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tests made in the field checked very 
closely the laboratory results for the com
posite sample These two studies showed 
that the material in the finished surface 
was not compacted to its maxunum den
sity, probably due to the fact that i t had 
been compacted at 6 5 per cent in excess 
of its optimum moisture content, that 
there was no appreciable error m the 
densities obtained for the finished surface 
by the sand method, that there was no 
appreciable error m the densities ob
tained in the field by the Proctor method, 
and that the density and optimum 
moisture content requirements for this 
project were undoubtedly in error due to 
the fact that the prelimmary sample 
selected for the control tests did not 
represent the material on the project 

Smce gradation is unquestionably an 
important factor in the density of soils, 
and especially so with respect to surfaces 
of this type, mechanical analyses and 
hydrometer tests were also made in the 
laboratory on each of the 60 samples 
mentioned above The average results 
for these tests indicated that the soil on 
this project consisted of 74 per cent sand, 
15 per cent silt, and 11 per cent clay, or 
15 per cent more sand, 9 per cent less silt. 

and 6 per cent less clay than was present 
m the prelimmary sample selected for job 
control This difference m gradation 
and character of the matenal undoubt
edly proves that the sample upon which 
the job requirements were based was not 
representative of the soil on this project 

CONCLUSIONS 

1 Preliminary samples on which the 
job control data are to be based should 
not be taken until the gradmg operations 
have been completed 

2 Extreme care should be exercised 
in taking the samples on which the job 
control data are to be based The loca
tions at which the samples are taken 
should be carefully selected and a sufii-
cient number of samples secured to 
represent satisfactonly the soil types 
and variations withm these types 

3 The equipment for preparing the 
soil, mixing the cement, distnbuting and 
incorporatmg the water, and compactmg 
the mixture, should be such that the 
actual tune of processing will be reduced 
to the mmimum 

4 Comprehensive field tests should be 
conducted durmg the progress of the job 

EXPERIMENTAL SOIL-CEMENT STABILIZATION 
AT CHEBOYGAN, MICHIGAN 

B Y W S H o u s E L 

Research Consultant, Michigan State Highway Department 

Durmg the summer of 1936 the Mich
igan State Highway Department under
took the experimental soil-cement stabili
zation of a section of the Shore Line 
Highway near Cheboygan The Port
land Cement Association cooperated m 
the project by conducting preliminary 
laboratory tests to supplement those 
conducted by the Research and Testing 
Division of the State Highway Depart
ment and also assisted in the control and 
supervision during construction 

Construction was started on August 15 
Because of frequent rams the first section 
of 350 f t was not processed until August 
25 The last section of 700 f t was 
processed on October 22 and the project 
was discontinued on November 6 when 
it appeared hopeless to attempt further 
construction m the face of adverse 
weather conditions Special mention is 
made of the weather as i t constituted the 
greatest difl&culty encountered m the 
work There were 22 days out of the 
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total 82 days of the construction period 
on which i t rained sufficiently to stop 
the work Durmg the latter part of the 
job Sisalkraft paper was used to protect 
the section under construction While 
this proved to be of .substantial assistance 
i t did not elimmate the difficulty which 
indicates that the success of this type of 
soil stabihzation by road mix methods 
depends to a considerable extent upon 
limiting the construction to a period 
of less frequent rainfall The adverse 
weather necessarily affected the quality 
of the work as well as the speed with 
which i t was conducted This factor 
must, m fairness, be considered in judging 
the Michigan project as an example of 
this type of construction 

Some of the details employed on this 
particular project have been described 
elsewhere' Consequently, this discus
sion will present information on the 
design and control of soil-cement mix
tures and will make only occasional 
reference to construction procedure and 
equipment Some tentative conclusions 
will be presented with the object of sug-
gestmg a basis for designmg such mix
tures and of outlining procedures to con
trol the construction in the field 

P R E L I M I N A R Y S O I L S U R V E Y AND SOIL 
C L A S S I F I C A T I O N 

The Michigan State Highway Depart
ment has for some years included a pre
liminary soil survey as an essential step 
in road design A soil survey based upon 
field surveys and soil classification used 
by the Soil Survey Division of the U S 
Bureau of Chemistry and Soils was made 
of the Cheboygan section of the Shore 
Line Highway and serves as an excellent 

' (a) "Soil-Cement Road Project-Cheboy-
gan County, Michigan"—J W Kushing Paper 
for the 29th Annual Mississippi Valley Con
ference, February 6, 1937 

(b) "Principles of Soil Stabilization"— 
W S Housel, Civil Engineering, May, 1937 

illustration of the practical value and 
adaptability of this type of soil classifi
cation to highway design and construc
tion In Figure 1 is shown a stnp map 
givmg the different soil types and their 
boundaries found on the section of road 
under discussion The characteristics 
of each soil profile are given m detail in 
the descriptions furnished with the stand
ard soil maps, and a complete legend of 
the Michigan area has been prepared for 
department use The profiles and de-
scnptions of each soil series on the strip 
map m Figure 1 have been reproduced 
in Figure 2 There are nme soil senes 
identified on the map and these may be 
grouped into two classes In one the 
parent material is sand while m the other 
the parent material is clay One profile 
series, Ogemaw, is a special case, being 
two or three feet of imperfectly dramed 
sand, over clay This series has been 
included m the clay group because, as 
will be seen in later discussion, the grad
ing operations brought this clay to the 
surface and i t played an important part 
m the composition of the subgrade soil 
The soil series are typical northern pod-
zols with an Ao honzon of organic debris 
with a characteristic leached Ai honzon 
In general the surface soils were acid as 
might be expected m podzol soils, a fact 
which appeared to affect the soil stabili
zation m one case, which will be dis
cussed later 

The gradmg operations mixed the soils 
m the ongmal profiles, but a correlation 
of these two factors can be made by a 
study of the grading plans, which are 
shown on the lower part of Figure 1 
Three lines are shown which represent 
the finished grade in plan and also serve 
as the base line to show cut and fill on the 
center line and at points 25 f t nght and 
left of the center hne The circles on the 
center line represent balance pomts for 
cut and fill and, m general, indicate the 
disposal of soil from the cuts By com
paring the profiles on Figure 2 with the 
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The short Section E between Sta 9151 
and Sta 9146 is in the Onaway profile of 
a sandy clay parent material The 
mechanical analysis of the grade sample 
shows 75 per cent sand, 17 per cent sUt, 
and 7 per cent clay, which is a sandy 
loam very similar to that in Section B 
and comparable to Laboratory Sample 
No 4 This texture is in substantial 
agreement with the upper horizon of the 
Onaway profile although the sand appears 
to be somewhat high 

Section F from Sta 9146 to Sta 9124 
is the clay section left unstabilized The 
gradmg is fairly deep sidehill cut through 
the Onaway and Ontonagon profiles with 
clay parent material The mechanical 
analysis from the check samples shows 
12 per cent sand, 52 per cent silt, and 37 
per cent clay, classified as silty clay, and 
IS fairly close to Laboratory Sample 
No 9 

Section G from Sta 9124 to Sta 9108 
IS through several low-ljong profiles of 
Newton, Saugatuck and Rubicon, all of 
which are from sand parent materials 
There is considerable waste mcludmg 
peat excavation" and, as most of the sec
tion IS in fill, material has been borrowed 
from an adjacent Rubicon area to sup
plement the excavation from roadside 
ditches The resulting soil is classified 
as sand and the grade samples are 93 per 
cent sand, 4 per cent silt, and 3 per cent 
clay giving a texture very close to Labo
ratory Sample No 3 Some difficulty 
was encountered in stabilizing this sec
tion and 15 per cent clay by weight was 
added m the section from Sta 9115 to 
Sta 9108 This changed the texture to 
a sandy loam with 78 5 per cent sand, 
14 5 per cent silt, and 7 per cent clay 
which IS fairly close to Laboratory Sam
ple No 4 The addition of clay assisted 
the stabilization process very materially 
and was adopted as a tentative procedure 
for future work with sands of the char
acter here encountered 

L A B O R A T O R Y I N V E S T I G A T I O N 

Purpose of Laboratory Tests 
It appears from the precedmg discus

sion that the determmation of prevailmg 
soil types or series combmed with a con
sideration of grading operations consti
tutes a practical basis of soil classification 
for the purpose of designmg the stabilized 
mixture Even though the final classifi
cation of these soils into four groups has 
been made only after a review and corre
lation of all available data, the same 
result could have been accomplished by 
a careful study of the soil series profiles. 
Although the submission of an excessive 
number of samples to the laboratory led 
to some unnecessary duphcation of work 
which should be elimmated m regular con
struction procedure, this very duplication 
provided a rather desirable feature for 
an experimental project 

The primary objective of the labora
tory tests was to determme the proper 
proportions of soil, cement, and water to 
facilitate compaction and produce a 
durable stabihzed mixture The tests 
mdicated that this purpose would have 
been served by a few representative 
samples It might also appear that the 
results of such tests on samples taken at 
frequent mtervals along the grade would 
serve as the basis for controllmg con
struction procedure 

A comparison of results produced m 
the field operation with the results of 
laboratory tests on this project, indicate 
that the laboratory tests are madequate 
as control tests except to determme the 
quantity of cement which would produce 
durable stabilization While the pre
liminary tests did serve this purpose and 
were useful in the soil classification, they 
did not reflect changes m gradation and 
void characteristics from station to 
station with sufl5cient accuracy to serve 
as control tests for construction opera
tions After some experience with con
trol tests in the field, laboratory tests 
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were abandoned as a measure of the 
proper amount of compaction or optmium 
moisture content It was found that 

out holdmg up the construction and could 
control the stabilization procedure much 
more effectively 

UNITED STATES BUREAU OF Snil S LASSIFICATIQN 
FINE CCAY GRAVEL 

BINDER FINE AGGREGATE OQARSC AGCREGaTE 

1 GRAOIN 

0RK3INAL SAMPLES 
L A B O R ^ i y WORK 

Figure 4 

UNITED STATES BUREAU OF 3PIU5 (jlUASSIflCATION 
GRAVEL 

OCARSE ACCREGaTE" 

CLAY 

BINDER FINE AGGREGATE 

4 0 tt 

GRADING^^OIFWES 

LABORATORir WORK 

Figure 5 

one experienced operator with an occa
sional helper could run the density-
moisture teats for each day's work with-

The laboratory investigation was con
ducted and practically completed before 
the field work could be undertaken In 
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addition to the tests of the department, 
the Portland Cement Association con
ducted a parallel series which were the 
basis for their recommendations The 
results of tests in the two laboratories 
Were in substantial agreement, although 
methods used varied in some respects 
This discussion will be limited to those 
tests conducted by the department on 
the ten laboratory samples previously 
identified 

percentage of soil fines, but they do de
part substantially from the ideal gradmgs 
The addition of soil fines would be a sub
stantial improvement, but all of these 
materials compacted fairly well and 
resulted m satisfactory stabilized mix
tures 

The void characteristics of the ten 
samples and the grouping into four tex
tures is clearly shown by the compacted 
densities in Figure' 6 The moisture-

Gradation and Maximum Density 

The mechanical analyses of all samples 
are shown in Figure 3 The material pass-
mg the No 10 sieve, soil mortar, was used 
in subsequent laboratory tests The grad-
ings of the soil mortar in the various sam
ples are shown on Figures 4 and 5 The 
distribution of particle size as shown by 
the conventional method of plottuig, 
shows some characteristics not evident in 
the textures plotted on the triaxial chart, 
which show a definite relation to densities 
obtained m compaction tests The heavy 
dashed curves in Figures 4 and 5 repre
sent so-called ideal gradings for maximum 
density for any given maximum size 

In Figure 4 are shown gradings for the 
sand, Samples 3, 6, and 7, the sandy 
loam, Samples 8 and 10, and the clay, 
Sample 9 Samples 3, 6, and 7 are the 
most poorly graded and, as will be seen 
later, give the lowest compacted densi
ties The clay. Sample 9, is also a poorly 
graded material, though not so much so 
as the sands, a fact which is also reflected 
in a higher compacted density Samples 
8 and 10, the sandy loams, are the best 
graded materials encountered. Sample 
10 being particularly close to the ideal 
curve for a maximum size of 0 5 mm 
In Figure 5 are shown the gradings of the 
loamy sands. Samples 1, 2, 4, and 5 
Their gradmg is somewhat better than the 
sands and poorer than the sandy loams, 
as might be expected with an mtermediate 

VBROUS MOISTUC CONTENTS 
POR RAW SOIL 

Figure 6 

density relations which show the opti
mum moisture content and maximum 
density were obtamed by compacting the 
soil using the procedure developed by the 
California State Highway Department 
and described by Proctor The com
pacted dry densities of the sands vary 
from 107 2 to 109 lb per cu ft with an 
average of approximately 108 The 
loamy sands vaned from 115 3 to 116.2 
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with the exception of Sample 2 which 
compacted to 119 4 lb per cu ft The 
sandy loam, Sample 10, gave a dry 
density of 134 4 lb per cu ft , the highest 
of any sample No tests were made on 
Sample 8 which was discarded as a sepa-

' rate classification before the laboratory 
mvestigation was started The percent
age of total voids m the compacted soil 
is shown in connection with each curve 
and will be referred to later 

The consistent relation between density 
and mechanical analysis expressed either 
m terms of texture or by the grading 
curves is the most strikmg feature of the 
data The variation m density can be 
predicted from the comparison between 
the ideal gradmgs and the actual gradmg 
m every case except Sample 2 ' Sample 
2 has a percentage of voids comparable to 
the other loamy sands but due to a higher 
specific gravity, 2 64 as compared to 
2 55-2 61 for the others of the group, the 
dry density is higher The optimum 
moisture content is also lower mdicatmg 
less absorption which is also consistent 
with the higher value of specific gravity 
The consistent relations shown furnish a 
reliable basis for the grouping of the ten 
samples mto four texture groups previ
ously discussed 

It also appears that vanation m tex
ture and gradmg is so accurately re
flected m the compacted density that the 
routme density tests may be the most 
practical basis of designmg the stabihzed 
mixture A further fundamental ad
vantage of tlje test which measures 
compacted density is that it directly 
measures the total voids which later serve 
as the basis for determining the required 
cement content 

Void Characteristics of Soil-Cement Mix
tures 

The next step m the laboratory investi
gation was to compact mixtures of soil 
and cement usmg various percentages of 

cement in order to determme the charac
teristics of each mixture and to prepare 
samples for durability tests The mix
tures were proportioned by absolute 
volume, the cement content bemg ex
pressed as a percentage of the absolute 
volume of soil plus cement The mois
ture content was expressed as a percent
age of the dry weight of the soil and 
cement Cement contents of 4, 6, 8, 
and 10 per cent were used m the pre-
limmary tests The followmg example 
illustrates the method of proportionmg 
the tnal mixtures 

Let s = absolute volume of soil 
" c = " " " cement 
" v = " " 

Cement Content = 

voids 
c 

3 -I- c 
Assume 6% cement content 

4000 grams oven dry soil 
2 62 specific gravity of soil 
3 15 " " " cement 

4000 
8 = —— = 1527 cc = 94% of s + c 

2 62 
1527 _ _c 
94 ~ 06 

c = 97 4 cc 
97 4 X 3 15 = 307 g cement 

Assume 10% water (Per cent dry weight soil 
and cement) 

Water = 10 X 4307 = 430 7 g of water 

" = 4 ^ 7 = ^ ^^""^ 

Mixtures usmg the same cement content 
and various moisture contents were com
pacted m cylindrical molds 4 in m 
diameter and 6̂  in high The com
pacted sample was weighed and, knowmg 
the volume of the mold, the dry weight 
per cubic foot or dry density was com
puted The percentage of voids in the 
mixture and the total voids m the 
compacted soil, excludmg the cement, 
were also computed and are used m later 
analyses The followmg example is given 
for illustration. 
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Weight of compacted mixture = 2050 g 
Moisture 091 X 2050 = 227 5 g 

Dry soil and cement = 1822 5 g 
Volume of mold 1027 9 cc 

1822 5 
Dry bulk specific gravity = = 1 775 

1027 9 
Density = 1 775 X 62 4 = 110 5 lb per cu ft 

The voids m the sod-cement mixture 
may be computed by finding the specific 
gravity of combmed sohds which is the 
weighted average of the specific gravities 
of the soil and cement as follows 

2 65 X 
3 15 X 

94 = 2 49 
06 = 19 

2 68 Sp gr combined solids 
2 68 - 1 775 „„„ „ , 

—— = 338 Voids in mixture 
2 68 

8 + c -|- V = 1 
s -h c = 1 - 338 = 662 66 2% solids 
8 = 94 X 662 = 622 62 2% soil 
c = 06 X 662 = 040 4 0% cement 

The total voids m the compacted soil 
without cement is the sum of voids in the 
mixture and the absolute volume of 
cement If the cement-voids ratio is 
defined as the ratio of absolute volume of 
cement to the absolute volume of voids 
it-may be computed-as foUows 

Total voids V = 33 8 + 4 0 = 37 8% 
c 4 

Cement-voids ratio - = = 10 6% 

The void characteristics of typical 
compacted mixtures are shown m Figure 
7 where the moisture density curves are 
given for a sand, Sample 3, a loamy sand, 
Sample 1, and the sandy loam, Sample 10 
Sample 9, the silty clay, has been omitted 
as the clay section was not stabilized and 
no comparative field results are available. 
The laboratory density curves for the 
clay were more erratic than for the other 
samples, due to greater difficulty m ob-
taming uniform compaction by hand 
tampmg. 

In all cases the total voids in the soil 

skeleton were increased by the,addition 
of cement but m the case of sands and 
loamy sands this trend was much less 
than for the finer grained soils. In 
other words, the cement helped to fill 
voids as well as to supply cohesion. In 
the sandy loam, No. 10, the density 
decreases as the cement content increases 
and there is a marked increase in total 
voids over the raw soil This tendency 
was also noted m the silty clay. No 9. 

SCO. NO 10 

CURVES OF JJfW DENSITY 
V14R1CUS MOB-n*E CONTENTS 

TV«EE TYPICAL s o t s 
RAW sot. 4^ 

— K C t u t M T 

•J 

1316) 

MOISTUBE CONTENT PEPpCENT Orlm VOOtT 

Figure 7 

In these finer gramed soils the cement 
apparently forms an expanded structure 
or results in a bulkmg effect that pro
duces a decreased density In Figure 7 
the percentage of voids in the soil-
cement mixtures at maximum density 
has been mdicated and in parentheses the 
total voids in the mixture, exclusive of 
the cement, have been shown. The m-
crease in total voids due to bulkmg action 
of the cement must be considered in com-
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puting the cement-voids ratio and enters 
mto the preliminary design of the 
mixture 

The objective of the analysis of the void 
characteristics of the soil-cement mixtures 
I S to obtain some practical criterion for 
design which will accurately reflect the 
properties of the stabihzed mixture, par
ticularly with respect to durability. 
Throughout the investigation it became 
increasmgly apparent that the behavior 
of the mixture must be associated in some 
way with voids and that the efficiency of 
cement stabilization depends in some 
way on a relation between voids and 
cement This is no new idea having been 
employed as the basis of concrete propor
tioning theories It may not be too 
much to say that void charactenstics 
constitute the fundamental conception 
applicable to any type of mixture and 
thus offer an obvious line of attack on 
any such problem 

Durability Tests 

Two types of durability tests were con
ducted following the recommendations 
and general procedure developed by the 
Portland Cement Association Speci
mens m the form of 4 by 6 5 m cybnders 
were compacted at optimum moisture 
content for the various percentages of 
cement These cylmders were then sub
jected to cycles of freezing and thawing, 
and wetting and drying and were brushed 
and weighed after each cycle 

The results are presented graphically 
in Figures 8 and 9 In each case the loss 
after 24 cycles has been plotted agamst 
the cement-voids ratio The data used 
in the computation of the cement-voids 
ratio are given in Table 2 The speci
mens subjected to durability tests are 
identified by soil sample number and 
cement content The specific gravity of 
the soil was measured by the standard 
test and the specific gravity of the mix
ture was computed using the determined 
value of 3 15 as the specific gravity of the 

cement The dry density in pounds per 
cubic foot was determmed for each speci
men and the total voids in the soil skele
ton, the absolute volume of cement per 
unit volume of compacted mixture, and 
the cement-voids ratio were all computed 
as m the example given previously It 
will be noted that the dry density did not 
agree exactly with the density at opti
mum moisture content given in Figure 7 
It was impossible to duplicate the maxi
mum density in every specimen, but on 
the average the agreement is good The 
results of the durability tests have m 
every case been correlated with the actual 
cement-voids ratio of each sample 

The comparison between cement-voids 
ratio and percentage of loss at 24 cycles 
of freezmg and thawing m Figure 8 indi
cates a definite relationship All but 
three samples showed a 100 per cent loss 
or complete failure for a cement-voids 
ratio of less than 12 per cent All 
samples with cement-void ratios greater 
than 12 per cent show a loss of 10 per cent 
or less with the exception of the speci
men contammg the No 5 soil with 6 per 
cent cement, which showed a 50 per cent 
loss at 24 cycles and failed completely 
at 28 cycles The various specimens are 
identified at the bottom of the graph by 
sample number and cement content 

In Figure 9 the results of the wettmg 
and drying cycles have been plotted in 
exactly the same manner as m Figure 8 
The durabihty of the various specimens 
also shows a very close relationship be
tween loss and the cement-voids ratio 
The wetting and drymg tests, while not 
so severe as the freezing and thawing 
cycles, showed frequent failures for 
cement-voids ratios less than 12 per cent 

It I S dangerous to draw sweepmg con
clusions from only one set of data but 
until an analysis of a large volume of 
such information is available it seems 
proper to discuss tentative conclusions 
which may serve as temporary cnteria 
To this extent the data indicate that a 
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cement-voids ratio of 15 per cent may 
produce a mixture as durable as present 
requirements indicate is essential 

quite different from mortar in concrete 
mixtures where the voids in the aggre
gate are filled with cement paste. The 

I !! I 

DURABILITY TESTS 
BY 

FREEZING & THAWING 

n 
**4 * 4 44 ' S % ' a a a 

^'4 « , ,^ \ " s 5 C 10 

Figure 8 

\ 

VI/AIMCS Ce. JIL, 

DURABILITY TESTS 
WETTING^a DRYING 

>/o)o3 /S-riSlJ 4 
4M 0 

« 0 
"4 , s f 

Figure 9 

The manner in which the cement acts 
as a bindmg medium m a soil-cement 
mixture with comparatively small cement 
contents is a matter of speculation The 
character of the mixture is obviously 

picture which the writer has m mmd is a 
granular soil structure with little more 
than enough cement paste to join the 
particles at their points of contact The 
soil structure is spot-welded, so to speak. 
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It appears that such a conception is in 
agreement with the comparatively small 

Figures 8 and 9 are all taken from the 
original laboratory tests The compari-

T A B L E 2 
C E M E N T - V O I D S R A T I O S PGR LABOHATOBY D U R A B I L I T Y T E S T S 

Cement 
Content 

s 
s + 0 

Specific Gravity Freezing and Thawing Wetting and Drying 

Laboratory 
Sample 

Numoer 

Cement 
Content 

s 
s + 0 Sod M I X 

Density 
of Mix 

Dry 

Absolute 
Volume 
Cement 

c 

Absolute 
Volume 

Total 
Voids 

V 

Cement-
Voids 
Ratio 

c 
V 

Dry 
Density 
of Mix 

Absolute 
Volume 
Cement 

c ^ 

Absolute 
Volume 

Total 
Voids 

V 

Cement-
Voids 
Ratio 

0 

V 

1 

per cent 

4 
6 
8 

2 61 
it 

H 

2 63 
2 64 
2 65 

(6 per 
cu /t 

116 5 
114 8 
117 1 

per cen( 

2 84 
4 18 
5 66 

per cen< 

31 8 
34 5 
34 9 

per cent 

8 9 
12 1 
16 2 

lb "per 
cu /( 

114 7 
114 9 
117 6 

per cent 

2 80 
4 18 
5 69 

per cent 

32 9 
34 5 
34 6 

per cen< 

8 5 
12 1 
16 4 

2 
4 
6 
8 

2 64 

H 

2 66 
2 67 
2 68 

121 4 
124 3 
124 3 

2 92 
4 48 
5 94 

29 8 
29 9 
31 6 

9 8 
15 0 
18 0 

122 3 
124 3 
123 8 

2 95 
4 48 
5 92 

29 2 
29 9 
31 9 

10 1 
15 0 
18 5 

3 
4 
6 
8 

2 64 
it 

it 

2 66 
2 67 
2 68 

107 5 
111 3 
111 0 

2 59 
4 01 
5 31 

37 9 
37 2 
38 9 

6 8 
10 8 
13 6 

109 2 
110 0 
111 3 

2 63 
3 96 
5 33 

36 8 
38 0 
38 7 

7 1 
10 4 
13 8 

4 
4 
6 
8 

2 55 
It 

ti 

2 57 
2 59 
2 60 

106 3 
108 8 
108 3 

2 66 
4 04 
5 34 

36 3 
36 7 
38 6 

7 3 
11 0 
13 8 

107 7 
107 5 
108 9 

2 69 
3 99 
5 37 

35 5 
37 5 
38 3 

7 6 
10 6 
14 0 

5 
4 
6 
8 

2 55 
a 

it 

2 57 
2 59 
2 60 

116 0 
118 8 
119 2 

2 90 
4 41 
5 88 

30 5 
30 9 
32 4 

9 5 
14 3 
18 2 

114 2 
117 5 
119 2 

2 85 
4 36 
5 88 

31 6 
31 7 
32 4 

9 0 
13 7 
18 2 

6 
4 
6 
8 

2 63 
ti 

tt 

2 65 
2 66 
2 67 

113 8 
113 8 
115 4 

2 75 
4 11 
5 54 

34 0 
35 6 
36 2 

8 1 
11 5 
15 3 

108 7 
111 0 
112 9 

2 63 
4 01 
5 42 

36 9 
37 1 
37 6 

7 1 
10 8 
14 4 

7 
4 
6 
8 

2 61 
ti 

ti 

2 63 
2 64 
2 65 

108 4 
110 7 
114 2 

2 64 
4 03 
5 52 

36 6 
36 9 
36 5 

7 2 
11 0 
15 1 

108 5 
110 0 
111 2 

2 64 
4 01 
5 38 

36 6 
37 2 
38 1 

7 2 
10 8 
14 1 

9 
6 
8 

10 

2 68 
tt 

ti 

2 71 
2 72 
2 73 

113 0 
113 5 
106 0 

4 01 
5 35 
6 23 

37 1 
38 5 
43 9 

10 8 
13 9 
14 2 

113 0 
107 0 
105 2 

4 01 
5 05 
6 18 

37 1 
41 8 
44 4 

10 8 
1 2 / 
13 9 

lOA 
4 
6 
8 

2 68 
u 

li 

2 70 
2 71 
2 72 

129 0 
128 7 
128 2 

3 06 
4 57 
6 04 

26 6 
28 5 
30 5 

11 5 
16 0 
19 8 

128 2 
127 7 
127 2 

3 04 
4 53 
6 00 

26 9 
29 0 
31 0 

11 3 
15 7 
19 3 

cement-voids ratios in which only 15 per 
cent of the total voids are filled 

The data presented in Table 2 and 

son of these data with experience in the 
field and the success of field control is a 
matter of great practical importance and 
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will be the next subject of discussion 
While the more exact control m the labo
ratory may produce a more accurate 
measure of the characteristics of the soil-
cement mixtures, the practical applica
tion of the criteria thus developed will 
depend very largely on the accuracy of 
field control. 

F I E L D C O N T R O L T E S T S 

After having selected the cement con
tent, the control of the mixmg and com
paction procedure was the major problem 
in field control On the Cheboygan 
project a house trailer was equipped to 
serve as a field laboratory for control 
tests The moisture content of the soil 
was measured before adding the cement 
and was also determined on the soil-
cement mixture at mtervals during the 
mixing operation Moisture was added 
when required to brmg the mix up to the 
optimum moisture content 

The amount of soil in the mix was con
trolled by loose volume measurements of 
the scariified sod and by regulatmg the 
depth of scarification to produce the 
required dry weight of soil. The proper 
proportion of soil for the compacted mix 
was first determmed from the preliminary 
laboratory tests already described, but it 
was found that variations in the soil from 
station to station were sufficient to necess
itate compaction tests to determme op
timum moisture content and maximum 
density for each day's work. Represen
tative samples of the raw soil were col
lected from the section to be processed on 
the followmg day and the moisture-
density tests run on the mixture of soil 
and cement The optimum moisture 
content and maximum density from these 
tests were substituted for results derived 
from previous laboratory tests 

After the proper depth of soil had been 
scarified and the required amount of 
cement and water added and mixed, a 
compaction test was also made of the 
final mixture The density obtained 

was a measure of the accuracy of the pro
portioning and mixing and the most 
reliable basis of checking the degree of 
consolidation by sheep's foot rollers and 
other compacting equipment After a 
section had been stabihzed, densities m 
the road were measured by bormg holes in 
the stabihzed surface, measuring the 
depth and volume of the hole, and weigh
ing the matenal removed Samples of 
the soil-cement mixture were also col
lected and sent to the laboratory to 
determme the actual cement content 
These data for the various sections are 
presented in Tables 3, 4, and 5 

Table 3 gives the theoretical propor
tions in the field, assummg that the mix
ture contamed the selected amount of 
cement The computations are based 
on the compaction of the final mixture 
by hand tampmg in the standard cylinder 
which resulted in the dry density in 
pounds per cubic foot given in column 7. 
The theoretical cement content is given 
in column 3 as a percentage of loose 
volume of cement per cubic foot of com
pacted mix, assuming the weight of 
cement as 94 lb per cu ft , loose volume 
This gives an arbitrary cement content, 
shown m column 5, amountmg to 7 52 or 
8 46 lb per cu ft of compacted mix for 
8 or 9 per cent of the loose volume of 
cement, respectively These cement con
tents have been related to the actual mix 
in column 4 which gives the cement 
content as a percentage by weight of the 
dry mix. The dry weight of soil per 
cubic foot of compacted mix is given in 
column 6. The dry weight of soil and 
cement can be reduced directly to their 
absolute volumes by dividing by the 
product of the specific gravity tunes 62 4, 
and are given in columns 8 and 9 as a 
percentage of the unit volume made up 
of soil, cement, and voids The cement-
voids ratio is given in column 9 

It may be noted that the cemeni-voids 
ratio provided for m the design is less 
than 15 per cent m all cases, ranging from 
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a low of 11 per cent to a high of 13 per 
cent In the light of final results of the 
durabihty tests there appears to be good 
reason to question the proportions used 
as bemg somewhat lower than desirable 
It may also be pointed out that the com
putations are based on the average dry 
density over a number of stations and, 

puted in the same way as in Table 3 
except that the cement contents are 
determined by laboratory analysLs of the 
mixture Samples of the raw soil and 
cement were taken at identical stations 
from which samples of the soil-cement 
mixture were later obtained The labo--
ratory made a determination of the cal-

T A B L E 3 
T H E O R E T I C A L PROPORTIONS OF F I E L D M I X T U R E 

Cement Content Field Mixture Compacted in Cyclmder 

Section Station 
Per Cent Proportions by Drv We'ght Absolute Volume in Per Cent 

Section 
Numbers Loose 

Volume 
( P C A ) 

Dry M i l 
L b p e r C u Ft s 0 0 

Loose 
Volume 
( P C A ) 

Dry M i l 
Cement SoU M I X 8 + 0 + V 8 + C + V V 

(1) (2) (3) (4) (6) (6) (7) (8) (9) (10) 

9197 
A to 

9188 
8 6 20 7 52 113 7 121 2 68 9 3 83 12 3 

B to 
9177 

8 6 15 7 52 114 6 122 1 69 5 3 83 12 6 

C to 
9166 

8 6 12 7 52 115 3 122 8 70 0 3 83 12 8 

D to 
9151 

8 6 54 7 52 107 5 115 0 65 2 3 83 11 0 

E to 
9146 

9 7 12 8 46 110 3 118 8 66 9 4 31 13 0 

F to 
9124 

— — — — — — — — 

G to 
9108 

9 7 54 8 46 103 7 112 2 62 6 4 31 11 5 

15% Clay 
Added 

9115 
to 

9108 
8 6 52 7 52 107 6 115 1 65 3 3 83 11 0 

Columns 7-8 8 - | - c + v = l = s and 

Column 10 
V 1 - s 

S + C -I- V 8 + C + V 

Theoretical cement-voids ratio 

as shown in Table 5, the density range in 
individual cases may vary approximately 
5 lb per cu ft above or below the aver
age. The cement-voids ratio would also 
show a larger variation than given in 
Table 3 as the void space in the soil 
structure is increased or decreased 

In Table 4 are shown the actual propor
tions of the soil-cement mixture com-

cium oxide (CaO) m the mixture and m 
the soil and cement samples and calcu
lated the cement content from these pro
portions A comparison of the cement 
content in percentage of the dry mix in 
Tables 3 and 4 shows that the actual ce
ment content is considerably higher than 
the theoretical The theoretical values 
vary from 6 12 to 7 54 per cent while 
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actual values vary from 6 42 to 10 53 per 
cent The actual cement-voids ratios 
vary from 13 1 to 15 5 as compared to a 
range of 11 0 to 13 0 m Table 3 

While the higher values of cement-
voids ratio actually obtained compare 
more favorably with the 15 per cent 

of the loose soil It is entirely probable 
under these conditions that either the 
amount of soil stabilized is less than m-
tended or that cement contents are high 
m the surface and lo^ at the bottom of 
the stabilized layer In any event, the 
high cement contents indicate poor con-

T A B L E 4 
A c T D A L PROPORTIONS OF F I E L D M I X T U R E 

Cement 
Field Mixture Compacted in Cylinder 

Section Station 
Numbers 

Content 
Per Cent Proportions Dry Weight in 

lb per cu ft Absolute Volumes in Per Cent 
Section Station 

Numbers 

Dry Mix Cement Soil Mix 
Soil 

s 
Cement 

c 
Total 
Voids 0 

Dry Mix 
8 + C + V 8 + 0 + V 1 - 8 V 

(1) (2) (3) w (5) (6) (7) (8) (9) (10) 

9197 
A to 

9188 
6 42 7 8 113 4 121 2 68 7 3 97 31 3 12 7 

B to 
9177 

7 90 9 6 112 5 122 1 68 0 4 89 32 0 15 3 

C to 
9166 

7 80 9 6 113 2 122 8 68 5 4 89 31 5 16 5 

D to 
9151 

8 02 9 2 106 8 115 0 64 5 4 68 35 5 13 2 

E to 8 20 9 7 109 1 118 8 66 0 4 94 34 0 14 5 
9146 
to 

9124 
r 

9146 
to 

9124 
G to 

9108 
10 53 11 8 100 4 112 2 60 7 6 00 39 0 16 3 

15% Clay 
Added 

9115 
to 

9108 
8 11 9 3 105 8 115 1 64 0 4 73 36 0 13 1 

Columns 7-8 s + c + v = 1 s = s and 

Column 10 — = ; 
v 1 - s 

s -f- c -I- v 

Actual cement-voids ratio 

-I- c + V 

apparently required by the durability 
tests, they also show a failure to obtain 
a thorough mixture for the full depth 
supposed to be stabilized It was ob
served in the field that it was difficult to 
obtam the full depth of scarification 
required with the equipment used It 
was also difficult to mix for the full depth 

trol to some extent and a deficiency either 
in thickness of stabihzed base or uni
formity of stabilization, both of which 
are detrimental 

Table 5 is a comparison of densities of 
the stabilized mixture measured in three 
different ways for comparison The 
first three columns identify the section 
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and type of soil Column 4 gives the 
actual cement content in per cent of the 
absolute volume of soil and cement which 
I S the basis of proportioning the labora
tory mixes. Column 5 gives dry densi
ties obtamed m the laboratory as shown 
m Figure 7, the values given, however, 
having been mterpolated from these 
curves for the actual cement content 

figures mdicate that the preliminary 
laboratory tests on random samples are 
not adequate for field control although 
the comparison is fairly good m some 
cases The difficulty is, however, m 
obtaimng representative samples rather 
than m the technique of the control tests 
or method of design 

The samples compacted in the field 

T A B L E 5 
D E N S I T Y OF F I E L D M I X T U R E 

Cement 
Content 
Per Cent 

Dry Density of Field Mixture 

Section Station 
Labora

tory 

Cement 
Content 
Per Cent 

Labora
tory 
Test* 

L b per cu ft —Compacted 
Section Numbers Sample 

Number c 
Labora

tory 
Test* 

Compacted in Cylinder Sample from Road 
8 + 0 

Labora
tory 
Test* 

Max Mm Ave Max Mm Ave 

(1) (2) , (3) (4) (5) (6) (7) (8) (9) (10) (11) 

9197 
A to 

9188 
10 5 50 130 7 123 5 118 0 121 2 127 7 122 0 123 9 

B to 
9177 

10-4 6 74 123 7 124 5 118 8 122 1 128 8 110 0 120 6 

C to 
9166 

5 6 68 121 5 126 2 121 0 122 8 — — — 

D to 
9151 

3 6 80 112 5 118 5 107 0 115 0 123 7 104 0 115 6 

E to 
9146 

4 6 92 117 9 121 5 116 0 118 8 119 0 119 0 119 0 

F to 
9124 

9 — — — — '— — — — 

G to 
9108 

3 9 00 113 6 112 9 I l l 0 112 2 120 7 105 8 115 3 

15% Clay 
Added 

9115 
to 

9108 
4 6 84 117 8 115 5 114 3 115 1 112 9 110 8 111 6 

Interpolated from laboratory curves 

given in column 4 The densities ob
tained by compactmg the final mixture 
in the standard cylmders are given in 
columns 6, 7, and 8, bemg the maximum 
and minimum values obtamed at any 
station m each section and the average 
for the whole section Columns 9, 10, 
and 11 give similar figures for samples 
taken from the road surface after com
paction In the writer's opinion the 

agree much better with densities in the 
road and indicate that a rather close 
control may be obtamed in this way. In 
one case. Section D, the individual maxi
mum and minimum value shows much 
too wide a range but this was picked up 
in both the control test and final density 
in the road This indicates a radical 
change in soil type which does not fit the 
classification used for that particular 
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section as a whole, again a question of 
representative sampling 

There are several other observations 
which deserve comment before complet
ing the discussion During construction 
some difficulty in stabilizing particular 
sections appeared to be due to high or
ganic content or acidity Values of pH 
were determmed for the soil in the 
various sections with ordmary indicator 
solutions Accordmg to these deter
minations the pH vaned from 5 6 for 
some of the sands to 8 8 for the high lune 
content clay in Section F Most of the 
sods were slightly acid and the mixmg 
water taken from small streams adjacent 
to the work was also questionable 
Tests conducted by the Portland Cement 
Association indicated a substantial reduc
tion in compressive strength when usmg 
this mixing water and for the soil in ques
tion Further tests indicated that the 
addition of clay .vith a high lime content 
corrected the sandy soils Whether this 
improvement was due to supplymg addi
tional soil fines which were needed or to 
correctmg the acidity was not clearly 
determmed While the data are incon
clusive, there is definite mdication that 
hydrogen ion concentration or acidity is 
a factor which requires study m connec
tion with soil stabilization m this par
ticular region of highly podzolized soils 

Mention should be made of one con
struction deficiency which, in the writer's 
opmion, was quite harmful to the finished 
surface • Fmal rolhng was done with an 
ordmary steam roller It appeared that 
those wheels which furnished traction 
caused horizontal displacement on the top 
mch or so of the mixture resulting imme
diately m characteristic cracking or in 
the formation of a plane of weakness 
which later caused flakmg or breakmg 
away of the top surface It appears that 
compaction of the mixture should be 
done with dead-weight rolhng equipment 
which does not furnish traction or intro
duce horizontal shearing forces 

Smce completion of the project the 
road has been subjected to one year of 
weathermg with practically no traffic 
This section of the Shore Lme Highway 
has not,been opened and only occasional 
vehicles gomg to isolated lake shore 
pomts use it Several inspections have 
been made and observation will be con-
tmued The condition of the road is 
variable, some sections bemg m satis
factory condition while others show signs 
of excessive scalmg and dismtegration. As 
yet there has been no attempt to correlate 
these conditions with the analysis given 
m this report but this wdl be done on 
subsequent observations 

C O N C L U S I O N 

The experience on the Cheboygan 
cement stabilization project indicates 
some rather definite relations based on 
void characteristics of the sod which may 
be applied to the design of soil-cement 
mixtures The cement-voids ratio ap
pears to be a controllmg factor in produc-
mg a durable stabilized mixture There 
IS need for a considerable amount of 
additional research m order to demon
strate more conclusively the fundamental 
relations mvolved and to improve control 
procedure under actual construction con
ditions Studies must be made of the 
physical chemistry of soils to determme 
the effect of chemical composition includ
ing such factors as hydrogen ion con
centration 

While a thorough investigation of soils 
to be stabilized should be made pre-
Imimary to actual construction, it appears 
to the writer that the present durabdity 
tests can scarcely be considered as feasible 
on regular construction projects and 
should be replaced as soon as possible by 
much shorter routine tests. Durabdity 
tests as used on this project should be 
regarded as research procedures and 
eliminated as soon as they have served 
their purpose and other reliable critena 
are available The preliminary labora-
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tory study of moisture-density relations 
requires much less time and might be 
supplemented by a compression test or 
something similar as routine procedure. 
In addition, it appears that the difficulty 
of representative sampling necessitates 
control of compaction by field control 
tests conducted in the field in conjunc
tion with each day's work In this case 
the prelunmary laboratory tests lose 
much of their value as control media and 
are useful only in preliminary design 

While it I S perhaps too early to elinu-
nate the more elaborate laboratory mves-
tigations now being attempted, it appears 
that there is sufficient evidence to outhne 
the following tentative procedure which 
gives promise of being adequate for field 
control 

Prehminary to Construction 

1 Mapping of soil series by preliminary 
survey 

2 Classification of soils by correlation of 
soil survey and grading operations 

3 Mechanical analysis of samples taken 
from finished grade at frequent in
tervals to supplement classification 
made from the soil survey 

4 Preliminary determination of void char
acteristics of representative soils by 
moisture-density tests 

5 Design of the soil-cement mixture by 
the cement-voids ratio, proportion
ing soil and cement by absolute vol
umes 

6 Molding of cylinders for compressive 
strength tests or for durability tests 
as long as the latter are needed 

During Construction 

1 Tests on raw soil, measurement of mois
ture content and loose volume measure
ment of scarified soil to control depth 
of scarification 

2 Tests on final soil-cement mixture, mois
ture determinations to control moisture 
content, compaction test of final mix
ture to check proportions and mixing, 
and for a control of compaction in the 
road Specimens should be preserved 
for compression test 

In connection with the procedure pre-
limmary to construction it may be 
pomted out that items 4, 5, and 6 may 
all be performed m the field if the design 
of the mix-ture could be standardized, as 
for example at a cement-voids ratio of 
15 per cent Determination of the total 
voids could be based on the moisture-
density relations for the raw soil, a cor
rection made for estimated bulking, and 
the cement content fully determined 
When sufficient data are available to 
establish a relation, perhaps between 
compressive strength and durability, the 
field cylinders could be cured in the field 
and sent to the laboratory for test The 
control procedure in soil-cement sta
bilization would then correspond quite 
closely to the present procedure in con
trollmg operations in concrete construc
tion 

SOIL-CEMENT STABILIZATION IN MISSOURI 

B Y F V R E A G E L 

Engineer of Materials and Tests, Missouri State Highway Department 

The progress report on laboratory work 
with soil-cement mixtures published in 
May 1936 by the Portland Cement Asso
ciation included the results of treatmg 
some typical Missouri clay soils These 
results encouraged the Department to 
test the practicability of such treatment 

in certam field test sections which re
sulted both in demonstrating a place for 
such a road type and in developing im
proved construction procedure 

Test sections consisted of worn out 
gravel roads which were programmed for 
improvement consisting of base const™ c-


