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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 matenal in the fimshed surface
was not compacted to 1ts maximum den-
sity, probably due to the fact that 1t had
been compacted at 6 5 per cent 1n excess
of 1ts optimum moisture content, that
there was no appreciable error in the
densities obtained for the fimished surface
by the sand method, that there was no
appreciable error 1 the densities ob-
tained 1n the field by the Proctor method,
and that the density and optimum
moisture content requirements for this
project were undoubtedly 1n error due to
the fact that the prelmmnary sample
selected for the control tests did not
represent the material on the project
Since gradation 1s unquestionably an
mportant factor in the density of soils,
and especizlly so with respect to surfaces
of this type, mechanical analyses and
hydrometer tests were also made 1n the
laboratory on each of the 60 samples
mentioned above The average results
for these tests mdicated 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
in the preliminary sample selected for job
control This difference in gradation
and character of the material undoubt-
edly proves that the sample upon which
the job requirements were based was not
representative of the soil on this project

CONCLUSIONS

1 Prelmimary samples on which the
job control data are to be based should
not be taken until the grading 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 suffi-
cient number of samples secured to
represent satisfactonly the soill types
and variations within these types

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

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

EXPERIMENTAL SOIL-CEMENT STABILIZATION
AT CHEBOYGAN, MICHIGAN

By W S HousEL
Research Consultant, Michigan State Highway Department

During the summer of 1936 the Mich-
1gan 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
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 1 the control and
supervision during construction

Construction was started on August 15
Because of frequent rains the first section
of 350 ft was not processed until August
25 The last section of 700 ft was
processed on October 22 and the project
was discontinued on November 6 when
1t appeared hopeless to attempt further
construction 1n the face of adverse
weather conditions Special mention 1s
made of the weather as 1t constituted the
greatest difficulty encountered in the
work There were 22 days out of the



HOUSEL—MICHIGAN 47

total 82 days of the construction period
on which 1t ramned sufficiently to stop
the work During the latter part of the
job Sisalkraft paper was used to protect
the section under construction While
this proved to be of substantial assistance
1t did not ehmnate the difficulty which
ndicates that the success of this type of
soil stabihzation by road mix methods
depends to a considerable extent upon
hmiting 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 1t was conducted This factor
must, 1n fairness, be considered 1n 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-
ston will present information on the
design and control of soil-cement mix-
tures and will make only occastonal
reference to construction procedure and
equipment Some tentative conclusions
will be presented with the object of sug-
gesting a basis for designing such mix-
tures and of outlining procedures to con-
trol the construction in the field

PRELIMINARY SOIL SURVEY AND SOIL
CLABSIFICATION

The Michigan State Highway Depart-
ment has for some years included a pre-
hminary 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 Chemustry and Soils was made
of the Cheboygan section of the Shore
Line Highway and serves as an excellent

1 (a) “Soil-Cement Road Project-Cheboy-
gan County, Michigan”’—J W Kushing Paper
for the 29th Annual Mississipp1 Valley Con-
ference, February 6, 1937

(b) “Principles of Soil Stabilization’’—
W S Housel, Cival Engineering, May, 1937

Ulustration of the practical value and
adaptability of this type of soil classifi-
cation to highway design and construc-
tion In Figure 1 1s shown a strip map
giving the different soil types and their
boundares found on the section of road
under discussion The characteristics
of each soil profile are given 1n detail 1n
the deseriptions 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-
scriptions of each soil series on the strip
map in Figure 1 have been reproduced
mn Figure 2 There are nine soil series
1dentified on the map and these may be
grouped into two classes In one the
parent material 1s sand while in the other
the parent material 1s clay One profile
series, Ogemaw, 1s a special case, being
two or three feet of imperfectly drained
sand, over clay This senies has been
mncluded in the clay group because, as
will be seen 1n later discussion, the grad-
g operations brought this clay to the
surface and 1t played an mmportant part
m the composition of the subgrade soil
The so1l series are typical northern pod-
zols with an A, honzon of organic debris
with a characteristic leached A, horizon
In general the surface soils were acid as
might be expected in podzol soils, a fact
which appeared to affect the soil stabili-
zation m one case, which will be dis-
cussed later

The grading operations mixed the soils
in the onginal 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 fimshed grade 1in plan and also serve
as the base line to show cut and fill on the
center hne and at ponts 25 ft nght and
left of the center hne  The circles on the
center line represent balance pomts for
cut and fill and, in general, mndicate 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 1s 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 silt,
and 7 per cent clay, which 1s a sandy
loam very similar to that in Section B
and comparable to Laboratory Sample
No 4 This texture 1s 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
1s the clay section left unstabihzed The
grading 1s fairly deep sidehull cut through
the Onaway and Ontonagon profiles with
clay parent material The mechamecal
analysis from the check samples shows
12 per cent sand, 52 per cent silt, and 37
per cent clay, classified as silty clay, and
15 fairly close to Laboratory Sample
No 9

Section G from Sta 9124 to Sta 9108
1s through several low-lymng profiles of
Newton, Saugatuck and Rubicon, all of
which are from sand parent materials
There 1s considerable waste including
peat excavatior and, as most of the sec-
tion 1s 1n fill, material has been borrowed
from an adjacent Rubicon area to sup-
plement the excavation from roadside
ditches The resulting soil 1s 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 stabihizing this sec-
tion and 15 per cent clay by weight was
added in 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 1s fairly close to Laboratory Sam-
ple No 4 The addition of clay assisted
the stabihization process very materally
and was adopted as a tentative procedure
for future work with sands of the char-
acter here encountered

LABORATORY INVESTIGATION
Purpose of Laboratory Tests

It appears from the preceding discus-
sion that the determination of prevailing
soil types or series combmed with a con-
sideration of grading operations consti-
tutes a practical basis of soil classification
for the purpose of designing the stabihzed
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 eliminated in regular con-
struction procedure, this very duplhcation
provided a rather desirable feature for
an expermmental project

The primary objective of the labora-
tory tests was to determine the proper
proportions of soil, cement, and water to
facihtate compaction and produce a
durable stabilized mixture The tests
indicated 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 intervals along the grade would
serve as the basis for controlling con-
struction procedure

A companson of results produced in
the field operation with the results of
laboratory tests on this project, indicate
that the laboratory tests are inadequate
as control tests except to determine the
quantity of cement which would produce
durable stabilization While the pre-
lhiminary tests did serve this purpose and
were useful 1 the soil classification, they
did not reflect changes in gradation and
vold charactenstics from station to
station with sufficient 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 out holding up the construction and could
proper amount of compaction or optimum  control the stabthzation procedure much
moisture content It was found that more effectively
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one expertenced operator with an occa- The laboratory investigation was con-

sional helper could run the density- ducted and practically completed before
moisture tests for each day’s work with- 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 1n substantial agreement, although
methods used varied in some respects
This discussion will be hmited to those
tests conducted by the department on
the ten laboratory samples previously
1dentified

Gradation and Mazximum Densily

The mechanical analyses of all samples
areshown in Figure3 The matenal pass-
ing the No 10 sieve, soil mortar, was used
m subsequent laboratory tests The grad-
ings of the soil mortar 1n the various sam-
ples are shown on Figures4 and 5 The
distribution of particle size as shown by
the conventional method of plotting,
shows some characteristics not evident 1n
the textures plotted on the triaxial chart,
which show a definite relation to densities
obtaned in compaction tests The heavy
dashed curves 1in Figures 4 and 5 repre-
sent, so-called 1deal 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, 1s also a poorly
graded material, though not so much so
as the sands, a fact which 1s also reflected
in a higher compacted density  Samples
8 and 10, the sandy loams, are the best
graded matenals encountered, Sample
10 bemng particularly close to the ideal
curve for a maximum size of 05 mm
In Figure 5 are shown the gradings of the
loamy sands, Samples 1, 2, 4, and 5
Their grading 1s somewhat better than the
sands and poorer than the sandy loams,
as might be expected with an intermediate

percentage of soil fines, but they do de-
part substantially from the 1deal gradings
The addition of so1l fines would be a sub-
stantial improvement, but all of these
matenals compacted fairly well and
resulted 1n satisfactory stabilized mix-
tures

The void charactenistics of the ten
samples and the grouping mto four tex-
tures 1s clearly shown by the compacted
densities 1n Figure" 6 The moisture-
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density relations which show the opt:-
mum moisture content and maximum
density were obtaned by compacting the
so1l using the procedure developed by the
Cahforma State Highway Department
and described by Proctor The com-
pacted dry densities of the sands vary
from 107 2 to 109 Ib per cu ft with an
average of approximately 108 The
loamy sands vaned from 1153 to 116.2
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with the exception of Sample 2 which
compacted to 1194 I per cu ft The
sandy loam, Sample 10, gave a dry
density of 134 41b 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
investigation was started The percent-
age of total voids in the compacted soil
1s shown 1n 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 1s the most striking feature of the
data The vanation 1n density can be
predicted from the companson between
the 1deal gradings and the actual grading
In 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, 264 as compared to
2 55-2 61 for the others of the group, the
dry density 1s higher The optimum
moisture content 1s also lower indicating
less absorption which 1s also consistent
with the higher value of speafic gravnity
The consistent relations shown furnish a
rehable basis for the grouping of the ten
samples mto four texture groups previ-
ously discussed
It also appears that vanation in tex-
ture and grading 1s so accurately re-
flected 1n the compacted density that the
routine density tests may be the most
practical basis of designing the stabilized
mixture A further fundamental ad-
vantage of the test which measures
compacted density 1s that 1t directly
measures the total voids which later serve
as the basis for determining the required
cement content

Voud Characteristics of Soil-Cement Maz-
turcs

The next step 1n the laboratory investi-
gation was to compact mixtures of soil
and cement using various percentages of

cement 1n order to determine the charac-
teristics of each mixture and to prepare
samples for durability tests The mix-
tutes were proportioned by absolute
volume, the cement content bemng 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 in the pre-
Iimmmary tests The following example
lustrates the method of proportioning
the trial mixtures

Let s = absolute volume of soil
(14 c . (13 (13 13 cement
(11 v = (13 111 (11 vo‘ds
¢
Cement Content =
8+ ¢

Assume 6%, cement content
4000 grams oven dry soil
2 62 specific gravity of soil

315 ¢ “ “ cement
4000
s=2—62=1527cc =94% of s + ¢
1527 _ o
94 06
c=974cc

974 X 315 = 307 g cement
Assume 109, water (Per cent dry weight soil
and cement)
Water = 10 X 4307 = 4307 g of water

430 7
“ = =" = 91% (Wet B
e 919% (Wet Basis)

Mixtures using the same cement content
and various moisture contents were com-
pacted mn cylindrical molds 4 mm 1n
diameter and 63 in ligh The com-
pacted sample was weighed and, knowing
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, excluding the cement,
were also computed and are used 1nlater
analyses The following example 1s given
for 1illustration.
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Weight of compacted mrxture = 2050 g
Mowsture 091 X 2050 = 221 5¢g
Dry soil and cement =18225¢g
Volume of mold 1027 9 ce
1822 5
Dry bulk specific gravity = = 1775

1027 9
Density = 17756 X 624 = 11051b per cu ft

The voids in the soil-cement mixture
may be computed by finding the specific
gravity of combimned sohds which 1s the
weighted average of the specific gravities
of the soil and cement as follows

265X 94=249
316X 06=_19

2 68 Sp gr combined solids

268 — 1775
268 = 338 Voids in mixture
st+ct+v=1
s+c=1— 338 = 662 66 2% solids
s = 94 X 662 = 622 62 29, soil
¢c= 06 X 662 = 040 4 09, cement

The total voids in the compacted soil
without cement 1s the sum of voids 1n the
mixture and the absolute volume of
cement If the cement-voids ratio 1s
defined as the ratio of absolute volume of
cement to the absolute volume of voids
1t_may be computed.as follows

Total voids v = 338 + 40 = 37 8%
4

c
Cement-voids ratio il 10 6%

The void charactenistics of typical
compacted mixtures are shown mn 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 omtted
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 in ob-
tamning umform compaction by hand
tamping.

In all cases the total voids in the soil

skeleton were increased by the,addition
of cement but in the case of sands and
loamy sands this trend was much less
than for the finer grained sous. 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 13 a marked increase n total
voids over the raw soil This tendency
was also noted 1 the silty clay, No 9.
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Figure 7

In these finer gramned soils the cement
apparently forms an expanded structure
or results in a bulking effect that pro-
duces a decreased density In Figure 7
the percentage of vouds in the soil-
cement mixtures at maximum density
has been mdicated and 1n parentheses the
total voids m the mixture, exclusive of
the cement, have been shown. The mn-
crease 1n total voids due to bulking action
of the cement must be considered in com-
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puting the cement-voids ratio and enters
mto the preluminary design of the
mixture

The objective of the analysis of the void
characternistics of the soil-cement mixtures
1s to obtain some practical eriterion for
design which will accurately reflect the
properties of the stabilized mixture, par-
ticularly with respect to durability.
Throughout the investigation 1t became
creasmgly apparent that the behavior
of the mixture must be associated 1n some
way with voids and that the efficiency of
cement stabihzation depends 1n some
way on a relation between voids and
cement  Thisis no new 1dea 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 in the form of 4 by 6% 1n cylinders
were compacted at optimum moisture
content for the various percentages of
cement These cylinders 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
m Figures 8 and 9  In each case the loss
after 24 cycles has been plotted against
the cement-voids ratio The data used
1 the computation of the cement-voids
ratio are given in Table 2 The speci-
mens subjected to durability tests are
identified by soill sample number and
cement content The specific gravity of
the soll 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
cubie foot was determined for each speci-
men and the total voids in the so1l skele-
ton, the absolute volume of cement per
unit volume of compacted mixture, and
the cement-voids ratio were all computed
as in 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 duphcate the maxi-
mum density 1n every specimen, but on
the average the agreement 1s good The
results of the durability tests have
every case been correlated with the actual
cement-volds ratio of each sample

The comparison between cement-voids
ratio and percentage of loss at 24 cycles
of freezing and thawing in 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 containing 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 wetting
and drymg cycles have been plotted 1n
exactly the same manner as in Figure 8
The durability of the various specimens
also shows a very close relationship be-
tween loss and the cement-voids ratio
The wetting and drying tests, while not
so severe as the freezing and thawing
cycles, showed frequent fatlures for
cement-voids ratios less than 12 per cent

It 1s dangerous to draw sweeping con-
clusions from only one set of data but
until an analysis of a large volume of
such information 1s available 1t seems
proper to discuss tentative conclusions
which may serve as temporary cnteria
To this extent the data indicate that a



HOUSEL—MICHIGAN 59
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cement-voids ratio of 15 per cent may quite different from mortar in concrete
produce a mixture as durable as present mixtures where the voids in the aggre-
requirements indicate 1s essential gate are filled with cement paste. The

100

|
14
O s0
3
§ DURABngYY TESTS
R e FREEZING & THAWING
N
g “
(S
2
§ = I
: |
(=] - 10 T
¢ I e o |l| | 2 EKA} I s /8 I 20
Vacues tor Eznz";v'r-'l/o/.aa RArfq :-: 1 |
| AorCont Comer 52 | * % 4 40 % ¢ 28K & ) 2 o
— 357 & , 359, 6
Jom, PMowbder I"74 s 152 Pl 5% ~, 3 2 ”l
Figure 8
100
"
M
£
O
&
3
§ OURABILITY TESTS
R e WETTING & DRYING
3
3
3 <0
3
’I)
d »
&
V]
Q
o
¢ nie 9 lm e 6 /e 20
I.ll/A.LUE~ or C'.‘,.,., -Vo.aa RAr/o'“. £

fH ¥
I&-MCmnfﬁz | ““ 4 44 Phd % £P° ¢ o 24 |
a_Nimber 1l ¥ , 5 22~ 5 F° » ) 22 ]

The manner 1n which the cement acts picture which the wrnter has in mind is a
as a binding medium 1n a soil-cement granular soil structure with lhittle more
mixture with comparatively small cement than enough cement paste to join the
contents 15 a matter of speculation The particles at their pomnts of contact The
character of the muxture 1s obviously soil structure is spot-welded, so to speak.
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It appears that such a conception 1s 1n
agreement with the comparatively small

TABLE 2

SOIL-CEMENT MIXTURES

CEMENT-VoIDS RAT10S FOR LABORATORY DURABILITY TESTS

Figures 8 and 9 are all taken from the

oniginal laboratory tests The compan-

Laboratory

Cement

Specific Gravity

Freozing and Thawing

Wetting and Drying

Content Absolute |[Cement- Absolute | Cement-
Sample [ Denaty |APsolute [y me | Voids Dry [Abeolutefyotime | Voids
N Vol Vol
T e sed | M oM Gomant | Jotal | R0 | Dentty | Comeny | Totel | Bate
v v v v

per cent 3:‘ 7}:' per cent | per cent | per cent fg‘ ’}f' per cent | per cent | per cent

4 2 61 263 |116 5| 28 | 318 89 |1147| 280 | 329 85

1 6 “ 264 {1148 418 | 345 | 12 1 (1149418 | 3845 | 121
8 “ 265 |117 1 566 | 3¢9 | 162 | 1176 569 | 346 | 16 4

4 264 [ 266 [1214]| 292 | 298 98 |1223( 295 | 292 1101

2 6 “ 267 |1243| 448 | 299 | 150 | 1243 | 448 | 299 | 150
8 “ 268 | 1243 594 | 316 | 180 | 1238 592 | 319 | 185

4 264 [ 266 1075 259 | 379 68 |1092| 263 | 36 8 71

3 6 “ 267 [ 1113|401 [ 372 | 108 |1100| 396 | 380 | 10 4
8 “ 268 1110} 531 [ 389 | 136 [1113| 533 | 387 | 138

4 255 [ 257 {1063 | 266 | 36 3 73 |1077) 269 | 355 76

4 6 « 259 [1088 | 404 | 367 [ 110 (1075|399 | 375 | 106
8 “ 260 (1083 534 | 386 | 138 (1089 | 537 | 383 | 140

4 255 1257 (116 0| 290 | 305 95 (1142|285 | 316 90

5 6 “ 259 (1188 441 | 309 | 143 |1175| 436 | 317 | 137
8 “ 260 (1192 58 | 324 | 182 |1192| 588 | 324 | 18 2

4 2 63 265 (1138 275 | 340 81 (1087|263 | 369 71

6 6 “ 266 | 1138 | 411 356 115 |1110] 401 371 10 8
8 “ 267 [1154 | 554 | 362 | 153 (1129 542 | 376 | 14 4

4 2 61 263 (1084 264 | 36 6 72 |1085| 264 | 366 72

7 6 “ 264 (1107 403 | 369 | 110 (1100} 401 | 372 | 108
8 “ 265 (1142( 552 | 365151 (1112 538 | 381 | 141

6 2 68 271 {1130 401 (371 | 108 [1130| 401 | 371 | 108

9 8 “ 272 (1135|535 [ 385 | 139 |1070| 505 | 418 | 121
10 « 273 |1060) 623 | 439 (142 |1052| 618 | 444 | 139

4 268 | 270 11290 | 306 | 266 [ 115 (1282 | 304 | 269 | 113

10A 6 “ 271 |1287 | 457 | 285 | 160 1277 | 453 {200 | 157
8 “ 272 1282|604 [ 305 | 198 [1272| 600 | 310 | 193

cement-voids ratios in which only 15 per

cent of the total voids are filled

son of these data with experience n the
field and the success of field control 1s a

The data presented in Table 2 and matter of great practical importance and
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will be the next subject of discussion
While the more exact control i the labo-
ratory may produce a more accurate
measure of the charactenstics of the soil-
cement mixtures, the practical applhca-
tion of the critenia thus developed will
depend very largely on the accuracy of
field control.

FIELD CONTROL TESTS

After having selected the cement con-
tent, the control of the mixing 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 intervals during the
mixing operation Moisture was added
when required to bring the mix up to the
optimum moisture content

The amount of soil in the mix was con-
trolled by loose volume measurements of
the scarified sol and by regulating the
depth of scanfication to produce the
required dry weight of soil. The proper
proportion of soil for the compacted mix
was first determined from the preliminary
laboratory tests already described, but 1t
was found that vanations in the soil from
station to station were sufficient to necess-
itate compaction tests to determine op-
timum moisture content and maximum
density for each day’swork. Represen-
tative samples of the raw soil were col-
lected from the section to be processed on
the followmng 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 obtaned
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was a measure of the accuracy of the pro-
portiomng and mixing and the most
rehiable basis of checking the degree of
consohidation by sheep’s foot rollersand
other compacting equipment After a
section had been stabihzed, densities m
the road were measured by boring holes 1n
the stabiized surface, measuring the
depth and volume of the hole, and weigh-
g the maternal removed Samples of
the soil-cement mmxture were also col-
lected and sent to the laboratory to
determine the actual cement content
These data for the various sections are
presented mn Tables 3, 4, and 5

Table 3 gives the theoretical propor-
tions 1n the field, assuming that the mix-
ture contamned the selected amount of
cement The computations are based
on the compaction of the final mixture
by hand tamping 1n the standard cylinder
which resulted mn the dry density in
pounds per cubic foot given 1n column 7.
The theoretical cement content 1s given
i column 3 as a percentage of loose
volume of cement per cubic foot of com-
pacted mix, assurming the weight of
cement as 94 1b per cu ft , loose volume
This gives an arbitrary cement content,
shown 1n column 5, amounting to 7 52 or
846 b 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
mm column 4 which gives the cement
content as a percentage by weight of the
dry mix. The dry weight of soll per
cubic foot of compacted mix 1s given 1n
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 times 62 4,
and are given 1n columns 8 and 9 as a
percentage of the umt volume made up
of so1l, cement, and voids The cement-
voids ratio is given 1n column 9

It may be noted that the cement-voids
ratio provided for in the design 1s less
than 15 per cent 1n all cases, ranging from
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a low of 11 per cent to a high of 13 per
cent In the hght of final results of the
durability tests there appears to be good
reason to question the proportions used
as being somewhat lower than desirable
It may also be pomnted out that the com-
putations are based on the average dry
density over a number of stations and,

puted 1n the same way as in Table 3
except that the cement contents are
determined by laboratory analysis of the .
mixture Samples of the raw soll 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-

TABLE 3
THEORETICAL PROPORTIONS OF FIELD MIXTURE

Cement Content Field Mixture Compacted in Cychinder
8 Per Cent Proportions by Drv We'ght Absolute Volume in Per Cent
tation
Section Numbers
Loose Lb per Cu Ft s ) ° °
(‘;’oglxe) Dry Mox Cement Soul Mix stct+vlstetv v
Q1) @) 3) 4) ()] (6) 7 ) (9) 10)
9197
A to 8 6 20 7 52 1137 | 121 2 68 9 383 12 3
9188
B to 8 6 15 7 52 114 6 | 1221 69 5 383 12 6
, 9177
C to 8 612 7 52 1153 | 122 8 700 383 12 8
9166
D to 8 6 54 7 52 1075 | 1150 65 2 3 83 10
9151
E to 9 712 8 46 1103 | 118 8 66 9 4 31 130
9146
F to — —_ _ — — —_— _ —
9124
G to 9 7 54 8 46 1037 | 1122 62 6 4 31 115
9108
9115
15% Clay to 8 6 52 752 | 1076 | 1151 | 653 | 38 | 110
Added
9108
Columns 7-8 s+c+v=1 8 and 2
n = —_— = —_—— =
o s+c+v s+c+v
Column 10 % = 1 c . Theoretical cement-voids ratio

as shown 1n Table 5, the density range in
individual cases may vary approximately
51b per cu ft above or below the aver-
age. The cement-voids ratio would also
show a larger vanation than given 1n
Table 3 as the void space in the sol
structure 1s increased or decreased

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

cium oxide (CaO) in the mixture and 1n
the soil and cement samples and calcu-
lated the cement content from these pro-
portions A comparison of the cement
content 1n percentage of the dry mix in
Tables 3 and 4 shows that the actual ce-
ment content 1s 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 1n Table 3

While the higher values of cement-
voids ratio actually obtained compare
more favorably with the 15 per cent
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of the loose soil It 1s entirely probable
under these conditions that either the
amount of soil stabilized 1s less than 1n-
tended or that cement contents are high
n the surface and low at the bottom of
the stabilized layer In any event, the
high cement contents indicate poor con-

TABLE 4
AcruaL PrororTIONS OF F1ELD MIXTURE

Cement Field Mixture Compacted in Cylinder
g;né:?:’t Proportions Dry Weight in Absol
Station Ib percu ft ute Volumes in Per Cent
Section Numbers
Soil Cement Total o
Dry Mix Cement Soil Mix 8 e Voids —
s+et+v(|stetv| 1-8 v
1) 2) (3) 4) (5) (6) (1 (8) 9) (10)
9197
A to 6 42 78 113 4 121 2 68 7 3 97 313 127
9188
B to 7 90 96 112 5 122 1 68 0 4 89 320 153
9177
C to 7 80 96 113 2 122 8 68 5 4 89 315 16 6
9166
D to 8 02 92 106 8 115 0 64 5 4 68 355 13 2
9151
E to 8 20 97 109 1 118 8 66 0 4 94 340 145
9146
F to - — - — — — — —
9124
G to 10 53 118 100 4 112 2 60 7 6 00 390 15 3
9108
9115
15?ddcmy to 811 | 93 | 1058 | 1151 | 640 | 473 | 360 | 131
ed
0108
Columns 7-8 =1  —sad ——— =
olumns s+c+v= s+c+v—san Fet v

Column 10 L
v

apparently required by the durability
tests, they also show a failure to obtam
a thorough mixture for the full depth
supposed to be stabilized It was ob-
served 1n the field that 1t was difficult to
obtain the full depth of scarfication
required with the equipment used It
was also difficult to mux for the full depth

¢
Actual cement-voids ratio
8

trol to some extent and a deficiency either
i thickness of stabihized base or uni-
formity of stabihzation, both of which
are detrimental

Table 5 15 a comparison of densities of
the stabilized mixture measured in three
different ways for comparnson The
first three columns identify the section
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and type of soill Column 4 gives the
actual cement content in per cent of the
absolute volume of soil and cement which
1s the basis of proportioning the labora-
tory mixes. Column 5 gives dry densi-
ties obtained in the laboratory as shown
mn Figure 7, the values given, however,
having been terpolated from these
curves for the actual cement content

figures 1indicate that the prelmmary
laboratory tests on random samples are
not adequate for field control although
the comparison 1s fairly good in some
cases The difficulty 1s, however, 1n
obtaming representative samples rather
than i the techmque of the control tests
or method of design

The samples compacted in the field

TABLE 5
DensiTY OF FIELD MIXTURE

Cement Dry Density of Field Mixture
Content
Labora- | Per Cent Lb per cu ft —Compacted
Station tory
Bection | Nymbers | Sample Labora-
Number ¢ {‘:g/. Compacted 1n Cyhinder Sample from Road
sto Max Min Ave Max Min Ave
(1) 2) , @& 4) (5) (6) (0 8 ) (10) (11)
9197
A ' to 10 5 50 130 7 123 5 1180 | 1212 (12771220123 9
9188
B to 10-4 6 74 123 7 124 5 1188 | 1221 (128 8110 0| 120 6
9177
C to 5 6 68 121 5 126 2 1210 | 122 8 —_ —_ —_
9166
D to 3 6 80 112 5 118 5 1070 | 1150 (1237 | 10401156
9151
E to 4 6 92 117 9 121 5 1160 | 1188|1190 1190 119 0
9146
F to 9 - — —_ — - — — —
9124
G to 3 9 00 113 6 112 9 1110 (1122|1207 | 1056 8 | 1156 3
9108
9115
16% Clay | " 4 | 68t |m78 | 155 | 1143 |151| 1120|1108 1116
Added 9108

* Interpolated from laboratory curves

given 1n column 4 The densities ob-
tained by compacting the final mixture
in the standard cylinders are given 1n
columns 6, 7, and 8, bemng the maximum
and mmimum values obtamed at any
station 1n 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 wnter’s opmion the

agree much better with densities 1n the
road and indicate that a rather close
control may be obtained in this way. In
one case, Section D, the individual maxi-
mum and mimmum value shows much
too wide a range but this was picked up
1n both the control test and final density
m the road This indicates a radical
change 1n so1l 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 1n stabilizing particular
sections appeared to be due to high or-
ganic content or acidity Values of pH
were determined for the soil in the
various sections with ordinary mdicator
solutions According to these 'deter-
miations the pH varied from 56 for
some of the sands to 8 8 for the high lime
content clay in Section F  Most of the
sols were shghtly acid and the muxing
water taken from small streams adjacent
to the work was also questionable
Tests conducted by the Portland Cement
Association indicated a substantial reduc-
tion 1n compressive strength when using
this mixing water and for the soil in ques-
tion Further tests indicated that the
addition of clay with a high hme content
corrected the sandy soills Whether this
improvement was due to supplymng addi-
tional so1l fines which were needed or to
correcting the acidity was not clearly
determined While the data are incon-
clusive, there 1s defimte imndication that
hydrogen 10n concentration or acidity 1s
a factor which requires study 1in connec-
tion with soil stabilization in this par-
ticular region of highly podzolized soils

Mention should be made of one con-
struction deficiency which, 1in the writer’s
opinion, was quite harmful to the finished
surface ® Final roling was done with an
ordinary steam roller It appeared that
those wheels which furmished traction
caused horizontal displacement on the top
mch or so of the mixture resulting imme-
drately 1n characteristic cracking or in
the formation of a plane of weakness
which later caused flaking or breaking
away of the top surface It appears that
compaction of the mixture should be
done with dead-weight rolling equipment
which does not furnish traction or intro-
duce horizontal shearing forces

Since completion of the project the
road has been subjected to one year of
weathering with practically no traffic
This section of the Shore Line Highway
has not.been opened and only occasional
vehicles gomg to 1solated lake shore
pownts use i1t  Several inspections have
been made and observation will be con-
tmued The condition of the road 1s
vanable, some sections bemg mn satis-
factory condition while others show signs
of excessive scalingand disintegration. As
yet there has been no attempt to correlate
these conditions with the analysis given
m this report but this will be done on
subséquent observations

CONCLUSION

The expenience on the Cheboygan
cement stabilization project indicates
some rather defimte relations based on
void characteristics of the soil which may
be applied to the design of soil-cement
mixtures The cement-voids ratio ap-
pears to be a controlling factor in produc-
ing a durable stabihized mixture There
1s need for a considerable amount of
additional research in order to demon-
strate more conclusively the fundamental
relations involved and to improve control
procedure under actual construction con-
ditions  Studies must be made of the
physical chemistry of soils to determine
the effect of chemical composition includ-
ing such factors as hydrogen 1on con-
centration

While a thorough investigation of soils
to be stabilized should be made pre-
liminary to actual construction, 1t appears
to the writer that the present durabiity
tests can scarcely be considered as feasible
on regular construction projects and
should be replaced as soon as possible by
much shorter routine tests. Durabihity
tests as used on this project should be
regarded as research procedures and
ehminated as soon as they have served
their purpose and other rehable 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, 1t appears that the difficulty
of representative sampling necessitates
control of compaction by field control
tests conducted 1n the field in conjunc-
tion with each day’s work In this case
the preliminary laboratory tests lose
much of their value as control media and
are useful only in prelmnary design

While 1t 1s perhaps too early to elim-
nate the more elaborate laboratory inves-
tigations now being attempted, 1t appears
that there 1s sufficient evidence to outhne
the following tentative procedure which
gives promise of being adequate for field
control

Prelvmanary to Construclion

1 Mapping of soil series by preliminary
survey

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

3 Mechanical analysis of samples taken
from fimshed grade at frequent in-
tervals to supplement classification
made from the so1l 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-
ng 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 1n the
road Specimens should be preserved
for compression test

In connection with the procedure pre-
liminary to construction 1t may be
pomnted out that items 4, 5, and 6 may
all be performed in the field if the design
of the mixture 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 1n the field
and sent to the laboratory for test The
control procedure 1n soil-cement sta-
bilization would then correspond quite
closely to the present procedure 1n con-
trolling operations 1n concrete construc-
tion

-~
a4

SOIL-CEMENT STABILIZATION IN MISSOURI

By F V REAGEL

Engineer of Materials and Tests, Missour: State Highway Department

The progress report on laboratory work
with soil-cement mixtures pubhshed 1in
May 1936 by the Portland Cement Asso-
ciation included the results of treating
some typical Missoun clay soils These
results encouraged the Department to
test the practicability of such treatment

in certamn field test sections which re-
sulted both 1n 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
mmprovement consisting of base construc-



