (Groups I and II) on a triaxial chart 
according to (1) coarse sand including Ilne-gravel content, 
(2) fine-sand content and (3) combined silt-and-clay content 
The average densities for various combined silt-and-clay 
contents were then plotted against the combined coarse-sand-
tine-gravel content. From these points the curves were 
drawn This chart gives a reasonable estimate of maximum 
densities, but does not preclude making the moisture-density 
test to obtain the actual density of the soil-cement mixture 

*rwo-ln dia by 2-ln ht specimens or 4-in dia. by 4 8-in. 
ht specimens may be molded using minus No 4 soil-cement 
material The 2-ln specimens shall be submerged in water 
one hour before testing and the 4-ln specimens four hours 

obtained i n Steps 1 and 2. D e t e r m i n e the 
average compres s ive s t rength of the 
specimens a f t e r 7 days of c u r i n g i n a 
m o i s t r o o m . 
Step 4: P l o t on F i g u r e 1 the c o m p r e s s i v e -
s t reng th va lue obtained by Step 3. I f t h i s 
value f a l l s above the c u r v e shown, then 

20%Sill a cloy of minus No 4 fraction 

e. 120 

0 20 40 60 80 100 
Combined fine grovel ond coorse sond of minus No 4 froction per cent 

Figure 3. Average maximum d e n s i t i e s of 
so i l -cement mixtures . 
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the adequacy of the cement f a c t o r obtained 
i n Step 2 f o r s o i l - c e m e n t cons t ruc t ion i s 
indica ted . I f the o r i g i n a l s o i l sample 
contained m a t e r i a l r e t a ined on a No. 4 
s ieve , i t i s necessary , f o r f i e l d c o n s t r u c ­
t i o n , to conver t the cement f a c t o r based 
on the minus -No . -4 m i x t u r e , obtained i n 
Step 2, to the cement f a c t o r based on the 
t o t a l m i x t u r e . T h i s i s q u i c k l y done by 
us ing the appropr i a t e c u r v e of F igu re s 
5a to 5h. 

I f the s t rength value f r o m Step 3 f a l l s 
below the cu rve of F i g u r e 1, the cement 
f a c t o r obtained i n Step 2 i s ind ica ted as 
too l o w , and f u r t h e r l a b o r a t o r y t e s t ing of 
the s o i l i s needed to es tab l i sh the cement 
r equ i r emen t . The addi t iona l t e s t ing may 
cons is t only of the m o l d i n g of two s p e c i ­
mens, one at the cement content ind ica ted 
i n Step 2 and one 2 percentage po in ts 
h igher and t e s t ing as No. 2 specimens 
f o l l o w i n g A S T M f r e e z e - t h a w tes ts . 

Group n Soi ls 

T e x t u r a l c l a s s i f i c a t i o n s included: 
G r a v e l and sand 
Sand and g r a v e l 
G r a v e l l y loamy sand 

T e s t i n g p rocedure : 
A p p r o x i m a t e l y 25 to 40 l b . of s o i l gen­

e r a l l y w i l l s u f f i c e . 
Seven percent cement by v o l u m e based 

on the t o t a l m i x t u r e i s the ind ica ted cement 
f a c t o r f o r these so i l s f o r s o i l - c e m e n t 
cons t ruc t ion . V e r i f y t h i s r e q u i r e m e n t by 
the f o l l o w i n g p rocedure : 
Step 1: D e t e r m i n e the m a x i m u m densi ty 
and o p t i m u m m o i s t u r e content f o r a m i x ­
t u r e of the s o i l and p o r t l a n d cement by 
m a k i n g a m o i s t u r e - d e n s i t y tes t i n a c c o r d ­
ance w i t h A S T M D558-44. The cement 
content to be used f o r the tes t may be 
d e t e r m i n e d by f i r s t ob ta in ing an e s t i ­
mated density f r o m F i g u r e 3. Then , by 
us ing the appropr ia t e cu rve of F igu re s 
5a to 5h, the cement content of m i n u s -
No. -4 so i l - cemen t m i x t u r e equivalent to 
7 percen t by vo lume of t o t a l s o i l - c e m e n t 
m i x t u r e i s ascer ta ined and used i n mak ing 
the mo i s tu r e -dens i t y t e s t 
Step 2; M o l d compres s ive - s t rength 
specimens i n t r i p l i c a t e us ing m i n u s -
No. -4 s o i l , and the m a x i m u m densi ty and 
o p t i m u m m o i s t u r e and the equivalent 
m i n u s - 4 cement f a c t o r de t e rmined i n 

Step 1. D e t e r m i n e the average c o m p r e s ­
s ive s t r eng th of the specimens a f t e r 7 
days of m o i s t - r o o m c u r i n g . 
Step 3: P l o t on F i g u r e 4 the c o m p r e s s i v e -
s t r eng th va lue obtained i n Step 2. I f t h i s 
va lue f a l l s above the c u r v e , then the 
adequacy of 7 pe rcen t cement by vo lume 
of the t o t a l s o i l - c e m e n t m i x t u r e f o r 
s o i l - c e m e n t cons t ruc t ion i s ind ica ted 

I f the s t r eng th va lue i s below the cu rve 
of F i g u r e 4, then 7 pe rcen t by v o l u m e of 
the t o t a l m i x t u r e i s ind ica ted as too low 
a f a c t o r and add i t iona l t e s t ing of the s o i l 
i s needed to es tabl i sh the cement r e q u i r e ­
m e n t The add i t iona l t e s t ing may c o n ­
s i s t of the m o l d i n g of specimens at 7 and 
9 pe rcen t cement by v o l u m e of t o t a l m i x ­
t u r e and t e s t ing as No. 2 specimens i n 
A S T M f r e e z e - t h a w tes ts . 

Oinmtlty of pins Na4 mltrlol-ptr cam 

Figure 4. Minimum 7-day compressive 
strengths required for Group I I so i l s at 
cement contents equivalent to 7 percent 

by volume of tota l mixture. 

Group n i Soi ls 

Inc ludes the misce l laneous o r spec ia l s o i l 
m a t e r i a l s f a l l i n g i n a l l t e x t u r a l c l a s s i f i ­
cat ions l i s t e d i n Tab le I . T h i s inc ludes 
the f o l l o w i n g : 

ca l i che l imes tone screenings shale 
chat m a r l s h e l l 
c h e r t r e d dog s l ag 
c i n d e r s s c o r i a o thers 

T e s t i n g p rocedures : 

A p p r o x i m a t e l y 40 l b . of s o i l genera l ly 
w i l l s u f f i c e . 

A tabula t ion of p robab le cement r e ­
q u i r e m e n t s based on l i m i t e d tes t data f o r 
these spec ia l m a t e r i a l s i s g iven i n Tab le 
2 a long w i t h o ther pe r t i nen t i n f o r m a t i o n . 
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By use of the i n f o r m a t i o n i n Tab le 2, a 
s tep-by-s tep p rocedure i s g iven below 
that reduces the t e s t ing over that p r e ­
v i o u s l y r e q u i r e d . 

A l l she l l so i l s o r l imes tone screenings 
may be p laced accord ing to t e x t u r a l 
c l a s s i f i c a t i o n i n Group I o r I I and the 
respec t ive t es t ing p r o c e d u r e f o l l o w e d . 
F o r the r e m a i n i n g so i l s : 
Step 1: D e t e r m i n e the m a x i m u m densi ty 
and o p t i m u m m o i s t u r e content f o r a m i x -

TABLE 2 
DATA FOR GROUP DI SOILS 

Cement Content by Volume 
To be Investigated 

Type of Moisture- Freeze-Thaw Probable 
Miscellaneous Density Specimens Cement 

Material Test Requirement 
Shell Soils Use the procedure outlined for Group I 

or n soils depending upon the textural 
classification 

Limestone Use the procedure outlined for Group I 
Screenings or I I soils depending upon the texhiral 

classification 
Cinders, chert, 
chat, callchel>, 
scoria^, sla^, 
red dog, brick waste, 
roofing granules 
Marl, shale, slag'', 
fire clay, iron ore 
base 10 

T ( i 9 

9 & 11 11 

^Cement content given is based on the total mixture. For 
soils containing material retained on the No. 4 sieve, the 
cement contents to be used in the moisture-density and com­
pressive strength tests shall be the cement content in the 
minus-Na -4 mixture equivalent to the cement contents 
given. 

'hf the textural classification la Included in Group n, a cement 
content as low as 7 percent by volume may be adequate 

' i t the scoria contains appreciable material retained on the 
No 4 sieve, it may require as much as 12 percent cement 
by volume In this case, 11 percent cement by volume 
freeze-thaw specimens should be included. 

''Air-cooled slag 
*Water-cooled slag 

t u r e of the s o i l and p o r t l a n d cement by 
m a k i n g a m o i s t u r e - d e n s i t y tes t i n ac­
cordance w i t h A S T M D558-44. The 
cement content to be used f o r t h i s tes t 
may be obtained f r o m Co lumn 1, Tab le 
2. I f the s o i l contains m a t e r i a l r e ta ined 
on a No. 4 s ieve , i t i s necessary to c o n ­
v e r t the cement content of Co lumn 1 to 
that based on the m i n u s - N o . 4 s o i l -
cement m i x t u r e as ind ica ted i n Step 1 
f o r Group n s o i l s . 
Step 2; M o l d t w o specimens at the cement 
contents shown i n Column 2 , Tab le 2, and 
tes t as No. 2 specimens i n accordance 
w i t h A S T M f r e e z e - t h a w tests . 

C O R R E L A T I O N A N D RESULTS 
O B T A I N E D I N C H E C K I N G T E S T 

PROCEDURES 

D e s c r i p t i o n of Soils 

Of some 6,000 so i l s of a l l t ex tu res 
and types f o r w h i c h A S T M test data w e r e 
ava i l ab le , 2 ,229 w e r e sandy so i l s c o n ­
t a in ing less than 20 percen t c lay and less 
than 50 percent combined s i l t and c lay 
and w e r e inc luded i n t h i s study. D a r k -
gray to b lack sandy so i l s conta in ing ap­
p rec i ab l e amounts of organic m a t e r i a l 
w e r e excluded, as p r e l i m i n a r y studies 
ind ica ted that such so i l s r e q u i r e sep­
ara te study. The 2 .229 so i l s w e r e f r o m 
many sect ions of the Uni ted States as 
shown i n F i g u r e 6. A l l states a re r e p ­
resented except South Dakota. 

Inc luded w e r e 209 misce l laneous 
m a t e r i a l s , such as c i n d e r s , s c o r i a , 
c a l i che , shale, w h i c h w e r e t r ea t ed i n a 
separate group. The r e m a i n i n g 2,020 
so i l s w e r e c l a s s i f i e d t e x t u r a l l y a c c o r d ­
i n g to Table 1 as f o l l o w s : 

T e x t u r a l C l a s s i f i c a t i o n No. of Soi ls 

g r a v e l and sand 222 
sand and g r a v e l 171 
coarse sand 227 
sand 94 
f i n e sand 232 
g r a v e l l y loamy sand 79 
loamy coarse sand 44 
loamy sand 43 
loamy f i n e sand 66 
g rave l l ey sandy l o a m 231 
coarse sandy loam 52 
sandy l o a m 377 
f i n e sandy l o a m 182 

M a x i m u m dens i t ies of m i n u s - N o . -4 
s o i l - c e m e n t m i x t u r e us ing these so i l s 
ranged f r o m 136 lb . p e r cu . f t . to 97 lb . 
pe r cu . f t . The misce l laneous ma te ­
r i a l s such as c inde r s had m a x i m u m 
dens i t ies as low as 65 lb . p e r cu. f t . 
P l a s t i c i t y indices ranged f r o m non-
p la s t i c to a h igh of 34. 

Method of A n a l y s i s 

I n s t a r t i n g the s tudy, tes t data f o r 525 
so i l s that w e r e i d e n t i f i e d as to h o r i z o n , 
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Figure 5. Relation of cement content by volume in the minus-No.-4 soil-cement 
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but not necessa r i ly by s o i l s e r i e s o r type , 
w e r e f i r s t inves t iga ted . Soi ls c l a s s i f i e d 
t e x t u r a l l y as g r a v e l and sand, sand and 
g r a v e l , and g r a v e l l y loamy sand w e r e not 
inc luded f o r reasons given la te r . The 525 
so i l s w e r e subdivided acco rd ing to: (1) 
h o r i z o n (A , B o r C ) ; (2) c o l o r (g ray , 
b r o w n , r e d and y e l l o w ) ; (3) grea t s o i l 
g roup such as chernozen, podzo l , (based 
on U . S. Bureau of P lan t Indus t ry C l a s s i f i ­
ca t ion sys t em) ; and (4) t ex tu re ( sand , 
l oamy sand, sandy l o a m , e t c . ) . 

I t was thought that a s o i l ' s reac t ion 

r equ i r emen t s of a g iven s o i l i d e n t i f i e d 
by s o i l s e r i e s , type , and h o r i z o n i s the 
same whe reve r i t i s located. 

Studies w e r e also made of p h y s i c a l 
p r o p e r t i e s , such as m a x i m u m densi ty , 
o p t i m u m m o i s t u r e , l i q u i d l i m i t , p l a s ­
t i c i t y index, group index , s i l t content , 
c lay content , sand content , compres s ive 
s t r eng th , c e m e n t - v o i d r a t i o , i n respect 
to r e q u i r e d cement f a c t o r s f o r the so i l s 
of the s eve ra l d i v i s i o n s above. The 
re l a t ionsh ips of these f a c t o r s w e r e too 
genera l o r b road to use as c r i t e r i a f o r 

Figure 6. Geographic location of 2,229 so i l s included in the study. 

With cement migh t be c o r r e l a t e d w i t h 
these f a c t o r s . Usable r e l a t ionsh ips based 
on these f a c t o r s cou ld not be es tabl ished 
that wou ld p e r m i t developing a p rocedure 
to ind ica te cement f a c t o r s . T h i s may be 
due to the p redominan t amount of i n e r t 
sand and g r a v e l - s i z e d p a r t i c l e s contained 
i n these so i l s and the r e l a t i v e l y s m a l l 
amount of c lay and c o l l o i d a l s ize m a t e r i a l 
w h i c h IS chemica l l y the most s i g n i f i c a n t 
I t i s be l i eved , however , that such f a c t o r s 
as h o r i z o n , c o l o r , i d e n t i f i c a t i o n by Grea t 
Soi l Group , may be s i g n i f i c a n t i n a c o r ­
r e l a t i o n of data f o r the s i l t y and clayey 
s o i l s . A s p r e v i o u s l y d iscussed, i t has 
a l ready been es tabl i shed that the cement 

es tab l i sh ing cement f a c t o r s and w e r e 
qui te s i m i l a r f o r a l l the subdiv is ions . 
These compar i sons checked those s i m ­
i l a r l y made and r e p o r t e d p r e v i o u s l y (5). 

A m o s t - p r o m i s i n g r e l a t i onsh ip , how­
ever , was obtained between combined 
s i l t and c lay content, m a x i m u m dens i ty , 
and the r e q u i r e d cement f a c t o r . T h i s 
r e l a t ionsh ip was , t h e r e f o r e , inves t iga ted 
f u r t h e r and an addi t iona l 1,023 sandy 
so i l s i d e n t i f i e d only by t ex tu re w e r e i n ­
c luded i n the group. The t o t a l of 1,548 
s o i l s w e r e designated as Group I s o i l s . 
The cement r equ i r emen t s f o r adequately 
hardening most of these so i l s ranged 
f r o m 7 to 14 percent cement by vo lume 
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acco rd ing to A S T M tes t s and the c r i t e r i a 
l i s t e d p r e v i o u s l y . 

Group I Soi ls 

T h e m a x i m u m densi ty and percent of 
combined s i l t and clay w e r e then p lo t t ed 
f o r the 1,548 so i l s accord ing to cement 
content f o r adequate hardemng. T y p i c a l 

the cement f a c t o r needed f o r n o r m a l l y 
r eac t ing s o i l s of s i m i l a r g rada t ion and 
densi ty may be so delayed that t he re i s 
no appreciable hardness at age 7 days , 
the usual p e r i o d a l l owed f o r cement 
hyd ra t i on . These s o i l s a r e t e r m e d " s l o w -
h a r d e n i n g , " o r "poo r ly r e a c t i n g " sands. 
I t IS necessary , t h e r e f o r e , to conduct 
A S T M s tandard tes ts to de t e rmine the 

11 
8 ^250 
S t 
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Combined silt and clay content of minus Na4 froction-per cent 

5 10 15 20 25 so 35 40 45 50 55 
Combined silt and clay content of minus No 4 fraction-per cent 

Figure 7. Soi l s for which 8 percent cement by volume i s adequate 
based on ASTM tests and which have adequate compressive strength 

according to Figure 1. 

p lo t t ed po in ts f o r so i l s f o r w h i c h 8 p e r ­
cent cement by v o l u m e i s adequate a r e 
shown i n F i g u r e 7. Those f o r 10 percen t 
cement a r e shown i n F i g u r e 8. Curves 
s i m i l a r to those i n F i g u r e 2 w e r e then 
d r a w n to inc lude as many po in t s as pos ­
s ib l e w i t h i n each band of s i m i l a r cement 
f a c t o r s . 

I n check ing the cu rves of F i g u r e 2 f o r 
poss ib le use i n d e t e r m i n i n g cement f a c ­
t o r s , i t became apparent that some c e r ­
ta in ty that cement ing ac t ion o r hardening 
was t ak ing place n o r m a l l y was needed f o r 
use i n con junc t ion w i t h these curves . The 
r a t e of hardening of a f ew sandy so i l s at 

adequate cement f a c t o r w h i c h may be 
qu i te h i g h o r average, depending upon 
ra te of hardening — p a r t i c u l a r l y d u r i n g 
the ea r ly p e r i o d of test ing*. S l o w - h a r d ­
ening so i l s may be recognized by not ing 
the hardness of 7 - d a y - o l d specimens 
molded at cement content usua l ly found 
adequate f o r s i m i l a r n o r m a l l y r eac t ing 
s o i l s . Of t en th i s i s done on inspec t ion of 
mois tu re -dens i ty " t a i l - e n d " specimens (6) 
L o g i c a l l y , compres s ive - s t reng th data 
cou ld be used f o r i n d i c a t i n g s l o w - h a r d -

*For a discussion of "poorly reacting" or "slow hardening" 
sandy soils, see also "Effect of Soil and Calcium Chloride 
Admixtures on Soil-Cement BiUxtures", Proceedings. High­
way Research Board, 1943 
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ening so i l s i f adequate s t reng th c r i t e r i a 
w e r e avai lable . 

I n o r d e r to p r o v i d e such c r i t e r i a , 
7-day compres s ive s t r eng ths ' at the 
cement content p roduc ing so i l - cemen t 
of adequate hardness as de t e rmined by 
A S T M tests w e r e p lo t t ed against percent 
of combined s i l t and c lay content (see 
F i g . 9). Compres s ive s t rengths l o w e r 
than 100 p s i . w e r e not inc luded as they 
w e r e obviously abnorna l ly low and in— 

st rengths obtained at the cement content 
ind ica ted by F i g u r e 2. Curve B , s i m ­
u la t ing Curve A , was then p laced so that 
mos t of these po in ts w e r e below i t (see 
F i g . 10), and the s t rengths f o r mos t of 
the n o r m a l l y r eac t ing so i l s w e r e above i t 
( F i g . 9). Curve B , t h e r e f o r e , r e p r e ­
sents the m i n i m u m compres s ive s t rengths 
that w e r e obtained f o r most n o r m a l l y r e ­
ac t ing so i l s of Group I at the cement 
content needed f o r adequate hardening. 

I Izool 
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Figure 8. Soi ls for which 10 percent cement by volume i s adequate 
based on ASTM tests and which have adequate compressive strength 

according to Figure 1. 

60 

d ica t ive of p o o r l y r eac t ing o r s l o w - h a r d ­
ening so i l s Curve A , F i g u r e 9, r e p ­
resents the average of these p lo t t ed 
s t reng th values. 

The s t rengths f o r so i l s of Group I that 
w e r e found by A S T M tests to r e q u i r e 
h igher cement f a c t o r s than ind ica ted by 
F i g u r e 2 w e r e next p lo t t ed using the 

*Tliese strengths were determined from 2-in -dla ,2-in -
high specimens molded using minus-No -4 soil-cement mix­
ture and soaked 1 hr before testing Available test data 
shows that comparable results wil l be obtained using 4-in -
dla., 4. 6-in -high specimens, such as obtained from most 
moisture-density molds 

The s t rengths at the adequate cement 
content may , however , be cons iderably 
above these m i n i m u m values as the many 
poin ts above Curve B i n F i g u r e 9 shows. 
Compres s ive s t rengths f a l l i n g below 
Curve B w o u l d , on the o ther hand, indica te 
that the cement contents p roduc ing these 
s t rengths a re poss ib ly too low f o r s a t i s ­
f a c t o r y hardening. 

A f i n a l check of the cu rves of F igu re s 
1 and 2 was then made us ing a l l 1,548 
so i l s i n Group I . A cement f a c t o r as i n ­
d ica ted by F i g u r e 2 was f i r s t selected. 
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Figure 9. Seven-day compressive strengths of Group I s o i l s at 
the cerr.ent factor shown adequate by ASTM tests . 
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T h i s cement f a c t o r was cons idered v e r i ­
f i e d i f the compres s ive s t r eng th at t h i s 
cement content f e l l above the m i n i m u m 
cu rve of F i g u r e 1. I f i t f e l l below the 
c u r v e , add i t iona l t e s t ing was cons idered 
necessary f o r d e t e r m i n i n g the cement 
r equ i r emen t . The cement f a c t o r s i n ­
d ica ted w e r e then compared w i t h those 
p r e v i o u s l y obtained f r o m A S T M tests . 
The c o m p a r i s o n produced the f o l l o w i n g 
r e s u l t s : 

Adequate c e m e n t f ac to r s o r the need f o r 
f u r t h e r t e s t ing w e r e ind ica ted f o r 98. 2 
pe rcen t o r 1,520 of the 1,548 so i l s . F o r 
28 o r 1. 8 pe rcen t of the s o i l s , the p r o -

C 19 so 29 » 3o « 
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- Strengths al iitdicotad cement contents 
of Figure 2 These cement factors in-
odequote by ASTM Tests 

600 • - Strengths ot indicated cement ccnierts 
al Figure 2 falling bale* curve B These 
cement factors odequte by ASTM Tests. 
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Figure 10. Seven-daycompressive strengths 
of abnormally react ing s o i l s in Group I . 

Combined 9i i r Old cloy content minus- No-4 fnictnn.pefcent 

Figure 11. Seven-day compressive strengths 
of Group I I s o i l s at the cement content 
in the minus-No . -4 soi l -cement mixture 
e q u i v a l e n t to 7 percent i n the total 

mixture. 

cedure d i d not ind ica te adequate cement 
f a c t o r s ; nor d i d i t ind ica te the need f o r 
add i t iona l t e s t i ng , s ince the s t rengths f o r 
these so i l s at the ind ica ted cement c o n ­
tents f e l l above the m i n i m u m s t reng th 
C u r v e B as shown ui F i g u r e 10. T h e 
cement f a c t o r s ind ica ted f o r 17 of these 
28 s o i l s w e r e j u s t s l i g h t l y less than 
adequate. 

T h e r e w e r e 377 of the 1,548 s o i l s f o r 
w h i c h add i t iona l t e s t i ng was ind ica t ed 
by the p rocedure . T h i s was because the 
s t r eng th at the ind ica ted cement content 
f e l l below the m i n i m u m s t r eng th cu rve 
shown i n F i g u r e 1. M o s t of these so i l s 
w e r e ac tua l ly p o o r l y r e a c t i n g o r s l o w -
harden ing so i l s . T h i s , of course , i s the 
purpose of the m i n i m u m - s t r e n g t h cu rve : 
to p e r m i t r ecogn i t i on of so i l s that a r e 
not ha rden ing n o r m a l l y . I n some cases, 
even though 7-day s t rengths w e r e below 
the m i n i m u m - s t r e n g t h c u r v e , the ra te of 
hardening was such that the c e m e n t f ac to r s 
ind ica ted by the p r o c e d u r e w e r e shown 
adequate by A S T M tests . I n F i g u r e 10, 
f o r example , the po in ts shown below 
C u r v e B and i d e n t i f i e d by an X a r e i n 
t h i s ca tegory . The po in ts below Curve 
B i d e n t i f i e d by dots r epresen t those so i l s 
i n the group of 377 f o r w h i c h A S T M tes t 
r e s u l t s showed that h ighe r cement f a c t o r s 
than i nd i ca t ed by F i g u r e 2 w e r e ac tua l ly 
needed. 
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Group n Soils 

Of the remaining soils under study, 
472 were designated as Group I I . These 
consisted of 222 soils classified texturally 
as gravel and sand, 171 classified as sand 
and gravel and 79 classified as gravelly 
loamy sand. According to ASTM tests 7 
percent cement by volume of total mix­
ture was adequate f o r 444 of these soils 
indicating a rather consistent cement 
factor f o r the group. 

These soils were handled in the same 
manner as Group I soils, except that no 
chart s imi la r to Figure 2 i s needed since 
7 percent cement is the indicated cement 
factor. To develop a minimum-strength 
curve, 7-day compressive strengths of 
minus-4 material with a cement content 
equivalent to 7 percent in the total mix­
ture were plotted (see Fig. 11). Line A 
was drawn to include above i t most of 
the soils which actually required 7 per­
cent cement and to include below i t those 
requiring more than 7 percent cement. 
Line A, therefore, was considered as 
representing about the minimum com­
pressive strengths generally obtained 
f o r normally reacting Group I I soils with 
7 percent cement by volume of total mix­
ture. Compressive strengths below this 
line were considered to indicate that over 
7 percent of cement by volume of total 
mixture may possibly be required and 
that ASTM testing is needed to definitely 
establish the cement factor. Line A of 
Figure 11 I S the minimum-compressive-
strength curve shown in Figure 4. 

The following results were obtained fo r 
the 472 Group I I soils using Line A of 
Figure 4 as a strength cr i ter ion. 

The compressive strengths f o r 414 
of the 472 soils at the cement content in 
the minus-No. -4 mixture equivalent to 7 
percent in the total, were above the min ­
imum specified in Figure 4 and the 7 
percent cement content was thereby 
verif ied. 

For 58 soils, the compressive strengths 
f e l l below the minimum curve, indicating 
that additional testing was needed to 
determine the cement factor. For 28 
of the 58 soils, a cement factor of over 
7 percent cement by volume of total mix -

'Some of these soils probably could be adequately hardeoed 
with less cement, but cement content^ below 7 percent by 
volume were generally not Investigated. 

ture was obtained by ASTM tests, and 7 
percent was found adequate f o r the re ­
maining 30 soils. 

There were no soils of this group that 
had strengths fa l l ing above the minimum-
strength curve, which required a cement 
factor of more than 7 percent by volume 
of total mixture. 

Group in Soils 

The remainder of the soils under 
study, 209 miscellaneous sandy materials 
such as scoria, shale, slag, were placed 
in Group in. In general, the data fo r 
each type material available f o r study 
were insufficient to permit correlations 
or the assignment of specific cement 
factors. 

Probable cement requirements based 
on available data and e:q)erience are 
listed in Table 2, along with pertinent 
information that w i l l serve as a guide 
and be useful in reducing laboratory work 
when these materials are to be tested. 
Since no correlation was made, ASTM 
tests in modified f o r m are required to 
indicate cement factors. Generally, i t 
w i l l be necessary to mold and test only a 
few specimens, as indicated by the sug­
gested step-by-step procedures f o r Group 
ni soils. 

The miscellaneous materials studied 
and the cement factors required as de­
termined by ASTM tests were: 

Shell soils (soils containing appreci­
able amounts of shells) - 48 included. 

The step-by-step procedure suggested 
f o r Group I and I I soils can be used to 
determine cement factors. 

Limestone screenings - 20 included 
The step-by-step procedure suggested 

f o r Group I and I I soils can be used to 
determine cement factors. 

Red dog - 8 included 
Cement requirements ranged f r o m 7 to 

9 percent by volume; 4 required 9 percent. 

Shale - 21 included 
Cement requirements ranged f r o m 7 to 

16 percent by volume, the majori ty re­
quired 10 to 12 percent. 

Caliche - 24 included 
Cement requirements ranged f r o m 7 to 

9 percent by volume. 
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Cinders - 51 included 
Cement requirements ranged f r o m 7 to 

16 percent by volume, the majori ty re ­
quired 7 to 10 percent. 

Chert - 3 included 
Two required 8 percent by volume and 

one required 10 percent. 

Chat - 11 included 
Cement requirements ranged f r o m 7 to 

16 percent by volume, the majori ty re­
quired 7 percent. 

M a r l - 6 included 
Cement requirements ranged f r o m 9 

to 12 percent by volume. 

Scoria - 4 included 
Cement requirements ranged f r o m 8 to 

14 percent by volume. 

Slag - 8 included 
Cement requirements f o r 6 air-cooled 

slag samples ranged f r o m 7 to 13 per­
cent by volume and f o r two samples of 
water-cooled slag cement requirements 
were 10 and 11 percent by volume. 

F i re clay - 1 included 
Cement requirement 11 percent by 

volume. 

Iron Ore Base - 1 included 
Cement requirement 11 percent by 

volume. 

Br ick waste - 1 included 
Cement requirement 7 percent by 

volume. 

Roofing granules - 2 included 
One required 7 percent cement by v o l ­

ume and one 9 percent. 

SUMMARY AND SUGGESTIONS 

From this study a correlation of test 
data was made, making i t possible to 
develop step- by -step procedures f o r 
quick determination of adequate cement 
factors of most sandy soils encountered 
in soil-cement construction. Soil-cement 
test data fo r 2,229 sandy soils f r o m al l 

over the Umted States and Canada pre­
viously tested in accordance with ASTM 
-AASHO standard test procedures were 
used in the study. 

The step-by-step procedures are ap­
plicable only to sandy soils containing 
less than 20 percent clay and less than 
50 percent combined s i l t and clay. Dark-
gray to black soils containing appreciable 
organic materials are excluded. Only a 
few, well-known, simple laboratory tests 
and charts developed by the study are used 
in following the procedures. Time and 
work involved in establishing adequate 
cement factors following the procedures 
are greatly reduced over that usually 
required f o r making complete ASTM-
AASHO standard tests. In addition, 
much-smaller soil samples are needed 

The step-by-step procedures provided 
reliable methods f o r establishing safe 
cement factors f o r 98. 7 percent of the 
soils in the study. While the cement 
factors obtained were practical , they 
were not always the minimum or most 
economical that could be used to harden 
the soil . 

I t I S therefore suggested that the pro­
cedures and charts be usedf or determining 
cement factors of sandy soils fa l l ing in 
the three groupings listed. They should 
be used in their present f o r m unti l local 
test data and experience are obtained to 
permit revision of the charts fo r local 
conditions. 

I t is believed that the testing procedures 
suggested w i l l f ind wide application and use 
by state, county, and city engineers, as 
wel l as by mi l i ta ry engineers, since the 
procedures are easily and quickly applied 
and only small soil samples are needed. 
The charts and figures, f o r example, w i l l 
be helpful in estimating probable cement 
factors to permit making job estimates 
before any tests are made. 

The procedures can be used to ad­
vantage in conjunction with such work as 
establishing cement factors f o r major key 
soil series that cover wide areas. 
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Discussion 

D. T. DAVIDSON, Associate Professor of 
C iv i l Engineering, Iowa State College — 
The lack of knowledge about the factors 
controlling the complex reactions between 
soil and portland cement has necessitated 
the development and use of empirical 
procedures, such as the ASTM andAASHO 
standard methods, fo r determining the 
cement requirement f o r adequately hard­
ening soil . As pointed out by Leadabrand 
and Norling, the standard methods have 
proved to be dependable in most cases, 
but the time required to get the cement 
requirement by them is objectionably 
long. Because of this, procedures which 
w i l l give quicker, reliable results are 
greatly needed. 

The method f o r quickly determining 
the cement requirement f o r sandy soils 
I S an important contribution and should 
prove to be a useful and time-saving sup­
plement to the standard methods. I t i s , 
however, subject to the limitations of a l l 
empirical methods, principal among 
which I S that the user does not understand 
the reasons f o r test results, whether 
poor or exceptionally successful. An 
understanding of results is necessary if 
we are to improve the interaction between 
soil and cement and to extend the use­
fulness of soil-cement stabilization to 
soils which now are considered unsuit­
able f o r this type of treatment. 

Empir ical methods w i l l in a l l l i ke ­
lihood continue to be used until the f r o n ­
t iers of soil knowledge have been con­
siderably advanced. The ultimate goal, 
however, should be a rational method 
based on known relationships between soil 
composition and cement requirements. 
The attainment of such a goal w i l l require 
the active collaboration of a l l agencies 
working with soil-cement in al l parts of 
the world. The Soil Research Laboratory 
of the Iowa Engineering Experiment 
Station, which is investigating these re ­
lationships f o r loess soils, desires to 
cooperate fu l ly with a l l other organiza­
tions engaged in s imi lar work. 

A. B. CORNTHWAITE, Testing Engineer, 
Virginia Department of Highways — The 
problem of adequate investigation and 
control of highway construction mate­
r ia ls with a minimum amount of per­
sonnel and time delay in a r r iv ing at a 
reasonable and acceptable solution has 
never before been so forcibly brought 
to the attention of highway engineers 
as at the present time. Shortages in 
personnel, whether competent or i n ­
competent, I S now an old story to ad­
ministrators. While this report i s l i m ­
ited in i ts applications to sandy soils, I 
am certain more is yet to come. 

In laboratories already overcrowded 
with samples f o r analysis, the reduction 
in size f r o m approximately 100 lb. to 
samples of 25 to 40 lb. , and the com­
pletion of the analysis in f r o m 7 to 10 
days w i l l be a real boon. This provides 
the real incentive fo r additional work 
along this line. 

Recognition is made in the report 
that local conditions require special 
study and of the probable need f o r the 
development of modified curves fo r par­
ticular areas. S t i l l , the foundation has 
been laid f o r a shortened procedure. 

I t was noted that Virginia contributed 
68 samples, or 3. 05 percent of the 2,229 
samples of sandy soils studied. Exactly 
how many were included in each of the 
groups of soils studied is not known. 
However, i t is fe l t that although per­
centage-wise Virginia had good repre­
sentation in the correlation study, the 
large areas of the Midwest with large 
soil areas having s imilar characteristics 
may have had a cumulative effect that i n ­
fluenced the locating of the various curves. 

The identification of soils by horizons 
I S not feasible in the majori ty of our 
soil-cement work. With most projects 
being the improvement of existing roads, 
the determination that the present road­
bed can be stabilized with cement is of 
major importance. In addition, the soil 
mantle f o r the A horizon generally is a 
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matter of f r o m 2 to 6 i n . , and f o r the 
B horizon f r o m 3 to 10 in. Naturally, 
f i e l d operating conditions w i l l not permit 
a very accurate separation of these mate­
r ia ls f r o m each other, or even f r o m the 
C horizon. Further, i t has been found 
in the grading and shaping of our roadways 
f o r cement stabilization that i t is the 
practice rather than the exception to pul l 
in a large amount of unsuitable material 
f r o m the shoulders and ditches. This 
must be taken into account when deter­
mining the correct cement content. 

Reviewing a portion of the soil-cement 
work done in Virg in ia during the past 2 
years and analyzing data in the light of 
the report under discussion, we f ind that 
of a total of 58 projects, 30 f a l l within 
the textural classification of Group I 
soils, 26 carr ied "clay" description and 2 
are classed as loams. Three could not 
be stabilized with cement but did carry 
textural classifications of clay loam, 
sandy clay, and f ine sandy loam s imi lar 
to other work which could be stabilized 
and located in the same area. I t is be­
lieved that excessive organic matter was 
responsible f o r this situation. 

The cement requirement as we de­
termined i t f o r these projects is con­
siderably above the minimum require­
ment based on the curves presented by 
Leadabrand and Norling. Perhaps we 
have been more r ig id in our specification 
requirements than necessary, but at the 
same time we have been l iberal in the 
interpretation of our analytical data as 
regards the relation between compres­
sive strength, freeze-thaw, and wet-dry 
tests. In a l l laboratory testing we have 
used a minimum of three different cement 

contents and our recommendations ranged 
f r o m 10 to 14 percent cement necessary 
f o r proper stabilization. By the Portland 
Cement Association c r i t e r i a presented 
today, 8 percent would have been ade­
quate fo r the majori ty of projects. 

In conclusion, I think a rational ap­
proach to a shortened testing procedure 
has been offered. A careful study of the 
data f o r each soil area w i l l permit the 
development of curves s imi lar to those 
offered and w i l l take cognizance of special 
local conditions. 
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Effectiveness of Various Soil Additives 
for Erosion Control 
LOUIS J. GOODMAN, Assistant Professor of C iv i l Engineering, 
Ohio State University 

THIS paper summarizes an extensive search f o r soil additives that can re ­
duce the damaging effects of ra infal l on steep slopes and thereby curb erosion. 
Described are laboratory testing procedures developed f o r hydromechanical 
studies of soil erosion and f o r evaluating the soil additives studied. As a check 
on the laboratory work, f i e l d slopes have been set up in several sections of 
the country and observations on these have been quite encouraging. 

Although no entirely successful material was found during these investiga­
tions, one has proved to be- quite effective on certain soi l types. Several other 
additives have shown good possibilities on one or two soil types. In order of 
their effectiveness based on current test data these are: (1) Monsanto CRD- 189; 
(2) Monsanto CRD-186; (3) soil-cement aggregates; (4) Dupont Orchem DV-
71; (5) Aero t i l ; and (6) Dupont Elchem-1089. 

As a result of this study, two practical methods of application were evolved: 
(1) spread additive on surface uniformly and wet down and (2) bake in additive to 
a depth of about V2 in. and wet down. 

# EROSION is one of the more-serious 
problems encountered by engineers and 
soil conservationists. Highway cut and 
f i l l sections, upstream faces of earth 
dams, and other types of earth slopes 
must be protected against erosion. Cur­
rent control methods are either too ex­
pensive or detrimental to vegetation, 
which is the simplest means f o r protec­
tion of most slopes. Many fine-grained 
soils, which are not conducive to vege­
tation, are highly susceptible to erosional 
damage. 

Navy interest in soil-erosion studies r e ­
sults f r o m its control of nearly 4, 500,000 
acres of land in this country, ranging 
f r o m barren desert to heavily timbered 
areas. Erosion is a particular problem 
at ammunition depots and airf ields. Con­
sequently, late in 1950 the current re ­
search project was inaugurated by the 
Bureau of Yards and Etocks, U. S. Navy 
Department, to make hydromechanical 
studies of soil erosion and e}q)lore tech­
niques f o r controlling construction of 
slopes. Important parts of the over-al l 
objectives include: (1) design and con­
struction of a device fo r simulating 
ra infa l l in the laboratory; (2) location 

of additives that would reduce drast i ­
cally the effects of ra infa l l on steep 
slopes and be conducive to plant l i f e ; 
(3) determination of the practicality of 
promising additives fo r f i e ld use; and 
(4) establishment of a mathematical re­
lationship between the energy of ra in­
drops and soil loss. 

Since the texture and chemical com­
position of soils vary over such a wide 
range, and since even slight changes in 
these properties greatly influence the 
susceptibility of soils to the erosional 
processes, the problem of curbing e-
rosion by soil additives is extremely 
complex and one unlikely to be solved 
by a single, simple method. 

I t I S the purpose of this paper to sum­
marize the progress made to date and to 
stimulate more interest in this urgent 
problem. 

MATERIALS TESTED 

Soils 

In order to test the effectiveness of 
prospective soil additives upon a wide 
range of fine-grained soils, samples 
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were obtained f r o m various parts of the 
country. The characteristics of the 
soils used to date are shown in Table 1. 

Additives 

Six additives have been investigated as 
to effectiveness in curbing soil erosion at 
the time of this wri t ing. A brief descrip­
tion and source of each additive is given 
in Table 2. 

TESTING PROCEDURES 

Since soil erosion is "a process of de­
tachment and transportation of soil mate­
r ials by erosive agents," ' i t was believed 
that the pr imary solution to the erosion 
problem on steep slopes must he in the 
prevention of the detachment of particles 
of soil . Realizing that the principal 
detaching agent is the raindrop, i t was 

'W D ElUson, "Soil DeUchment and TransportaUon," pub­
lished in U S Soil Conservation Service "Soil ConservaUon", 
February 1936, Volume n , No 8 

decided to run a sufficiently large num­
ber of splash tests to determine the ef­
fectiveness of various additives in r e ­
ducing the splash loss of soils subjected 
to high erosional damage. * 

For determining the splash loss of a 
given soi l , an a r t i f i ca l - r a in fa l l ap­
plicator was designed and constructed. 
Figure 1 shows three splash cups in 
place on a rotating table under the ra in­
f a l l applicator. Model slopes of varying 
degree were also investigated under 
this applicator. Photogr^hs of two 
typical model slopes after a splash test 
are shown in Figure 2, The use of a 
rotating table and the practice of osc i l ­
lating the screen ensures identical r a in ­
f a l l treatment on a l l soi l samples. A 
complete description of the equipment 
used in the splash-loss analyses and i t s 
function w i l l be found in a previous paper* 
wri t ten by the author. 

At the outset of the investigation i t 
was realized that a simple, yet effective, 
method f o r screening the various addi­
tives must be found. Ini t ia l ly , to estab­
l i sh a trend on the effectiveness of an 
additive, gradation analyses were run on 
soil samples treated with an economical 
concentration of the additive (0. 2 percent 
of dry weight). These results were then 
compared to mechanical analyses on the 
untreated soil samples, and i f the per­
centage of treated soil passing the No. 
200 sieve was i-educed by one half or 
more, the additive was considered prom­
ising. Due to the shortcomings of this 
method, i t was later decided to evaluate 
additives in the following manner: 

1. Sprinkle an economical concen­
tration of the additive in question into a 
s lurry of water and fine-grained soil . 
In most cases, i f the water is taken up 
and the f ine grains of the soil f o r m into 
aggregations or clumps, the additive w i l l 
be effective in curbing erosion. 

2. Then, as a check on Step 1, treat­
ed soil crumbs are placed in a beaker of 
water. I f the treated crumbs maintain 
their shapes indefinitely (untreated crumbs 
w i l l disintegrate immediately), i t is 
fe l t that the additive should be investi-

"These soils are principally line sands, silts, and clays 

' L J Goodman, "Erosion Control in Engineering Works", Ag­
ricultural Engineering (March, 1952) 
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F i g u r e 2. An u n t r e a t e d model s l o p e ( a t l e f t ) i s compared w i t h a 
CRD-189 s u r f a c e - t r e a t e d s l o p e ( a t r i g h t ) a f t e r a 1 5 - m i n . s p l a s h 

t e s t . 

TABLE 1 

CHARACTEMSTICS OF SOILS INVESTIGATED 

Shade River 
Delaware Sand 
Boston Blue Clay 
Mechanicsburg, Pa. 
University Farm 
Blendon Woods (Cut) 

G. Olentangy Sand 

H. Muskingum Sand 

J. Blendon Woods (Fi l l ) 

K. Delaware sil t 

L. Olentangy (East Bank) 
M. New Jersey P. S. 

(Yellow) 
N. New Jersey G. S. 

(Red) 
O. Stonelick 
P. Tusca-Meigs 
Q. Crane Ind. 
R. New Jersey 

(Pier Area No. 1) 
S. New Jersey 

(Pier Area No. 2) 

Gravel Sand Silt Clay 
% % % % 
0. 0 81. 25 16. 25 2. 50 
0.0 71. 1 28. 9 0. 0 
0.0 0.0 36. 0 64.0 
3.0 14. 5 46. 0 36. 5 
2.0 50. 5 22. 5 25.0 
3.0 22. 0 44. 0 31. 0 

0.0 81. 0 17. 0 2.0 
23. 08 69. 23 5. 23 2. 46 

8. 62 9. 96 39. 95 41. 47 

10. 25 46. 06 41. 9 1. 79 

6. 60 7. 96 54. 25 30. 74 

0. 41 84. 09 13. 31 2. 19 

0. 5 83. 5 7. 6 8. 4 

5. 5 8. 5 66. 5 19. 5 
0.0 3.2 37. 5 59. 3 
0.0 18. 6 47. 6 34. 8 
0 50. 2 31. 4 18.4 

0 51.0 26. 6 22.4 

Uniformity* 
Coeff. 

6.3 
7.8 

29.0 
9. 1 

29.9 

12.0 
7 .1 

11.7 

9. 1 

51. 1 

5.6 

67.5 

7.6 
0.0 

23.6 
2.7 

14.2 

Liquid Plasticity 
L i m i t Index 

(Not plastic) 
(Not plastic) 

39. 2 16. 7 
31. 2 10. 3 
39. 5 15. 9 
33. 7 15. 5 

(Not plastic) 
(Not plastic) 

36. 0 19. 95 

(Not plastic) 

43. 1 17. 27 

(Not plastic) 

(Not plastic) 

33. 0 6. 4 
51.3 24.07 
30. 7 21. 8 

(Not plastic) 

Specific 
Gravity 

2. 63 
2. 73 
2.74 
2. 75 
2.71 
2. 73 

2. 65 
2. 68 

2. 72 

2. 70 

2. 76 

2.69 

2. 72 

2. 67 
2. 77 
2.70 
2. 57 

2.58 

H Description 

(Not plastic) 

•Uniformity coefficient is defined by Hazen as the rat io of diameter of 60-percent size to diameter of 10-percent size 

6. 1 Silty Sand 
9.4 Silty sand 
8.0 Very sil ty clay 
7. 2 Clayey si l t w/sand 
7. 3 Clayey silty sand 
- Clayey si l t with 

appreciable sand 
- Silty sand 

8.4 Gravelly sand w / 
some fines 

7.2 Silty clay w / sand 
sizes 

9.0 Sandy s i l t w / 
some gravel 

6. 8 Clayey s i l t w / 
sand sizes 

5.7 Silty sand 

5.3 Sand with some 
fines 

5. 8 Clayey s i l t 
- Very silty clay 

5. 8 Clayey s i l t w / sand 
4. 2 Silly sand w / clay 

3. 8 Silty sand w / clay 
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gated in a splash-loss analysis. 
In preparing f o r a splash test, the soil 

samples were compacted into the splash 
cups in three layers and struck off. The 
compactive effor t was predetermined to 
give a density comparable to the in si tu, 
or natural, density f o r each soil . The 
soil samples were brought to a standard 
condition of moisture before the test by 
putting water in the jars and allowing sat­
uration to takeplace via cotton wicks over 
night (see Fig. 1). The ja r served another 
function in collecting the water that would 
seep down through the soil during the test, 
giving a relative measure of inf i l t ra t ion . 

Muskingum 

Eorl^NJ .6 S 

Eorle.NJ.. R S 

Blendon Woods 

0 0 2 0 4 
CRO-189 Treotment in gms 

F i g u r e 3. Treatment v e r s u s i n f i l t r a t i o n 
c u r v e s f o r v a r i o u s s o i l s . 

For the treated samples, the soil ad­
ditives were applied either as a surface 
or rake-in treatment at a concentration 
comparable to 1 lb. per 100 sq. f t . Then 
both treated and untreated soil samples 
were surface moistened. The surface 
moistening served a dual purpose: (1) 
water soluble additives such as M o n ­
santo's materials must be put into solu­
tion to cause the aggregation to take 
place. (2) A l l soil samples should be 

zoo 
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F i g u r e 4. Treatment v e r s u s i n f i l t r a t i o n 
c u r v e s f o r v a r i o u s s o i l s . 

kept in a standard condition of mois­
ture before the test. 

I t was found desirable to use an o i l 
cloth large enough to cover a l l the sam­
ples unti l the ra infa l l applicator was 
functioning properly. Also, upon com-

> 
1 

1 
Plastic Limit 
Ltqutd Limit 

CR[ 
J -
>- I86&A 

05 25 30 10 15 20 
Percentage of Chemicol in Soil 

F i g u r e 5. L i q u i d and p l a s t i c l i m i t s v e r ­
sus c o n c e n t r a t i o n o f chemica l f o r Boston 

B l u e C l a y . 
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F i g u r e 6. L i q u i d and p l a s t i c l i m i t s v e r ­
sus c o n c e n t r a t i o n o f chemica l for Blendon 

Woods F i l l . 

pletion of a test, the samples were again 
covered quickly unti l a l l dripping had 
ceased 

Rainfall intensity was measured by 
placing two water containers diamet-
t r ica l ly opposite each other on the tu rn­
table. 

In tests to date, a raindrop diameter 
of 5. 04 mm. , which compares favorably 
with the size of drop encountered in 
erosive rainstorms, has been used. This 
was accomplished by employing a Vi6 - i n . -
diameter cotton yarn with a 2-in. -mesh 
wire screen. 

Duplicate samples of a well-rounded 
standard sand (60 to 70 gradation) were 
also investigated in each splash test to 
compile data fo r the mathematical analyses 
of detachability. 

Splash loss I S determined by obtaining 
the differences in oven-dry weights of 
each sample before and after the test. 

Inf i l t ra t ion data were obtained with 
different concentrations of CRD-189. 
In this phase of the investigation the drip 
screen was lowered several inches above 
the splash cups to eliminate impact ef­
fects on the soil surface. 

The effects of the additives on the 
plastic and liquid l imi t s of certain of the 
soil samples were also investigated 

TEST RESULTS 

The laboratory splash-loss analyses 
are summarized in Table 3. In studying 
these test results, i t should be realized 
that most of the materials investigated 
were not developed pr imar i ly fo r erosion 
control and that the results obtained in 
this connection do not necessarily reflect 
the effectiveness of these materials when 
used fo r other purposes. 

Inf i l t ra t ion data to date have been 
compiled on CRD-189, one of the most 
promising additives f o r erosion control 
used to date. The results of this study 
are shown in Figures 3 and 4. 

The effect of various concentrations 
of CRD's 186 and 189 on the liquid and 
plastic l imi t s of soils C and J are shown 
in Figures 5 and 6. 

Discussion of Results 

CRD-189, when applied as a surface 
treatment, ranged f r o m excellent to f a i r 
in effectiveness in reducing the splash 
loss on a l l soils investigated with the ex­
ception of Soil B. As can be noted f r o m 
Table 3, this resin was very effective 
on half of the soils on which i t was tested, 
reducing splash loss by as much as 24 
times on Soil O, a s i l t containing ap­
preciable clay. I t might be well to men­
tion here that Monsanto's CRD's have 
remarkable effects in altering the struc-

Oupont 
Elchem 
1089 

T A B L E 2 

Description 

Monsanto Sodium salt of hydrolyzed 
CRD-189 polyacrylonltrlle -

powder lorm 
known commercially 
as "Krllium" 

Monsanto Calcium carboxylate 
CRO-186 polymer 

- powder form 

Soil- Aggregates made from 
cement a workable mortar of one 
aggregates part cement to eight 

parts natural soil (by wL )| 
Aggregates passing a 
Inch screen and retained 
|ona number 8 screen used. 

4 Dupont 
Orchem 
DV-71 

5 AeroUl Hydrolyzed polymer of 
acrylonltrlle 

wettable flakes 

Acidic vinyl polymer 
powder form 

Source 

Monsanto 
Chemical 
Company 

Monsanto 
Chemical 
Company 

Ohio State 
University 
concrete 
laboratory 

Dupont Chemical 
Company 

American Cyanamide 
Company 

Dupont Chemical 
Company 
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F i g u r e 7. A CRD-189 s u r f a c e - t r e a t e d s l o p e ( a t l e f t ) and a c o n t r o l 
s l o p e ( a t r i g h t ) i l l u s t r a t e e f f e c t s o f f r o s t a c t i o n on e r o s i o n . 

ture of many soils containing clay par­
ticles, increasing aggregation. It can 
also be noted from Table 3 that CRD- 189, 
when applied as a rake-in treatment, ac­
tually increased the splash loss. This 
appears to be due to the swelling effect 
the additive has when raked into the soil. 

It can be seen in Table 2 that CRD-
186 ranged from excellent to fair in 
effectiveness in reducing splash loss, 
both as a surface and a rake-in treat­
ment, on nearly all soils investigated. 
Generally speaking, better results were 
obtained from the surface treatments, 
but the splash loss was reduced by ap­
proximately 16 times when this polymer 
was raked into Soil A, a silty sand. 

Soil-cement aggregates showed good 
results on the silty sand from Earle, 
New Jersey, but a large concentration 
was needed. Crushing the mortar into 
aggregate sizes that will be effective in 
reducing splash loss and yet not reduce 

percolation has posed a problem. Ade­
quate coverage for preventing the blast­
ing effect of the raindrop is necessary, 
but the coverage must not be detrimental 
to vegetation. 

To date, DV-71 has been investigated 
on several soil types. From these in­
conclusive results, it appears that this 
new additive will be quite effective in 
curbing soil erosion on both clayey and 
sandy soils. 

Aerotil had no effect in reducing splash 
loss of clayey soils but was quite effective 
on a silty sand. This is a new additive 
and more test data are required. 

Finally, it can be noted from Table 2 
that Elchem 1089 showed only fair re­
sults. In some of the tests not sum­
marized here this chemical appeared to 
be quite erratic, and at present it does 
not hold much promise as a controller of 
soil erosion. 

It was hoped to establish a correlation 
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between infiltration and splash loss on the 
soils investigated with aCRD-189 surface 
treatment. On the basis of the data com­
piled at this writing, the results appear 
to be quite erratic in that splash loss re­
duction was effective on soils with both 
increased and decreased infiltration. 
However, it can be noted from Figures 
3 and 4 that the infiltration shows a de­
creasing trend at the 0.4-gram con­
centration of CRD-189 for all soils ex­
cept Soil J . This concentration is com­
parable to 1 lb. per 100 sq. ft. A more 
rigorous analysis of water percolation 
will be conducted at a later date in the 
form of falling-head permeability tests. 

It is interesting to note from Figures 
5 and 6 that both the liquid and -plastic 
limits were increased at the 0. 2-percent 
concentration of CRD-189 and CRD-186. a 
concentration comparable to the 1 lb. 
per 100 sq. ft. used in the splash-loss 
analyses. This increase in liquid and 
plastic limits indicates an increase of 

the strength of the soils. Since the 
splash loss of Soils C and J was r e ­
duced by these two chemicals, it appears 
that the plasticity tests might well be 
used in screening additives for erosion 
control of cohesive soils. This trend 
has been observed on other clayey soils 
and will be investigated in detail. - i 

F I E L D INVESTIGATIONS 

Experimental plots have been estab­
lished in several sections of the country 
to obtain field correlations with lab­
oratory results. To date the only ad­
ditives used in the field have been Mon-
santo's CRD's, but additional experi­
mental slopes will be established in the 
immediate future with other promising 
additives, especially Dupont DV-71. The 
concentration of chemicals used in the 
field has been similar to laboratory 
concentrations. 

At the U. S. Naval Ammunition Depot 

mm 
F i g u r e 8. An u n t r e a t e d s lope ( l e f t ) and a a(D-189 s u r f a c e - t r e a t ­
ed s l op e ( r i g h t ) a r e compared a f t e r s e v e r a l h i g h l y e r o s i v e r a i n ­

s torms . 
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Soil 
How 

Investigated Treatment 

T A B L E 3 

Concentration Rainfall 
of AddlUve Intensity 

Iph. 

Duration 
of Test 

rnia. 

Free Fal l 
of 

Raindrop 
Average 

Splash Loss 
grams 

A Splash Cups Control (Untreated) 1 lb/100 sq f t 615/16 20 14 79 8 Splash Cups 
CRD-186 (Rake-in) " 4.8 

186 (Surface) •* 12.0 
189 (S)* 47.7 
189 (R)* 101 3 

B Splash Cups Control 1 lb/100 sq. f t 8 20 14 75.3 
CRD-186 (S) 21.0 

186 (R) 58.9 
189 (S) 86.2 
189 (R) 124.1 

C Splash Cups Control 7 5/16 20 14 62.2 Splash Cups 
CRD-186 (R) 1 lb/100 sq f t 39.5 

186 (S) 40.0 
189 (S) 46.4 
Control 3 30 6 13.6 

AeroUl (S) 14.6 

D Splash Cups Control 615/16 20 14 67 9 Splash Cups 
CRD-189 (S) 6.8 

186 (S) 15.1 
186 (R) 35.3 
189 (R) 13.1 

E Splash Cups Control 9 20 14 81. 6 Splash Cups 
CRD-186 (R) 1 lb/100 sq f t 47.9 

186 (S) 68.3 
189 (S) 73.0 
189 (R) 123 4 

F Splash Cups Control 8% 20 14 86.9 
CRD-186 (R) 1 lb/100 sq f t 17.1 

186 (S) 59. 0 
189 (S) 59 7 
Control 2'A 30 6 14.0 

AerotU (S) 13.5 

G Splash Cups Control 10 20 14 98.7 
CRD-189 (S) 1 lb/100 sq ft 21.3 

186 (R) 
1 lb/100 sq ft 

91.8 

H Model Slopes Control 3 20 9 7 L 5 Model Slopes 
CRD-189 (S) 1 lb/100 sq. f t 64.4 

J Splash Cups Control 3 30 6 12. 5 
AerotU (R) 1 Ib/IDO sq f t 19 5 

Control 60 6 18.6 
Elchem 1089 (3) 2 lb/100 sq ft 15.2 

Control 1% 60 6 15 7 
DV-71 (S) 15 Ib/IDO sq f t 7 6 

Model Slopes Control 3'/, 15 9 170.5 
CRO-186 (S) 1 lb/100 sq. f t 16.4 

189 (S) l&O 

K Model Slopes Control *% 20 9 75.9 
CRD-189 (S) 1 lb/100 sq f t 11.3 

186 (S) 12.9 

L Splash Cups Control 2'A 60 6 26.0 
CRO-189 (S) 1 lb/100 sq. f t 13 3 
Elchem 1089 2 24.4 

Control 3 11.5 
AerotU (S) 1 lb/100 sq. f t 13.0 

Control 2 '/•« 60 6 22 0 
CRD-1S9 (S) 1 lb/100 sq. f t 10.0 
DV-71 (S) 15 lb/100 sq. f t 

3 v. 
15.2 

Model Slopes Control 3 v. 20 9 217 0 
CRO-189 (S) 1 Ib/IOD sq. f t 97.8 

M Splash Cups Control 30 9 37.8 
CRO-189 (S) 1 Ib/IOD sq f t 3.6 

186 (S) 
2 % 

7.3 
Control 2 % 15 9 18.1 

SoU-Cement(l 4) 35 lb/100 sq. f t 10.0 

Model Slopes Control 4% 20 9 272 6 Model Slopes 
Soil Cement (1. D) '/< Inch depth 9 9 

Control 3'A 20 9 225 3 
CRD-189 (S) 1 lb/100 sq f t 17 3 
Elchem 1089 2 lb/100 sq f t 190 8 
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T A B L E 3 (continued) Free FaU 

Sou 
How 

Investigated Treatment Concentration 
of Additive 

Rainfall 
Intensity 

Iph. 

Duration 
of Test 

mln. 

of 
Raindrop 

Average 
Splash Loss 

grams 

N Splash Cops Control 
AerotU (S) 

Control 
1 lb/100 sq. f t 

1% 

2 U 

30 

60 

6 

6 

14.9 
6.6 

36.9 
DV-71 (S) 

Control 
CRD-186 (S) 
Elchem 1089 (S) 

15 lb/100 sq. 

1 lb/100 sq. 
2 " 

f t 

f t 
2' / . , 60 6 

10.9 
28.4 

8.6 
16 2 

0 Splash Cups Control 
AerotU (S) 1 Ib/lOO sq f t 

2 % 30 6 39 2 
35.6 

Model Slopes Control 
CRD-189 (S) 

186 (S) 
1 lb/100 sq f t 

4V. 20 9 213.3 
8.7 

92.6 

p Splash Cups Control 
AerotU (S) 1 lb/100 sq f t 

2 v. 30 6 39 2 
35.6 

Model Slopes Control 
CRD-189 (S) 

186 (S) 
1 lb/100 sq f t 

5 20 9 224.0 
27 1 
55.2 

Q Splash Cups Control 
DV-71 (S) IS lb/100 sq f t 

4% 30 6 29 1 
10.8 

* S denotes surface appllcaUon 
R denotes rake-ln application 

in Earle, New Jersey, slopes of 1 on 2 
(1 ver t ical to 2 horizontal) and f r o m 60 
to 78 f t . long were selected f o r f i e l d -
testing the chemicals. Generally speak­
ing, results have been quite encouraging 
in this area. However, one group of 
plots was established in the late f a l l of 
1951 to determine the f i e ld effects of 
f ros t action on treated slopes with no 
vegetation present. The results of this 
investigation after an average winter are 
shown in Figure 7. I t can be seen that a 
surface treatment of CRD-189 at a con­
centration of 1 lb. per 100 sq. f t . was 
not effective m controlling erosion due 
to f ros t action. This may be due to 
soi l , which is very acid (pH = 4.0), or 
due to the ineffectiveness of this par t ic­
ular chemical in controlling f ros t action. 
This matter w i l l be investigated in detail. 

Fair ly steep slopes were also estab­
lished on a highway f i l l section in the 
Blendon Woods Metropolitan Park area, 
Columbus, Ohio, (Soil J). Results f r o m 
this section have been excellent. Figure 
8 shows a control (untreated) slope and a 
CRD-189 surface-treated slope after 
several highly erosive rainstorms. The 
control slope was severely eroded, where­
as the treated slope shows no sign of 
erosion. 

Figure 9 I S a photograph taken recent­
ly of the f i l l section at the Blendon Woods 
Metropolitan Park area. The slope on 
the right is untreated while that on the 

lef t has a CRD-189 surface treatment 
at a concentration of 1 lb. per 100 sq. 
f t . Both plots were seeded and f e r t i l i z ­
ed simultaneously. Note the heavy growth 
of grass on the treated p lo t 

MATHEMATICAL RELATIONSHIPS 

An attempt has been made to establish 
a mathematical relationship between 
soil loss and the energy of raindrops. 
The practicality of the relationship has 
not yet been determined, and the fo l low­
ing discussion w i l l concern itself solely 
with theoretical considerations. 

The loss of soil f r o m laboratory splash 
cups is in some way related to total 
ra in fa l l , raindrop diameter, and the 
velocity of the rain. The splash-cup 
data f o r tests run on the standard sand 
(60 to 70 gradation) and the New Jersey 
yellow soil were analyzed fo r the math­
ematical relationships. Plotting of the 
data showed the general equation of ex­
ponential f o r m to be satisfactory. Ac­
cordingly the following equation was 
used: 

L = K V ^ ^ t ' ^ D ^ 

Where, L = Loss of soil or sand due to 
raindrop splash, in grams. 

K = A constant of proportionality 
to be calculated 
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0 

F i g u r e 9. A CRD-189 s u r f a c e - t r e a t e d s l o p e ( a t l e f t ) and an un­
t r e a t e d c o n t r o l s l o p e a r e s t u d i e d s e v e r a l months a f t e r b e i n g 

e s t a b l i shed . 

V = The corrected velocity of a 
water drop falling in stagnant 
air, in feet per second. 

I = The rainfall intensity, in inches 
per hour. 

T = The time in minutes at which a 
given loss occurs. 

D = Raindrop diameter in mm. 
a,b,c ,e = Exponents which must be 

calculated. 

In the mathematical data compiled to 
date a constant raindrop diameter of 5. 04 
mm. has been used, thereby eliminating 
this variable temporarily. The splash 
loss equation then becomes 

L = K V ^ V 
The coefficients and exponents were 

calculated by the method of least squares. 
Velocities of impact for raindrops were 
introduced as 25. 5 ft. per sec. for a 
free fall of 14 ft. and 21.6 ft. per sec. 
for a free fall of 9 ft. The standard sand 
data were obtained over a relatively 
wide range of intensities and times and 
should be fairly reliable. Intensities 

ranged from 2 % to 10 in. per hr. and 
times from 0 to 60 min. However, math­
ematical data from tests on the New 
Jersey yellow soil was relatively limited, 
rendering the results inconclusive as of 
this writing. 

For standard sand the following re­
lationship resulted: 

^ ^0. 619jl. 204^0. 891 

10 
It must be emphasized here that much 

more data on both untreated and treated 
soil samples is needed for reliable math­
ematical relationships. It is advisable 
to have a minimum of three points on the 
velocity curve, and this is currently 
being accomplished by using a range of 
free falls from 6 to 2 ft. to supplement 
data and results obtained with the free 
falls of 14 and 9 ft. Also, varying rain­
drop diameters will be employed. 

CONCLUSIONS 

From the results presented in this 
paper, it is apparent that no entirely 
satisfactory soil additive for curbing 
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erosion has been found. Although sev­
eral materials are effective with certain 
soils, none has proved to be universally 
suitable. Based upon the data and re­
sults compiled to date, the following 
conclusions can be stated: 

1. The testing procedures developed 
in this investigation, f r o m evaluating 
potential effectiveness of proposed e-
rosion control additives to conducting a 
splash loss analysis, appear to be sat­
isfactory. 

2. Proposed soil additives f o r curb­
ing erosion should be tested with a large 
number of soils because the effectiveness 
of a particular treatment varies with the 
soil used. The characteristics of the 
natural soils are the greatest variables 
encountered in erosion control. 

3. The surf ace - treatment method 
of applying the soil additives to soil 
plots appears to be the more effective 
and practical. 

4. Based on laboratory and f i e l d re­
sults, Monsanto's CRD-189, when ap­
plied as a surface treatment, has been 
the most effective in curbing erosion. 
However, i t must be cautioned here that 
a rake-in treatment of CRD-189 is not 
effective. 

5. Monsanto CRD-186 has been quite 
effective in reducing splash loss in the 
laboratory, but f i e ld results using this 
polymer have not been too encouraging. 
I t appears that more f i e l d data on this 
chemical are needed. 

6. More test data on soil-cement ag­
gregates are needed. However, i t does 
not appear that this soil additive w i l l be 
practical , since extremely heavy con­
centrations are necessary fo r effective­
ness in reducing the splash loss. 

7. Dupont's Orchem DV-71 has shown 
good promise in the laboratory investi­

gations and w i l l be f i e l d tested at more 
economical concentrations in the near 
future. 

8. Field results show conclusively 
that the CRD's at economical concentra­
tions (1 t lb. per 100 sq. f t . ) do not i n ­
hibit thegrowth of vegetation, the simplest 
means f o r protection of most slopes 
(see Fig. 9). 

9. Cut and f i l l sections w i l l tolerate 
steeper slopes when treated with effec­
tive soil additives. This may represent 
an important technique fo r reducing con­
struction and maintenance on many miles 
of highway slopes. 

10. I t appears that there is a definite 
correlation between the effect of the 
soi l additives on the l iquid and plastic 
l imi t s of cohesive soils and their effec­
tiveness in curbing soil erosion. I t is 
planned to conduct a detailed investigation 
of this matter. 

11. Finally, i t appears advisable to 
study the effects of the various soil ad­
ditives in controlling f ros t action. 
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