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FOREWORD

Experiments with soil-cement roads started by the South Carohina State High-
way Department at the suggestion of Dr Chas. H Moorefield in 1932, and con-
tinued in 1933 and 1934, were reported at the meeting of the Highway Research
Board in 1936

In 1935 the Portland Cement Association undertook an extensive research program
to get at the fundamental scientific principles required to produce suitable soil-
cement mixtures for light traffic road use Cement was combined with soil samples
representing the range found 1n the United States. The first year’s work in this re-
search program developed basic principles and scientific methods for producing suit-
able soil-cement mixtures and indicated essential laboratory control tests

Subsequently, a number of state highway departments, employing the principles
which had been developed, built a number of soil-cement road projects for observa-
tion under traffic and weather conditions and to develop efficient construction meth-
ods and field control procedure

In order that the results of these researches and the experience in these demon-
stration road projects may be made available, the following reports have been pre-
pared by the State highway departments of Ilhnois, Iowa, Michigan, Missouri,
Wisconsin and South Carolhina, and by the Portland Cement Association

The reports were collected by W H Mills, Jr for the Project Commuttee on Sta-
bihized Roads of the Department of Soils Investigations, Highway Research Board,
C A Hogentogler, Chairman A summary of the reports 1s given 1n Part I, Vol 17,
Proceedings, Highway Research Board



BASIC PRINCIPLES OF SOIL-CEMENT MIXTURES AND EXPLORATORY
LABORATORY RESULTS

By MiLes D Carron

Development Depariment, Portland Cement Association, Chicago, Illinors

In recent years increasing attention has
been devoted to the improvement of
secondary roads In this field there 1s
an ingistent demand for low-cost, stable,
all-weather surfaces Aiming at this ob-
jective, some experimenting was done
with soil-cement mixtures during the past
20 years In general, the results ob-
tained were unsatisfactory However,
enough information was developed by
these sporadic efforts to indicate that an
mtensive and thorough mmvestigation of
so1l-cement mixtures might uncover cer-
tain fundamentals which would lead to'
the development of this material for the
construction of low first cost secondary
roads

Of especial sigmficance was the pio-
neer work of the South Carolina State
Highway Department on soil-cement
mixtures This work was inmtiated 1n
1932 at the suggestion of Dr Charles H
Moorefield while State Highway En-
gieer While the results of this early
work were far from perfect they were
nevertheless most challenging

Accordingly 1in January 1935, Frank
T Sheets*, Consulting Engmeer and
Director of Development of the Portland
Cement Association and the writer began
a thorough study of techmical hiterature
on soils, including soil physics, mechanics
and chemistry This was supplemented
by a review of the South Carohna work
and some exploratory work of the U S
Bureau of Public Roads

* Since September 1, 1937, President, Port-
land Cement Association

This general survey wndicated that
there were possibilities of combining soil
and cement to produce a low-cost, all-
weather road for use in the hight traffic
road field provided the relations of soil
and cement could be evaluated and such
work removed from a cut-and-try or ht-
and-miss process

In the review of soill knowledge to
date, the work of R R Proctor! of the
Los Angeles, Cahforma, Water Board
was found to be outstanding 1n that he
brought national attention to the prin-
ciple that a direct relation exists between
the moisture content of a soil, the degree
of compaction and the resulting density
These principles were uncovered by the
Matenals and Research Division of the
Cahformsa State Highway Commission

In the work conducted by Proctor 1t
was found that the compaction of soil in
the field obtained by a sheepsfoot roller
could be duphcated mn the laboratory by
packing three successive layers of soil
about one and one-half inches thick in a
cyhnder with a five and one-half pound
rammer Each layer 1s packed by 25
blows of the rammer dropping free
through a distance of 12 1n  The mois-
ture, compaction and density relations
he used show that each soil has an opti-
mum moisture content which will produce
maximum density (stability) in a sol

! “Fundamental Principles of Soil Compac-
tion’”’ by R R Proctor, Field Engineer, Bureau
of Waterworks and Supply, Los Angeles,
Califorma Engineering News-Record, August
31, September 7, 21 and 28, 1933
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when 1t 15 compacted according to the
above specifications Also that any se-
lected density for a given soil can be ob-
tamed repeatedly by duphicating the
required moisture content and compact-
ing procedure The Proctor Laboratory
equpment 1s shown i Figure 1
In view of these relationships, 1t be-
came evident that the adoption of this
procedure might make 1t possible to
prepare any desired number of 1dentical
specimens of soil-cement mixture, having
a predetermined and most desired den-
sity If soil-cement mixtures followed
the general moisture-density relations of
raw soils, then the preparation of soil-
cement specimens compacted to optimum
moisture at maximum density would
place the material in the most stable con-
dition possible to obtain i the field
Further, 1t was essential to determine
the quantities of cement required to
produce a soil-cement mixture which
would be stable and durable when ex-
posed to field conditions Therefore,
the durabiity and stabihty of soil-
cement mixtures would need to be deter-
mined by means of laboratory weathering
tests
With the adoption of these concepts
1t was obvious that an exploratory in-
vestigation of soils and soil-cement
mixtures should consist of
A A laboratory investigation to de-
termine,
1 Moisture-density relations of
soll-cement mixtures at
(a) Maximum density
(b) Optimum moisture
2 Cement content required 1n soil-
cement mixtures, compacted at
optimum moisture to maximum
density, to produce satisfactory
durabihity and stabihity
(a) Based on repeated freezing
and thawing
(b) Based on repeated wetting
and drying

3 Relation of optimum moisture

of soil-cement mixtures to mois-
ture required to hydrate cement
B A field investigation to determine
the practicability of applymng lab-
oratory findings
A laboratory research project was
outlined for developing these explora-
tory data for a wide range of soils
Arrangements were made for coopera-
tion with the South Carolina State High-
way Department 1n determining the
needed laboratory data for a specific
project and with the South Carolina
Highway Department and the U § Bu-
reau of Public Roads n the construction
of a 1i-mile field project This project
was built late in the fall of 1935 near
Johnsonville, § C, under the super-
vision of the South Carolina State
Highway Department and M D Catton
after completion of a labaratory inves-
tigation of the soil which followed the
procedures outhned 1n this report Re-
sults were obtamned which proved that
soil could be properly pulverized, cement
and moisture contents controlled and
uniform, specified density obtained with
sheepsfoot rollers This work was re-
ported by W H Mills, Jr, Testing
Engmeer, South Carohna State Highway
Department, at the November, 1936
meeting of the Highway Research Board ?
The laboratory research project of the
Association has been under way since
1935 While all the exploratory work
has not been completed, the work on all
top soils and several common subsoils
has been very stimulating and satisfac-
tory and has progressed far enough to
warrant a summary of results Work
1s still under way on several very bad
subsoils of hmited occurrence which were
selected so that eventually the entire
range of road sois would be studied
The following 1s a progress report on
the work completed to date

® Proceedings, Highway Research Board,
Vol 16, p 322



LABORATORY INVESTIGATION

Purpose

The purpose of this project was to
determine

1 Whether moisture-density relations
of soils also hold for soil-cement
mixtures

2 Whether moisture content at opti-
mum was sufficient to hydrate the
added cement

CATTON—BASIC PRINCIPLES—LABORATORY TESTS 9

in the Umted States can be im-
proved appreciably by the addition
of cement
The data secured n studying these
questions should show the relative adapt-
ability of portland cement to the treat-
ment of the sois found throughout the
United States under prevailing chmatic
conditions and mdicate field construction
requirements

TABLE 1

IDENTIFICATION OF SoiLs TESTED

Soil Group,
Laboratory U S Bureau
Sample of Public Source Description
No Roads Classi-
fication
2a A-2 South Carolina Fine sandy loam top-soil
3a A-3 San Joaquin Co , Cahforma Fine sand top-soil
4a A4 Calloway Co , Missoun Silty clay loam subsoil
5a A-5 Minnesota Clay subsoil
5¢ A-5 Maryland Micaceous sandy loam top-soil®
5d A-4 Latah Co , Idaho Heavy silt loam top-soil
6a A-6 Pike Co , Missouri Clay subsoil
6b A-7-6 Fairfax Co , Virgima Clay subsoil
6c A-6 Guadalupe Co , Texas Clay subso1l
6d A6 San Joaquin Co , Califorma Clay (adobe) top-soil
7a A4 Franklin Co , Kansas Light silty clay subsoil
7b A-6-7 Michigan Clay subsoil
7c A-7-6 Pike Co , Missour1 Clay subsol
+ 7d A-7 Hinds Co , Mississippi Clay subsoil
Te A-7 Hinds Co , Mississippt Clay (Sharkey) subsoil
7f A-74 Sangamon Co , Illinois Light silty clay loam top-soil
(Bates Road)
8a A8 Minnesota Peaty muck (silt loam) top-soil

3 Whether cement hydration 13 a
primary or secondary contribution
to the stabiity and durability of
soll-cement mixtures

4 The predominating physical-chem-
ical relations of soils and cement

5 Whether all the results obtaned
m items 1 to 5 vary with soil
types

6 Whether the stability and dur-
ability of soils commonly occurring

Outlane of Laboratory Tests

Series 1 Selection of all representative
soil types from various parts of the
United States and the determination of
their physical test constants and gramn
size The soils selected for testing are
given 1 Table 1, together with their
1dentification

Series 2 Determination of moisture-
density relations of raw soils by varying
the moisture content and using the
Proctor method of compaction
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Series 3. Determination of mfluence
of various percentages of portland ce-
ment on moisture-density relations of
soil-cement mixtures using the Proctor
method of compaction Determinations
of the resistance of the resulting speci-
mens to the Proctor penetration appa-
ratus were also made but have since
been abandoned as no relations could be

SOIL-CEMENT MIXTURES

drying of cylinders compacted to maxi-
mum density at optimum moisture

Series 5 Same as Series 4, using mois-
ture changes, volume changes and weight
of material lost in repeated cycles of
freezng and thawing of cylinders as a
criterion of the influence of added cement
upon the durabiity and stability of soil-
cement mixtures

TABLE 2
PrYs1cAL TEsT CONSTANTS AND GRAIN SIZE OF SOILS

S Shrink-(Shrunk-| fags. |y E'9l4 | Sand s

hb mum L d Pl le 1nK- 1nK=- uge M nd, ll 3 ] X 0148,
sampte| Mo~ | e | UMY | Todox | poge, | age " |Moituro MEGUIT | Above | g5 Gugl 6i5"3io| Bolow | Spefio

No Per (LL) | (PL) | (PT) (SL) | (8R) | alent (p“ifnf: y| mm mm mm mm

Cent (CME) m
2a 10 19 17 2 15 | 18 10 18 77 1 22 15 | 2 662
3a 11 18 — 0 28 [ 15 7 23 88 1 11 7 | 2690
4a 16 30 23 7 2 {17 28 25 7 69 24 10 | 2 683
5a 31 65 35 30 31 15 49 43 6 24 70 17 | 2 647
5¢ 17 36 33 3 30 15 19 35 61 23 16 10 | 2 732
5d 16 32 25 7 22 (17 26 28 16 66 18 8 | 2647
6a 20 58 22 36 13 |19 34 28 23 28 49 32 |2 680
6b 20 62 29 33 13 |19 40 39 23 35 42 ' 24 [ 2815
6c 22 61 23 38 10 | 21 39 34 10 43 47 20 2720
6d 19 48 20 28 10 20 31 28 14 48 38 18 2 696
7a 17 35 21 14 16 | 18 25 21 14 56 30 13 | 2 635
7b 18 44 24 20 18 | 18 52* 23 5 19 76 32 (2727
7c 20 60 27 33 14 |19 39 34 11 43 46 29 (2711
7d 28 | 118 35 83 14 |19 98* 50 14 18 68 ** | 2761
Te 22 67 22 45 12 |19 58* 32 32 16 52 28 | 2721
7f 21 46 29 17 20 17 31 29 20 60 20 10 | 2 590
8a 81 {170 — 0 66 [ 08 92 244 10 80 10 7 | 2077

(1) Also included 1n clay fraction
* = water logged
*+ = flocculated

found between these penetration indices
and desirable cement contents  Further,
no readings could be obtammed after the
specimens had hardened for a few hours

Series 4 Determiation of influence of
variable cement contents on the dur-
ability and stability of soil-cement mix-
tures by obtamning weight of matenal
lost upon repeated cycles of wetting and

The U S Bureau of Public Roads
cooperated n this work by determining
the physical test constants and gran
size of the soils to be studied Hence all
the data reported for Series 1 were ob-
tamed from that source Since the
Bureau performed the tests of Series 1,
the Association work could be focused on
the tests which supphed the relationships
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between moisture content, compaction
and density of soil and soil-cement mix-
tures.

The equipment for the laboratory work
consisted of two sets of the Proctor soil
testing equipment (metal cylinders, ram-
mers, penetration disks), a small oven,
scales and miscellaneous equipment.

A large oven was used for drying soil-
cement cylinders tested in the wetting
and drying series. A large refrigerator,
capable of freezing specimens to —15° F.
in about 20 hours, was used for freezing
soil-cement cylinders.

TEST PROCEDURES

Physical Test Constants and Grain Size
of Soils.

The physical test constants and grain
size of the soils were determined accord-
ing to the standard test procedures of
the U. S. Bureau of Public Roads; results
are given in Table 2.

All percentages of moisture and cement
in the soil specimens given in this report
are based on the oven dry weight of the
soil unless stated otherwise.

Determination of Moisture-Density Rela-
tions Of Raw Soil Compacted by Proctor
Method.

The moisture-density relations of a
soil are determined after the soil has
been air dried and pulverized to pass a
No. 4 sieve. The moisture content of
the air dry soil, expressed as a percentage
of the weight of soil when oven dry, is
then determined. A cylinder of air dry
soil is then compacted by the Proctor
method and weighed. From this weight
determination and the known moisture
content, the weight per cubic foot of com-
pacted soil in the cylinder, when oven
dry, is computed. Another cylinder is
prepared by adding about two per cent
moisture to the soil and compacting.
The compacted cylinder is then weighed,

a sample of the soil oven dried to deter-
mine its moisture content and the oven
dry weight per cubic foot of compacted
soil again computed.

This process is repeated until the mois-
ture content of the soil is considerably
above the plastic limit. The oven dry
weight per cubic foot obtained by com-
paction is then plotted with the corre-
sponding moisture content. This gives
the moisture-density relations of the soil.
Figure 17, shows the moisture-density

Figure 1. Proctor Compaction Apparatus

relations of the Illinois Bates Road light
silty clay loam top-soil, which is typical
of many soils.

Determination of Moisture-Density Rela-
tions of Soil-Cement Mixtures Com-
pacted by Proctor Method

Soil-cement mixtures were obtained by .
adding 2, 4, 6 and 10 per cent cement to
the oven dry weight of the soil. The
moisture-density relations of each soil-
cement mixture were obtained by the
methods described for raw soils.
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Preparation of Specymens for Durabilaty
Tests

Specimens of raw soil and soil-cement
mixtures were first molded at optimum
moisture to maximum density The
specimens were then removed by placing
the mold in a special assembly 1n a com-
pression machine Split molds may also
be used to obtain compacted specimens

The specimens were exposed to labora-
tory air for seven days during which daily
measurements of volume and moisture

peated wetting and drymg After this
mtial period of about mne days drymg,
the specimens were ready for the wetting
and drymng test

As soon as the specimens had been
weighed and measured after removal
from the oven, they were immersed mn
tap water for five hours, removed and
again weighed and measured They were
then placed in an oven at 160°F. for 42
hours, removed, weighed and measured

content were made It has since been *53 |
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Soil losses at end of drylng perlod; curves are
averages of two specimens; Missourl silty clay
loam subsoil, No. 4a.

found desirable to simulate field condi-
tions more nearly by storing the speci-
mens in awr of high humidity or damp
sand to reduce moisture losses to a mini-
mum for a 7-day period

Wetting and Drywing Procedure

After seven days preparation, the
specimens were placed 1 an oven at
160°F for 42 hours They were then
weighed and measured to give a base for
determimmg slaking losses during re-

4 [ 8
MNurnber of Alferrnatiors

Figure 21. Alternate Wetting and Drying.
Soil losses at end of drying perlod; curves are
averages of two specimens, Missouri clay sub-
soil, No. 6a.

The foregomng wetting and drying
constituted one cycle which was repeated
at least 12 times or until the specimens
slaked to their angle of repose

Freezing and Thawing Procedure

After seven days preparation, the speci-
mens were placed on moist felt pads in
the moist room for 5 to 7 days to permt
complete capillary absorption of mois-
ture Measurements of weight and vol-
ume were made daily  After this mtial
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Figure 22. Alternate Wetting and Drying.
South Carolina Fine Sandy Loam Top-Soil,
Sample 2a.

Figure 27. Alternate Wetting and Drying.
Missouri Clay Subsoil, Sample 6a.

Figure 23. Alternate Wetting and Drying. Figure 28. Alternate Wetting and Drying.
California Fine Sand Top-Soil, Sample 3a. California Clay Adobe Top-Soil, Sample 6d.

Fig. 24. Alternate Wetting and Drying. Figure 29. Alternate Wetting and Drying.
Missouri Silty Clay Loam Subsoil, Sample 4a.  Kansas Light Silty Clay Subsoil, Sample 7a.

Figure 25. Alternate Wetting and Drying. Figure 30. Alternate Wetting and Drying.
Maryland Micaceous Sandy Loam Top-Soil Michigan Clay Subsoil, Sample 7b.
Sample 5c.

Comtrmt
Ktter 30 Afrer 10
Lrevnats: 2y Alirrmation

Figure 26. Alternate Wetting and Dry- Figure 31. Alternate Wetting and Drying.
ing. Idaho Heavy Silt Loam Top-Soil, Sam- Bates Test Road Soil, Illinois, Light Silty Clay
ple 5d. Loam Top-Soil, Sample 7f.
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12 to 14-day preparation period, the
specimens were ready for repeated freez-
mg and thawing

The spectmens were placed on special
carriers, lustrated mn Figure 22, mn a
refrigerator capable of freezing the center
of the specimens n about three hours
and lowermng the temperature of the
centers to —15°F 1 20 hours A
typical curve of freezing conditions is

+60

T
X/C enter of Soi!/ Specimen 65

rees /':
3

.De
§

§

+
3
Q

7ernperature

: \<F:<;e,f7/gerafox\
N

“““o 5 /0 /5 20 25 90
7ime - tfours

Figure 32. Freezing and Thawing Tests.
Rate of Freezing

shown i Figure 32 After 20 hours in
the refrigerator, the specimens were
removed, weighed, measured and placed
on wet felt pads in the moist room to
thaw for 24 hours with free water added
to the pads as needed to permit complete
capillary absorption of water by the
specimens The specimens were then
weighed and measured again  This con-
stituted one alternation of freezing and

thawing. All specimens were subjected
to the test for at least 12 cycles or until
measurements were no longer of value

GENERAL SUMMARY

Test Series 1, 2 and 3 were completed
on all soils Moisture-density results
are shown in Figures 2 to 18 inclusive
The durabiity tests, Series 4 and 5,
were completed on all top-soils and the
subsols of common occurrence Results
are given in Tables 4, 5, 6 and 7, and
illustrated 1n Figures 19 to 51 inclusive

e
* 1 !
g\ o Raw Sor/ sor 2a
S 25— ——— a 2% Cernent
i o ¥$% ”
%‘ ______ x 6% »
- ... .0/OFB
t (414
Q
A
o
33
X /5 fortof bottom fel/ S
S off and broke Qurle soff Q
O
h()
z‘lu :ss _
N —o— h
] 5 8" 30ff skiry, Frrem core )
/J)__-A__%/A__.ffa—..
Vv /ﬁs soff 3kin, hard core 1
%0 Z 70

4 6 8
Number of Alterrnatiorns

Figure 33. Alternate Freezing and Thawing.
Soil losses at end of thawing period, South
Carolina fine sandy loam top-soil, No 2a.

The durability tests have not been com-
pleted on several unusual subsoils of
hmited occurrence having high clay and
colloidal content which were selected so
that eventually the entire range of
existing soils would be studied
The major .findings of fundamental
nature mn these tests are
1 Moisture-density relations of soils
also hold for soil-cement mixtures
2 Moisture content at optimum 1s
from 3 to 10 times the quantity
required to hydrate the cement
added
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3. Cement hydration 1s a pnmary
contribution to the increase 1n
stability and durabihty achieved
with cement treated soils

4. The physical-chemical relations of
sols and cement are of fundamental
1mportance

5. All of the above relations vary with
so1l types

6 The stability and durability of most
soills commonly occurring in the
Unmted States can be improved
materially by the addition of ce-

ment
X 60 T
S Total!
S Loss so/t. Fa
N
S50
& Symbols o3 177
g §' 5 /éqoure 73 1
> | |§ /
D —/I—
o rhird craocked,

S ) il o/}’d broke ~ N
Y very sof7, fa/nng gpart
o & P N
DY 9 L
030 Q 0
- IS f’ 3
S |3 R
© N / R
\ S .4 g
g,m 2\ Jb 112 soff 5kir /L,— 3
- 8 slight f £ corg 4 N
3 port fop v E
N S
~ O / A,
N / 817 A A

|\ _gf | Firrmcore 3
‘g _ A —A A +ﬁd{

P el
% ? 7 g 70 7
Number of Alterriations

Figure 34. Alternate Freezing and Thawing.
Soil losses at end of thawing period; Missouri
silty clay loam subsolil, No. 4a.

This prehminary exploratory work
also showed that three fundamental
principles are involved in the production
of stable, durable soil-cement mixtures.
They are

1. Incorporation of optimum moisture

2 Compaction t6 umform, maximum

density

3. Incorporation of sufficient cement to

reduce so1l losses, moisture and vol-
ume changes to neghgible amounts
during the 12 cycles of durability
tests provided

In analyzing the test data 1t has been
helpful to divide the soils mmto three
general treatment groups based upon the
durabibty test results obtamed from
Series 4 and 5. A summary of these
data 1s given in Table 3 Soils showing
very marked hardening with the addition
of cement were placed in Treatment
Group 1, soils showing marked hardening
with the addition of ‘cement were placed
in Treatment Group II, sois showing
substantial hardening with the addition
of a reasonable amount of cement were

placed n Treatment Group III Work

35T Jmrer |

N p“’-’-’ sosL 6a

5 )

X 54
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SR | 2o
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3 2R —+ o prece.
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N r e ‘__,,I’ 77y 3ker?
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Nurnber of Alfernations

Figure 35. Alternate Freezing and Thawing.
Soll losses at end of thawing perlod; Missouri
clay subsoil, No. 6a.

on soils 6b, 6¢, 7¢, 7d, 7e and 8a, unusual,
bad subsoils of imited occurrence has not
been completed. The moisture-density
curves of these soils have different charac-
teristics than the curves for the other
sols and considerably more laboratory
work 1s mmvolved 1n therr evaluation
Figure 15 of sol 7d, Massissippa clay, is a
typical example of these mrregular type
curves In subsequent discussions, these
soils on which tests have not been com-
pleted have been placed together mn a
Group IV as a means of ready identifica-
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tion. However, it should not be in- which is in accordance with the control
ferred that successful means of treatment methods used on the exploratory work.
will not be evolved from the tests now
under way on these soils.

Figure 39. Freezing and Thawing. Minne-
sota Clay Subsoil, Sample 5a, Brushed Speci-
mens.

Figure 36. Freezing and Thawing. South ”.‘-.F,,.;‘”,.w‘;q“ﬂ,&wm ey
Carolina Fine Sandy Loam Top-Soil, Sample Fe :
2a. Above—Unbrushed Specimens, Below— Foms i ‘c::u Crmerr 11 Coment

Brushed Specimens after 20 cycles. Figure 40. Freezing and Thewing.  Marys

land Micaceous Sandy Loam Top-Soil, Sample
5c. Specimens brushed after third cycle.

10% i 8% 1A%
" Cement | Cement _i&wm

Figure 41. Freezing and Thawing. Idaho
Heavy Silt Loam Top-Soil, Sample 5d, Un-
Figure 37. Freezing and Thawing. Califor- brushed Specimens. :
nia Fine Sand Top-Soil, Sample 3a. Above—
Unbrushed Specimens, Below—Brushed
Specimens after 20 cycles.

Figure 38. Freezing and Thawing. Missouri
Silty Clay Loam Subsoil, Sample 4a, Un-
brushed Specimens. Light Silty Clay Subsoil, Sample 7a. Above—
Unbrushed Specimens, Below—Brushed Speci-
mens.

The following discussion relative to
the three treatment groups is based on
cement addition expressed as a per- The influence of cement can be evaluated
centage of the dry weight of the soil, most accurately on a volume basis since



dnoad s1q3 gy A(a3tuysp 9t £313uspt Avwx Ju19say [8uoI3IppE pus
ajsmiwopald ] JNOUL JUSWIBALT, UL S[I0S JO EO1PS1I9Y0BIBYD YT, [I JNOYUD IUSWYBIL], UL S[[8] JSOW[B ‘[108qN8 AB[O UBBIYOI ‘g (10§ ,

sy | LB YIN | L-9-V [»qL | 18[(nBaY weoy £8[2 K318 9yS [T | LV | L "
Iisindoy | aqops ji[8) 9-V | p9 | 1BM3ay | LBo L3118 9qB1| susvy -V | 82| 18[noy |wsvo] ApuBs SNO2DBIIW PN | G-V | 99 sAIn)
Js[ndaaa] £q18ua(y
-18[ndey] L8]0 o]y 9-v | B9 | 18nday | wreo[ 3|18 £a8vay oYyup] -V | pg| 18ndayg puss aug JiB) { £-V | 8g| -9INIBION
Jgndey £310 uurpy ¢-y | B¢ | 1BMmIay wgo[ £8[2 L[1I8 O] 3~V | 8| 18nBoy weo] Apuss aug O § { 2-v | B2 10 2In3BN
19 £8p Yoy | 2-9-V [WQL| 09  [wreoy AB L3[4 [{[ | ¥-LV | I Lywusq
€9 8qop® NI8) 9V | p9 99 A8y A8 9y3| suwy ¥V | 8L £9 weo| ApuBs SN0VBOIW PN | G-V | 9G] WNUIXBIN
€9 A8 O 9-v | B9 e9 weo[ J[18 AABay 0YBPI 7~V | pS g9 puss aug jis) | ¢-v | ®g] 3¢ spiog
€g A8[d uuipy ¢-v | ®g 99 wso] LB[2 L9)18 O]y V | 8 el weo| Apuvs dug O § |5V | B2 13 13g
9. L L B L9V (4L 0z wBo[ Av[> A48 YB[ (IT | P24V | I
8¢ aqops® JiB) 9V | P9 og Lu(o L8 9y3i| suBy[ v | 8L 91 wBeo[ ApuBss 8N03VBIIW PIAL | G-V | 99
6¥ L8]0 oW 9V | B9 81 wrso[ 118 £A83Y 0oyBp] ¥V | PS 11 puss aug Jie8) | €V | 8¢
0L A8 wwipy ¢-v | B¢ 74 wBo[ L8]0 LJ[18 O ¥V | %% 22 weo| Apuss dug O § | Z-v | ®g| 3usjuopn £vD
02 Ao Yo | £-9-V [v4L| 21 |weo[A®p L8 9uIi] qII | LV | KL
82 aqops Ji[8) 9-V | P9 ¥ Aw[o Lypis 3yd susyf ¥V {82 e wrso| Apuss 8noa3oeotw PN { -V | 29
9€ Lep o 9V | B9 L weo 18 £AvaYy oywp] v |pg O puss aug ji8) | &V ( 8 xopu]
oe L8120 wurpyy ¢-v | B¢ L weo[ A8[d> £3[18 O\ ¥V | 8% 4 weo[ Apuss dug ) § [ 3V | 82 Lyouyseid
47 Lo you | 2-9-V |G| 9%  |wso[ Lep Awaydy [iI | L4V | 12
14 aqops  JI[8) 9V | P9 ce Av[o A9118 9431 susyf ¥V | 8L 9g weo| Apuvs sN020BIIW PN | ¢-V | 299
8¢ L8 ol 9V | ®9 (44 weo[ |18 £ABY OYBP] v |pg 8T puss sug JiB) | £-V | B
g9 L8[ uurpy ¢-v | B¢ 0g wyo| £8[2 £}[13 O]\ vV | 8% 61 wrgo[ Apues suy O § | -V | ¥g| 3wy pmbry
- — —
S | 8 23 |8 HE
JMW» uordiseg M“ m mwam.&_a.ﬁxr uondtiosag MM m mﬂﬂ@ﬂ.\r uonydtoseq NN m..
Er | 2 Er |z B | 2
°© ° ° | sonsusyesivgy
JUIIUOD UMD S[GBUOTELIL “Sut Buwmug) res

qua Suwasyj puv Buizedlj (g) pus Suifip pue
Juajuco
qJuUaWed B[qBUOSLRl [Ylm Juludpliuy [wijusvisqug

Bun)iaam ([) 03 00UB)SISAL |¥ JUWISGNG

-M8Q1 puv Juizeasj (g) pus Suifip pue 3unjoa (1) 0
GOUBIBIENL POOP)  JUIWID PAPPY YIim BUIUIPILY PONIERY

pus 3uigsds} () pus Buifip pus Bunjaam (1) o} edus

-381891 ydg

JUQWED PAapPs Y3la BUIUIPIBY PONIBW AIIA

I1I d1OY D juemiwdl],

II dNOYD wemiwadlL],

1dA0Y9D juewmysal],

SISH], ALITIAVHEA (] WOWd SL1ASTY A0 8dA0HUY) INTRLVEH], OLNI AMVAKNAY TVHIANTED)

¢ 14Vl

(=
o



CATTON—BASIC PRINCIPLES—LABORATORY TESTS 21

this will permit incorporating a constant future work with volumes converted to
amount of cement in each unit volume equivalent weight for laboratory control
of compacted soil regardless of its weight
or other characteristics. The data in-

e v LL Y

Figure 44. Freezing and Thawing. Miss-
ouri Clay Subsoil, Sample 6a, Unbrushed
Specimens.

Figure 43. Freezing and Thawing. Michi-
gan Clay Subsoil, Sample 7b. Above—Un-
brushed Specimens, Below—Brushed Speci-
mens.

Figure 45. Freezing and Thawing. Bates
Test Road Soil, Illinois Light Silty Clay Loam
cluded in this progress report have sup- Top-Soil, Sample 7f, Unbrushed Specimens.

plied the information needed to add
cement on an apparent volume basis. by considering 94 Ib. of cement to be one

This procedure is being followed on cubic foot.

o Raw Soi/
E ———A 2% Cement
-5 0D4% 2 So/L 2q
N ey S L e b
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3 I TR g e el :
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Figure 46. Alternate Freezing and Thawing. Moisture content of specimens when thawed
after freezing; South Carolina fine sandy loam top-soil, No. 2a.
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Figure 47. Alternate Freezing and Thawing. Molsture content of specimens when thawed
after freezing; Missouri silty clay loam subsoil, No. 4a.
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Drscussion of Souls wn Treatment Groups
I and 11

The soils falling 1n Treatment Group
I, Numbers 2a, 3a and 5¢, sandy souls,
give outstanding beneficial results from
small quantities of added cement The
addition of 4 to 6 per cent cement
hardened the soil appreciably and de-

SOIL-CEMENT MIXTURES

Souls of Treatment Group II, Numbers
4a, 5d, 7a (USB PR sol groups A4),
and 7f, (USBPR sol group A-7-4),
are of a silty character and were decidedly
hardened with an addition of 6 to 8 per
cent cement, and reduced soil losses
during wetting and drymng or freezing
and thawing to small amounts and also
reduced moisture changes and volume
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Figure 51. Alternate Freezing and Thawing.

creased soil losses to neghgible quantities
1n 12 cycles of wetting and drying or 12
cycles of freezing and thawing Figures
19 and 23 show typical results Volume
and moisture changes in these same soil-
cement mixtures after repeated freezing
and thawing are quite small Figures
33, 37, 46 and 49 show typical results

Volume changes, Missouri clay subsoil, No. 6a.

changes to a mmnmum  Figures 20, 24,
34, 38, 47 and 50 show typical results
Inasmuch as the durabiity tests em-
ployed m this investigation were quite
severe, 1t 1s anticipated that soil-cement
mixtures passing these tests will have
high resistance to natural weathering
conditions In fact, the results are so
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consistent that definite recommendations
can now be made for laboratory analysis
to determine treatment requirements,
and further recommendations can now

25

Relations between liquid hmt, plas-
ticity mdex and clay content of the sois
of these two groups are shown 1n Figures
52 and 53 It will be noted that the

TABLE 4
ALTERNATE WETTING AND DRYING—DuURABILITY TESTS
Soil Loss 1n Slaking, percentage of oven dry weight
Averages of two specimens—losses at end of drying periods

S Raw Soil 2% Cement 49, Cement 6% Cement 10% Cement 15% Cement

1

Number | N of Loss No of Loss No of Loss No of Loss | No of | Loss | No of | Loss

Cycles % Cycles % Cycles % Cycles % Cycles % | Cycles %
2a 1 62 12 1 12 03 12 0 12 0 — —
3a 1 73 12 1 12 0 12 0 12 0 — —
4a 1 71 12 83 12 36 12 19 12 |11 — —
5a 1 75 1 73 3 85 6 87 8 |80 — —
5¢ 1 72 12 0 12 0 12 0 12 0 — —
5d 1 48 10 54 10 2 10 1 10 05| — —
6a 1 74 — — 3 86 12 63 12 |37 12 34
6d 1 80 — — 1 73 4 89 5 |78 — —
Ta 1 70 3 84 12 72 12 55 12 | 32 — —
7b 1 78 — — 12 78 12 52 12 | 14 —_— —
7f 1 40 5 60 12 21 12 5 12 2 — —
TABLE 5
ALTERNATE FREEZING AND THAWING—DURABILITY TESTS
So1l Loss, percentage of oven dry weight
Averages of two specimens—losses at end of thawing periods
Sol Raw Soil 2% Cement 4%, Cement 6% Cement 10% Cement 15% Cement
1
Number| No of | Loss | Noof | Loss | Noof | Loss | No of | Loss [ No of| Loss | No of | Loss
Cyecles % Cycles % Cycles % Cycles % Cycles % Cyecles %
2a 12 18 12 4 12 2 12 0 12 0 — —
3a 6 9 12 6 12 1 12 0 12 0 — —
4a 1 55 12 47 12 20 12 5 12 0 — —
5a 1 36 — — 5 38 6 46 12 29 — —
5c 1 65 12 84 12 48 12 9 12 1 — —
5d 11 100 11 29 12 27 12 12 12 9 — —
6a 1 56 — — 12 39 12 18 12 5 12 0
6d No freezing and thawing Exterior became soft and sticky and expanded when sub-
jected to capillary water

7a 3 37 4 44 12 76 12 53 12 19 — —
7b 1 75 — — 12 61 12 35 12 17 — —
7f 5 17 12 14 12 4 12 3 12 3 — —

be made for field construction methods
for projects built of soils within the
character range of those represented by
Treatment Groups I and II as well as
Treatment Group III discussed later

constants for these soils fall together 1n
the lower left hand corner of the charts.
The hquid limits are below 50, the plas-
ticity indices are below 25 and the clay
contents are below 35 per cent These
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TABLE 6
ALTBRNATE FREEZING AND THAWING—DuRaBILITY TBSTS
Moisture Contents, percentage of oven dry weight

Moiwsture After | Freezing and Thawing Period
Soil No. Cement 1n Soil MOI%gnlé%x:tm h%%‘:;uga‘;ﬂ 40?1:?112;‘; ”
’ % r%:ng Abso%mon No of Cycles ng::e‘g:
0
2a 0 100 10 10 5 12 15 2
2 11 4 20 113 12 14 2
4 110 25 117 12 14 2
6 10 6 30 10 12 117
10 10 4 36 10 2 12 110
3a 0 100 03 158 1—Failed 18 8
2 100 10 15 2 12 190
4 10 0 22 140 12 15 4
6 100 v26 130 12 145
10 100 30 12 3 12 14 2
4a 0 150 47 26 0 1—Failed —
2 1556 55 19 2 12 28 7
4 175 67 18 8 12 257
6 o 185 90 18 3 12 22 3
10 16 0 80 200 12 20 2
5a 0 310 100 43 0 1—Failed 43 0
2 29 0 95 38 6 3—Failed 41 2
4 277 80 37 4 4—Failed 43 3
6 27 2 10 8 350 5—Failed 350
10 267 12 0 32 3 12 323
5c 0 17 0 13 24 5 1—Failed 29 6
2 157 27 200 12 240
4 153 35 200 12 215
6 16 5 42 20 6 12 210
10 16 0 45 20 0 12 200
5d 0 170 27 217 11—Failed 20 3
2 17 5 48 11—Failed 26 0
4 20 0 68 12 250
6 18 5 70 205 12 25 6
10 18 7 95 210 12 218
6a 0 215 80 33 2 1—Failed 332
4 205 82 24 2 12 29 7
6 200 88 22 5 12 250
10 20 2 92 21 3 12 275
15 17 3 92 22 2 12 27 8
6d 0 18 5 72 340 Determinations not made
4 155 80 24 0 Specimens too soft to
6 150 75 220 handle
10 16 3 90 215
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TABLE 6-—Concluded *
ormeng m S [Holded Morturl Mostuss Attr | Mipdiyr | Froomns wndBhamea Fore?
801l No % Content Drying Capillary Morsture
% Abso‘;:mon No of Cycles Content
(J
7a 0 16 2 42 23 0 12 28 5
2 16 5 - 57 210 12 27 2
4 15 4 62 19 6 12 24 4
6 145 60 19 2 12 23 7
10 14 2 6 4 20 2 12 210
7b 0 19 3 50 26 0 5—Failed 270
4 210 55 290 12 220
6 197 68 20 5 12 210
10 18 5 60 200 12 2 0
7% 0 190 70 315 12 40 6
2 220 82 270 12 365
4 23 2 93 250 12 313
6 23 5 117 24 6 12 301
10 23 5 117 23 3 12 26 9

data are also summarized in Table 3
Relations between other physical test
constants were also studied but are not
m this report since no consistent relations
were found between these constants and
the durabihity tests or hardening.

The percentage of solids at optimum
moisture and the type of moisture-
density curve obtained from each soil
are also given 1n Table 3 It will be seen
that all of the soils fallng in Treatment
Groups I and II possess moisture-density
curves of a “regular’”’ character and that
the percentage of solids, when compacted
at optimum moisture, 18 60 or more

H

Duscussion of Sorls wn Treatment Group I11

The investigation of the mfluence of
cement has not been entirely completed
on soils in Treatment Group III. By
referring to the liquid limit, plasticity
mdex and clay content relations for the
sois of Treatment Group IIT shown m
Figures 52 and 53, it will be seen there is
no simple relation between these con-
stants. The clay contents range be-
tween 38 and 76 per cent. Also referring

to Table 3 1t will be seen that the percen-
tage of sohds at optimum moisture varies
from 53 to 64 and the Proctor curves
are regular or regular-irregular in nature.
The soils i1n Treatment Group III were
hardened appreciably by the addition of
about 10 per cent cement which also
matenally reduced volume and moisture
changes and the weight losses 1n the dur-
abihty tests Figures 21, 27, 35, 44,
48, and 51 show typical results

It 1s known now that normal cement
hydration plays a large part in producing
hardness 1n soil-cement mixtures There-
fore, 1t is very desirable to reduce mois-
ture losses to & minimum during the early
preparation period toallow the specimen to
gain strength normally by thehydration of
the cement and reduce shrinkage stresses
toammimum This will produce a speci-
men of uniform characteristics through-
out, permut more accurate evaluation of
theinfluence of cement on thesoiland, also,
more nearly simulate field conditions
Therefore, futurelaboratory and field work
on all soil-cement mixtures will be con-
ducted so as to reduce moisture lossesto a
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TABLE 7

ALTERNATE FREEZING AND THAWING—DURABILITY TESTS
Volume Change, percentage of volume at time of molding

Volume Volume Change Freezing and Thawing Period
Soil Number | auBon | onsar| A apine sy
% AirDrying | Absorpuon N | e rroen [Mnmmen, Yotume
° o Tested A %
2a 0 —0 90 +0 40 4 +30 +2 6
2 —-105 —0 80 11 +2 2 -08
4 -0 20 -020 11 +5 3 +19
6 —0 45 —100 13 +1 2 +07
10 -0 40 -0 20 20 —03 -03
3a 0 —10 0 1 +1 2 Failed —
2 -14 0 8 +0 2 -0 2
4 —05 -0 2 11 +0 3 -14
6 —0 4 0 11 0 0
10 0 0 11 +05 -12
4a 0 —42 +18 0 Failed — — —
2 -27 +0 7 6 +13 0 +11 4
4 -20 -18 8 +12 5 +70
6 -23 -~16 8 +4 8 +16
10 -15 —14 11 +23 +17
5a 0 —-100 +12 5 1 +17 0 Failed —
2 -55 +9 8 1 +12 7 Separated at compac-
tion plane
4 -55 +3 8 1 +9 0 Separated at compac-
tion plane
6 -4 8 Brittle, broke on compaction planes in handling
10 —-40 —05 3 +5 5 +29
5¢ 0 -23 485 1 +14 0 Failed —
2 +0 2 +10 4 +11 0 +8 2
4 +0 2 +0 3 4 +4 8 +25
6 +0 2 406 4 +13 406
10 +0 2 +0 3 4 +0 6 +0 6
5d 0 32 +55 4 +180 +90
2 -28 +0 2 4 +10 0 +8 3
4 -25 -05 6 +9 8 +4 0
6 -25 —09 7 +6 0 +30
10 -20 0 7 +10 -05
6a 0 -120 +21 5 Failed | 1—Failed — —_
4 =70 +4 5 — — —
6 -65 -10 8 +8 5 +35
10 -59 -19 8 +20 +0 2
15 —40 -13 11 —-09 -07




TABLE 7—Concluded

Volume Volume Change Freesing and Thawing Period
So1l Numb ?:uéiﬁt Cg :: e[.;\:ter A(t%': :ﬁ:eray
umber
' % | AwDrmg | Abserpuon | NEOT! | MERRIRNTIe N ks Thaed”
© o Tested % %
6d 0 —14 5 +32 5 Fail
4 -92 +22 5 Fail Measurements not made Specimens too
6 -87 +22 0 Fail soft to be handled
10 -6 5 +9 0 Fail
7a 0 -6 5 +8 3 1 +8 4 —
2 -30 +20 5 +11 3 +10 2
4 -25 +0 5 9 +12 5 +90
6 -22 05 1 +14 5 +78
10 -20 +0 2 11 +6 6 +4 9
7o 0 -72 +90 1 < 4115 +11 7
4 -54 -10 3 +6 0 +4 2
6 -4 0 -17 5 +50 +25
10 -33 -13 5 +35 +20
" 0 =57 +11 3 3 +22 0 +150
2 -53 +2 7 5 +13 0 +13 0
4 =50 -03 6 +8 7 +6 2
6 —4 0 -13 6 +6 0 +30
10 -2 8 -18 7 +08 +0 2
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Figure 52. Liquid Limit-Plasticity Relations
of All Soils Tested. The Roman numerals in-
dicate treatment group of soil according to
Table 3.

o1
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Clay —percen/a%ven ary wzgﬁ{%/x// Brone Bssere

Figure 53. Liquid Limit-Clay Content Rela-
tions of All Soils Tested. The Roman numer-
als Indicate treatment group of soil according
to Table 3. Clay is the soil fraction having a
diameter less than 0 005 mm
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minimum during a seven day preparation
period to produce mixtures of umform
charactenstics

While the exploratory laboratory work
has not been fully completed on the soils
m Treatment Group III, the results show
that these soius, which represent the
commonly occurring subsoils of the coun-
try, respond very defimitely to cement
treatments Laboratory durabihty tests
should be made on any soil having charac-
teristics stmlar to those in Group III to
evaluate the influence of cement and to
set up treatment requirements The lab-
oratory imvestigations now under way,
which permit normal cement hydration
for 7 days, indicate more hardening of
the soil-cement mixtures and more satis-
factory results than are here reported

Drscussion of Soils wn Group IV

As previously mentioned, work on the
unusual, bad subsoils of hmited occur-
rence (samples 6b, 6¢c, 7c, 7d, 7e and 8a)
has not been completed These soils
have been placed 1n Group IV to permut
easy 1dentification They include soils
of high clay and colloidal content, as
well as a peaty muck, and were selected
so that eventually the entire range of
sotls would be studied These soils are
shown to be more complex by the nature
of the moisture-density curves and hence
require considerably more laboratory
work to evaluate soil-cement relations
Also, the physio-chemical properties of
some of thesesoilshecomemore important
However, it should not be inferred that
successful means of treatment will not
be evolved from the tests now under way
on these soils.

GENERAL CONCLUSION

The foregomng information has been
summarized in Table 3. A study of this
table of soil groupings and test constants,
together with the foregoing discussion of

each group, shows a direct correlation
between the hardening nfluence of
cement on soill-cement mixtures and soil
characteristics  As this study 1s intensi-
fied, 1t 1s expected that more correlation
will be found and that 1t will be possible
to set up more exact relations between
the hardening influence of cement and
soil charactenistics This will permut
predetermination of treatment require-
ments on many soils without recourse to
detail durability tests
At the present tune, no effort has been
made to draw sharp lines between soil
charactenstics and treatment require-
ments However, the following general
conclusions are justified regarding the
characteristics of soills which can be
classified as belonging to Treatment
Group I or II
1 The hqud hmit must be below 50
2 The plasticity index must be below
25
3 The clay content must be below 35.
4 The percentage of solids at max-
mum density must be 60 or greater.
5 The soill must possess a “regular”
moisture-density curve
It 1s evident that a soil meeting these
requirements can be effectively hardened
by the addition of a reasonable amount
of cement which will be approximately
the same as that producing effective
hardening i a similar soil in the same
treatment group
If a soil meets or closely approximates
two or three of these requirements, but
not the remaining ones, 1t will probably
fall in Treatment Group III Durability
tests similar to those used 1n this invest-
gation will establish the treatment group
and defimtely evaluate the quantity of
cement required for treatment
At the present time more statistical
data are needed to define treatment
groups closely so that durability tests
may be omitted In order to accumu-
late these data as rapidly as possible and
to check each soil investigated so as to
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be absolutely sure of satisfactory results,
1t 18 recommended that all tests outlined
in this report be performed on each soil
as 1t 18 encountered for study

All of the laboratory results obtained
have been most encouragmg It has
been possible to evolve basic principles
governing soll-cement mixtures Therr
application permits the production of
consistent, predictable results which have
been applied on many field projects with

success Specunens prepared and tested
1n the laboratory have shown substantial
durabiity when subjected to severe
tests

As a result of this work a large field
for research on a new buillding matenal
18 opening up It will requre the re-
sources of all interests to define 1ts char-
acteristics and bring our knowledge of
1t up to a par with our knowledge of other
building matenals

SOUTH CAROLINA INVESTIGATION OF SOIL-CEMENT MIXTURES

By W H Miuis, Jr -
Testing Engineer, South Carolina State Highway Depariment

The early expernments of the South
Carohna Highway Department were
deseribed at the meeting of the Highway
Research Board i November 19361
These original installations are still i
excellent condition and although one has
been removed on account of new con-
struction, the others are all carrymng the
traffic satisfactorily without indication
of breakdown or disintegration.

Construction of this type of road has
been continued and in 1937 approxi-
mately 184 miles of cement stabilized
base were completed

A one half mile project at Clemson,
S C, was planned to give imnformation
on the minimum quantity of cement
which would stabilize soill The soil
in this expenment was a red clay
typical of that found in large areas of
the state It contamned 40 per cent
clay, no coarse material and had a
plasticity index of 25 As a result of
laboratory tests, which imncluded alternate
wetting-drymng and freezing-thawing of
specimens of soil molded at optimum
moisture content with various percent-
ages of cement, 1t was concluded that

1 Proceedings, Highway Research Board,
Vol 16, p 322

7 per cent of cement by weight should be
used This quantity was used on one
section 6 per cent on one and 5 per cent
on the third section Usual methods of
mixed-in-place procedure were followed.
The 5 per cent cement section did not
harden so rapidly as the others, but there
have been no faillures in this project
during the six months 1t has been sub-
jected to very hight traffic In planning
the project the idea was to reduce the
quantity of cement for one section below
the mimimum required for stabilization
n order to have field mnformation which
could be correlated with laboratory
durability tests to use as a criterion in
setting the cement content for future
work m stmilar soils Failures are ex-
pected to develop 1n the section contain-
ing 5 per cent cement

During the wimnter of 1936 and 1937
10 5 miles of Route 63, Hampton County
were constructed by contract The spec-
ifications required a compacted base
22 ft wide and 6 in thick Ths base
was covered with a mixed-n-place bitu-
minous wearing surface § i thick, 20
ft wide The bid pnice for the base
was $0 495 per square yard and for the
surfacing $0 18 per square yard. Work
was begun on December 5, 1936 but the



32 SOIL-CEMENT MIXTURES

last of the base was not placed until
May 6, 1937 due to many delays on
account of bad weather

The soil in this project vaned from
almost pure fine sand to soil contamning
as much as 25 per centclay  Six per cent
cement by weight was used with sandy
soil and 8 per cent with soil containing
considerable clay No curing was pro-
vided but in most 1nstances weather con-
ditions were favorable to retarding evapo-
ration of moisture

The contractor used a travelling mixing
plant The soil was scarified, pulverized,
and windrowed to the center of the road,
picked up from the windrow by the
travelling mixing plant and emptied 1nto
a bin from which 1t flowed by gravity
through a measuring gate into the pug
mill Cement was applied from a bin
on the platform of the mixer A con-
tinuous feed belt from the cement bin
was 1nterlocked with the feed belt from
the so1l bin so that cement and soil flowed
into the mixer at a constant rate The
moisture content of the soil i the
windrow was within the requirements for
compaction on many sections but when
necessary to increase the moisture to
the optimum for compaction, water was
applied to the mixture after the cement
had entered the pug mill The com-
pleted mixture was discharged from the
end of the pug,mill, shoveled 1nto place
by hand, and packed with a sheepsfoot
roller operated back and forth parallel
to the centerline of the road When
the feet of the roller had compacted the
mix to within about 14 1n of the top,
the surface was bladed to the correct
grade and cross section, compaction
planes were removed by light scanfying,
and the mulch thus obtamed was com-
pacted with loaded trucks or a pneumatic
roller The final surface was obtained
with a multiple blade drag, but the nding
qualities of the road were not entirely
satisfactory due to the short sections
finished as a unit

Durning the construction of this project
the necessity for a stable subgrade was
definitely shown when an attempt was
made to construct a short section over
subgrade n which the moisture content
was considerably above the optimum
Cracking appeared during compaction
and the mix did not harden satisfactornly
The base at this location was recon-
structed

A four mile section of this project was
primed with tar in March 1937 and soon
afterwards “blow-ups” occurred in 23
places These “blow-ups” were charac-
terized 1n a few cases by cracking and
shattering of the base for the full depth
and approximately two lnear feet, but
mm most places only the top 2 in were
visibly affected by shattering although
there was one crack completely through
the base Shattered portions of the
base were removed and easily patched
with soil-cement mixture There has
been no recurrence of this trouble nor has
1t appeared on any other project

A failure due to improper construction
occurred mn a section of road one half
mile long after the base had been sur-
faced and under traffic for a short time
The surfacing shoved and 1t was dis-
covered that the top of the cement
stabilized base was soft for a depth of
1 1n  No serious trouble has developed
from this failure and 1t has been neces-
sary to patch only a few square yards

A contract was awarded at 48 cents
per square yard for the cement stabilized
base and 18 cents per square yard for the
brtummous surfacing for 78 miles of
Route 92 near Umion, S C Specifica-
tions for this work are similar to those
on the Hampton project The soil con-
sists mostly of disintegrated granite
which gives very excellent results in the
laboratory durability tests and only 5
per cent by weight of cement was used
with 1t However, the cement content
was mcreased to 8 per cent when red clay
soil was encountered The contractor
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used equipment and methods similar to
those on the Hampton project but ob-
tained a much better nding surface
Progress has been slow due to adverse
weather conditions but approximately
4 8 miles have been completed In one
week a total of 11,500 ft was built

The highway department constructed
with 1ts own forces several miles of cement
stabihzed roads These projects con-
sisted of 18 miles on U S Route 178
between Saluda and Greenwood, ap-
proximately 05 mile in the Town of
Estill, 05 mile at Clemson and 025
mile near Greenville Regular mixed-
m-place procedure was followed Com-
pacted depths varied from 4 to 6 n
depending on traffic, and cement contents
were varied to suit the soil encountered

The project between Saluda and Green-
wood was the repair of a bituminous
surfaced road which has always given
trouble due to bad subgrade and infenor
top soil base The old surface treatment
was broken by scanfymg and included
i the mix Cement was applied at the
rate of 7 per cent by weight and the
theoretical compacted thickness was 6 1n
The cement stabilized base was covered
with a 3 in bituminous mat As no
detour was available, 1t was necessary to
construct the road 1n half width sections

This project has not been i use long
enough to judge the adequacy of the
stabilization, but it 1s beheved that it
will furnish a severe test as the subgrade
1s very plastic clay, unstable m wet
weather, and traffic over 1t 1s very heavy
with a large proportion of trucks A
portion of this project was stabihized
with another material in order to compare
the economy and durability of the two
methods as there 1s a considerable mile-
age of bitummous surfaced road which
could be repaired if either method proves
economical and durable

Contracts have been let for 13 more
miles of cement stabilized roads and bids

have been requested on this type as an
alternate to others on 153 miles

The prehminary laboratory durability
tests and the moisture density control
test used by this department vary in
some particulars from the procedure
adopted by the Portland Cement Asso-
ciation The optimum moisture content
for compaction of laboratory specimens
and field mixtures 1s determined by the
Proctor method with the exception that
the tamper 1s applied to the soil with
more force than 1s obtained with the 12
in free drop This additional force was
adopted because 1t appeared that in
some Instances the 12 mn drop gave an
optimum moisture content so high that
the particles were lubricated and the mix
cracked during final rolhing At present,
a defimite standard has not been adopted
because the compacting force 1s varied
for different soils depending on the clay
content and other characteristics Tests
will be correlated with field results and
the laboratory method adjusted so that
laboratory densities will check with field
densities

Laboratory durability tests consisting
of alternate wetting-drying and freezing-
thawing are conducted on cycles similar
to those used by the Portland Cement
Association but due to the large construe-
tion program 1t has been necessary to
reduce the quantity of laboratory work
and the size of the samples The pro-
cedure used 1s to make one Proctor speci-
men at each cement content, cure 1t 1n
the moist room for 7 days and then saw
1t nto four approximately equal parts
parallel to the long axis Wetting-
drying tests are performed on one of these
specimens and freezing-thawing on the
other One 1s used for moisture deter-
mination for the mtial dry weight of the
freezing-thawing specimen and the other
18 retamned as a reserve

In determining losses all loose matenal
1s removed from the specimen after each
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cycle by brushing with a rather soft
bristle brush Brushing with a stiff
bristle wire brush apparently causes
greater losses than actually occur from
the disintegrating forces of the durabihty
tests and specimens made with sandy soil
and low cement contents can be entirely
destroyed by wvigorous brushing

Much remains to be learned about
designing and constructing this type of
road The work to date has shown that
adequate preliminary field soil surveys
and laboratory tests as well as thorough
field control are essential to the success-
ful construction of cement stabilized
roads

AN EXPERIMENTAL SOIL-CEMENT ROAD IN ILLINOIS
By V L Gurover

Engineer of Materals, Illinows Dinmsion of Highways

During September, 1936, a soil-cement
road, the first to be constructed 1n Illinoss,
was built near Rockford, Winnebago
County The preliminary tests were
made jomtly by the Division of High-
ways, Springfield, and the Portland
Cement Association, Chicago Construe-
tion work was done by the Winnebago
County Highway Department The sec-
tion was 6,000 ft long and the soil-
cement surface was 18 ft wide and 6 1n
thick The section was entirely expen-
mental and was constructed at approxi-
mately the same time that several other
experimental sections were under way 1n
the middle west

Preliminary soil samples were taken
before the grading work was completed
It was believed that they would be
sufficiently representative of the soils in-
volved 1n the project that the field con-
trol information could be satisfactonly
based upon the test data for these sam-
ples and that the construction work could
be started as soon as the tests were
completed

LABORATORY SOIL TESTS

Except for a few minor changes, the
laboratory tests were made 1n accordance
with the recommended procedure out-
Imed 1n the Portland Cement Association
Progress Report on Laboratory Investi-
gation of Soil-Cement Mixtures, dated
May 1, 1936

Physical Test Constants and Grain
Size  The test data in Table 1 indicated
that with the exception of a short section
of clay loam on the north end of the
project, the soil would classify as a sandy
loam, and as an A-2 subgrade matenal
grading to either the A-3 or A-4 groups

These data also showed that the soils
represented by Samples 36-2282, 36-2283,
and 36-2285 were very sumilar but that
Sample 36-2285 had the highest hquid
Iimit and plasticity index Therefore,
1t was recommended that the laboratory
control tests be confined to this last
named sample because previous tests
indicated that the cement required in-
creased as the liquid limits and plasticity
indices increased It was decided, how-
ever, to conduct the complete control
tests on all of the samples taken

Mowsture-Density Tests The optimum
moisture content-maximum density data
determined for each soil sample and for
each soil sample combined with 4, 6,
and 10 per cent cement, by weight, are
shown in Table 2 The selection of these
percentages of cement was based upon a
companson of the data shown in Table 1
with similar data for soils previously
tested and for which complete soil-
cement data had been obtained

The curves plotted from the data
secured by these tests are shown in
Figures 1 to 5, inclusive  An inspection
of these curves appears to establish a lack
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TABLE 1
PuysicaL TEst CONSTANT AND GRAIN S1zZES

USB Mechanical Analyms Per Cent Passing Sieve Number
I%‘::l;'s:r EBtation Clasaification PR

Group | 5,5 4 10 20 40 | 100 | 200
36-2281 + 6 Clay Loam A-4-2 100 97 4 97 1196419371789 (758
362282 | 19 4+ 75| Sandy Loam A-2 100 1996(916|200| 147
36-2283 7 + 5 Sandy Loam | A-2 100 [998(916(290|240
36-2284* | 37 4 50 | Fine Sand A-3 100 (998|938 |131) 66
36-2285 5 + 00| Sandy Loam | A-2 100 {996 (95053 4|48 2
Sample Sand Silt Clay | Collads | Liqud | Plastio | Field | Shrink- | Shrnk
Number +005 05- 005 005~ 000 —0001 Lamig Index | Mowture | (55, Raoo
36-2281 33 40 27 17 26 5 11 2 18 0 16 0 18
36-2282 88 5 7 4 13 6 — 16 0 90 20
36-2283 81 10 9 4 14 0 — 160 | 120 20
36- * 95 2 3 2 17 4 — 18 0 130 18
36-2285 59 24 17 5 24 49 21 0 16 0 18

* Subgrade, sampled 2 feet below No 36-2283

TABLE 2
ProcTor Mo1sTURE-DENsSITY DaTAa
Per Cent Cement | Optimum | Manmum
Ignm le Igonstt;ur: D;n;:ly
um B ontent,

nght, Volu¥ne‘ % cu ft

36-2281 0 0 15 4 112 6
4 4 57 15 7 112 0

6 6 81 15 3 112 8

10 10 85 15 0 111 7

36-2282 0 0 87 121 2
4 500 90 122 4

6 7 45 84 123 8

10 12 02 96 124 5

36-2283 0 0 94 125 8
4 511 97 124 5

6 7 45 97 124 4

10 12 02 96 124 0

36-2284 0 0 10 5 112 9
4 479 90 117 5

6 713 91 118 8

10 11 81 80 121 7

36-2285 0 0 13 6 113 4
4 4 68 13 2 113 4

6 6 81 13 5 112 4

10 10 85 13 4 112 7

* Calculated

of any definite relationship between the
moisture-density and the various cement
contents However, the curves for sam-
ples 36-2282 and 36-2284 (Figures 2
and 4) show that the density of these
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Figure 1. Molisture-Density Relations. Clay
Loam, Group A-4-2, Sample 36-2281

sols mcreased with increasing percent-
ages of cement, but the increases were
not 1n direct proportion to the increments
of cement incorporated 1n the raw soils
The optimum moisture contents, how-
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ever, for even these particular soils did
not vary 1n any definite manner

In some of the earher work, there was
8 tendency for the curves, plotted from
the data secured for soils with higher
clay contents, to be more or less irregular

mm shape However, when such soils
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density tests had been weighed, an
effort was made to secure moisture-
penetration data, but the results were so
obviously erratic that they were disre-
garded

Durabilaty Tests Up to this pont, the
soll-cement mixtures were made by
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Sandy Loam, Group A-2, Sample 36-2283.

were broken down until they would pass
a No 8 sieve, moistened, and allowed to
remain In a moist closet for approxi-
mately 18 hours, the resulting curves
were no longer so wrregular in shape
Mosture-Penetration Tests  After each
of the soi1l cylinders used in the moisture-

Sandy Loam, Group A-2, Sample 36-2285.

adding 4, 6, and 10 per cent cement to
the raw soil on the basis of the oven dry
weight of the soil  The same increments
of cement, by volume, were used 1 the
durability test specimens

The following formula was used to
convert the cement contents of the
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moisture-density  soil-cemnent mixtures,
compacted at their optimum moisture
contents, to the volume basis

W (100)

W - w+c
94

percentage of cement, by volume,

X 100 = the equivalent

when W = Weight of one cubic foot of
soll-cement mxture com-
pacted at 1ts optimum mois-
ture content,

C = Percentage of cement based
on oven dry weight of the
so1l,

94 = Weight of one cubic foot of
cement

The percentages of cement, by weight,
used for the moisture-density tests and
the equivalent percentages on the volume
basis are shown in Table 2 These
equivalent percentages, by volume, were
plotted against the unit oven dry weights
of the corresponding mixtures, compacted
at therr optimum mosture contents
(Fig 6) and the resulting curves used to
determine the unit oven dry weght
which should be obtammed for any of the
soils 1n question 1n either their raw state
or when combined with any percentage
of cement, by volume, when compacted
at their optimum moisture content The
cement contents, by volume (4, 6, and 10
per cent), were 1n turn converted to
equivalent percentages, by weight, for
laboratory control, during the durabihty
tests

The equivalent percentages of cement,
by volume, were also plotted against the
optimum moisture contents determined
for the raw soills and the various soil-
cement mxtures (Figure 7) and the
resulting curves used to determine the
optimum moisture contents for the
various soil-cement mixtures used mn the
durability tests

As soon as the above mentioned work
was completed, the test specimens used

37

for the durabihity tests were made up
according to the data given m Table 3.
The actual optimum moisture content
and the density secured for the dufferent
specimens varied somewhat from the
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oven dry weight of laboratory samples com-
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Figure 7 Chart for determining the op-
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containing various percentages of cement by
volume.

figures given, but these vanations were
well within the specified limits

The durability specimens were cured
for 7 days 1n a moist room instead of bemg
exposed to the laboratory air according
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to the procedure outlined. Despite the
fact that the relative humidity of the
moist room was maintained above 90 per
cent during the curing period, a slight
loss of weight was recorded after the
first day’s curing. This was remedied
by covering the specimens with a damp

TABLE 3
Dara ror MoubpiNG DuraBinity TesT
SPECIMENS
I(’:er Cent ) :
Bemgis*| | Ot | Qpitmun | Mpsioyom
A By By Content, %* | 1b. per cu. ft.*
Volume| Weight
36-2281 0 0 15.4 112.6
4 18.47 156.7 112.0
6 |5.29 15.5 112.2
10 9.16 15.0 112.0
36-2282 0 0 8.7 121.2
4 |3.18 9.1 122.0
6 | 4.81 8.7 123.0
10 | 8.17 8.8 124 .4
36-2283 0 0 No specimens made.
4 3.11 9.7 124.6
6 | 4.7 R d 124 .4
10 | 8.19 9.7 124.2
36-2284 ] 0 0 No specimens made.
4 3.32 9.1 116.9
6 | 5.01 9.0 118.2
10 | 8.47 8.6 120.4
36-2285 0 0 13.6 113.4
4 3.43 13.2 113.4
6 |5.25 13.4 113.0
10 19:12 13.5 112.5

* Interpolated.

canvas, care being taken that the canvas
did not touch the specimens and add
moisture rather than prevent loss.
Wetting and Drying Test. The recom-
mended wetting and drying test pro-
cedure was followed for 18 cycles. Pic-
tures of the specimens were taken after
12 and 18 cycles. The condition of the

specimens at the end of the 18 cycles is
shown in Figures 8 to 11, inclusive. No
pictures were taken of the specimens for
Sample No. 36-2284, because this mate-
rial represented the subsoil and was tested

Figure 8. Brushed specimens for sample
36-2281 after 18 cycles of wetting and drying.

Figure 9. Brushed specimens for sample
36-2282 after 18 cycles of wetting and drying.
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Figure 10. Brushed specimens for sample
36-2283 after 18 cycles of wetting and drying.
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Figure 11. Brushed specimens for sample
36-2285 after 18 cycles of wetting and drying.
for only 12 cycles. No volume changes
were noted.

The moisture absorbed by the soil-
cement specimens during the 5-hour
period of immersion was so nearly con-
stant from cyele to cycle that no detailed
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Tecord of the results 1s shown Sample
36-2283, with 4 per cent cement, showed
& maximum variation of about 3 per cent
at 6 cycles, after which the specimen
began slaking Other samples showed
vanations of less than one per cent
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durability specimens were tested accord-
mng to the recommended freezing and
thawing procedure, except that 24-hour
freezing periods were used mstead of the
recommended 20-hour periods, because
the temperature of the room was main-

TABLE 4
DurasiLity TEsTs SHOWING THE EFFECT OF CEMENT ON THE SOIL SAMPLES
Wetting and Drying Data Freezing and Thawing Tests
Samplo | o7 Dot
Number | olime” | Jolume | soitam, | Yemmum | Yome | soires, | Ypmmum
% o Change* % ° Change*
36-2281 0 Raw soil failed after 1 cycle 70at5 | +700at2 | 50at3
4 No 780at 15| 10atd4 | 50at8 770 30at5
6 No 90 10ath 10at12 18 0 20
R 10 No No 10 No 10 20
36-2282 0 Raw so1l failed after 1 cycle +70 0 at 2 40at2
4 No 72 0 No No +700at5 | 30at?
6 No 170 10 No 86 0at 13| 40at 7
10 No 60 No No 500 20
36-2283 0 No raw soil specimens
4 No 16 0 No No +700at6 | 20at4
6 No No No No 250 10
10 No No No No No No
36-2284 0 No raw so1l specimens
4 No 26 0at 12| Noat?7 No 380at12| 20at6
6 No 70at12( 10at12 ] No 50at 12| 1 0at 12
10 No 10at12| No No 20at12) 10at12
36-2285 0 Raw soil failed after 1 cycle +700at2 | 70at2
4 No 110 No at 14 | No 850 50at 11
6 No 10 No No 320 50
10 No No No No No 40

Note Percentages are based on results after 18 cycles,

unless designated by at 12, etc

* Maximum moisture change represents the difference 1n the moixture content at the time of
molding and the maximum mosture absorbed during the duration of the durability tests or until
goil losses prevented further determinations

throughout the duration of the test or
until slaking losses prevented measure-
ments.

The soil losses and moisture changes
are given 1n Table 4

Freezing and Thauing Tests At the
end of the 7-day curing period the remain-
mg two specimens of each set of the

tamned at from 0° to 5°F , mstead of the
lower temperature recommended

This test was continued for 18 cycles
of freezing and thawmg  Pictures of the
specimens were taken after 12 and 18
cycles had been completed The condi-
tion of the specimens at the end of the
18-cycle period 1s shown in Figures 12
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to 15, inclusive. No pictures were taken
of the specimens for Sample No. 36-2284.
The soil losses are shown in Table 4.
All of the raw soil specimens showed
some volume change, but accurate meas-

ntm:m nmr‘ 4% CEMENT [T+ AW SO

Figure 12. Brushed specimens for sample
36-2281 after 18 cycles of freezing and thawing.

Figure 13. Brushed specimens for sample
36-2282 after 18 cycles of freezing and thawing.

Figure 14. Brushed specimens for sample
36-2283 after 18 cycles of freezing and thawing.

0% ceMENT I - 6% ceuw[ 4% CEMENT | RAW SOL |

Figure 15. Brushed specimens for sample
36-2285 after 18 cycles of freezing and thawing.

urements could not be made due to
softening and distortion. The soil-ce-
ment specimens showed no appreciable
volume change, except in the case of the
4 per cent specimen for Sample No.

36-2281, which developed a - volume
change of less than 7 per cent.

The individual moisture contents of the
specimens were determined throughout
both the curing period and the freezing
and thawing test, the latter at the end of
each thawing period, and are shown in
Table 4.

Check and Compression Tests. After
completion of the grading on this project,
a second set of samples was taken. The
physical test constants and grain sizes
checked the data determined for the pre-
liminary samples.

Compression test cylinders for each
sample combined with 6 and 10 per cent
cement, by weight, were molded and
broken at the end of two and six day
periods. These data showed sufficient
similarity to the strengths obtained from
similar tests which had been made on
soils satisfactorily hardened with cement
to indicate that the soils on this project
should react favorably with cement.

Conclusions. Upon completion of the
laboratory tests, the data obtained by the
Division of Highways were compared
with the data obtained by the Portland
Cement Association. This comparison
showed a remarkable similarity in results,
especially in view of the fact that the
samples were not taken at the same Joca-
tions.

The agreement of the data obtained by
the two laboratories and between the
data for the preliminary samples and the
samples taken after the grading was
completed, indicated that it would not
be necessary to make additional tests.

Since the clay loam on the north end
of the project had been replaced with
sandy loam during the grading opera-
tions, the physical test constants and
grain size data showed that the soil on
this entire section corresponded very
closely to the sandy loam represented by
Sample No. 36-2285.

The results of the durability tests
(Table 4) showed quite definitely the



stabihzing influence of the cement on the
type soll predomunating on this project
and also indicated that the addition of 10
per cent cement, by volume, to the soil
would produce better results than the
lower percentages tested

Based upon the Proctor moisture-
density data for the representative soil-
cement mixture, containing 10 per cent
cement, by volume, an optimum mois-
ture content of 16 per cent and a density
or dry weight per cubic foot, compacted
at the optimum moisture content, of 112
pounds were selected for field control
durmg the construction work on this
project

CONSTRUCTION

Due largely to a lack of experience
with this type of work, considerable
equipment was used which should have
been replaced by more satisfactory equip-
ment Equpment wasmade up but never
used, and other equipment was rented
and shipped to the job but never used

The following equipment was used on
the project

One 60-ton tractor, used with scarnfier

and blade grader

Two 35-ton tractors, used with disk

harrows

One No 2 blade grader

One 7-tooth scamfier

Two 20-inch disk harrows, used for

pulvenizing and mixing

One 24-inch disk harrow, tried out n

an attempt to pulverize and mix to
the full depth in a single operation

Two sheepsfoot rollers, one single

section and one double section

One No 6 road maimntainer,used for

shapmng after compaction and for
spreading curing matenal

Two distributors, one 700 gallon and

one 900 gallon, used to apply water

One dual-pneumatic tired tractor, used

for final compaction

One 8-ton three-wheel roller, used for

finishing

Rk o I
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Trucks, several used for hauling ce-
ment, turn-around matenal, and
compacting

The facts that a 700 and 900 gallon

distributor were used on this project,
that they were filled at a stream about a
mile away, that about 45 minutes were
required to fill and empty each dis-
tributor, made the application of water
slow and expensive, imcreased the mixing
time, and tended to reduce the effective-
ness of the cement

The compaction work carried on with

the” sheepsfoot rollers would have been
speeded up and been more satisfactory if
the rollers used had been the type with
the larger feet

The 8-ton smooth roller used for the

final fimshing operations gave some
trouble because 1t had a tendency to
shove and crack the surface and to pick
up the matenal from the roadway Itis
necessary to work out a definite technique
1n the use of smooth rollers for this type
of work

The data in Table 5 shows that the

construction work was divaided into eight
ncrements, varying from 500 to 900 feet
mn length The average time required
for treatment was two hours per 100 ft
of surface, which mcluded the time re-
quired to spread and mix the cement,
apply the water, and to compact and
finish the surface This average time,
however, does not include the scarifying
and pulverizing operations which were
carned on when there was no actual
processmg 1n progress, although these
operations together with the curing prepa-
rations, moving turn-arounds, and inci-
dentals increased the total time

In general, the following construction

procedure was used

Scarifying, Pulverizing, and Shaping

The section to be treated was scarified to
the full width and depth shown on the

-plans and brought to grade with the blade

grader The soll was then pulverized
with disk harrows and all lumps were

Al l



42

completely broken down Whenever the
moisture content of the soil exceeded the
specified optimum moisture content by
more than 2 per cent, the pulverizing
was continued until the moisture content
was within the specified 2 per cent As
soon as the soil was pulverized, 1t was
shaped to the approximate cross-section
shown on the plans In shaping, how-
ever, the soil was pulled about 2 ft

SOIL-CEMENT MIXTURES

however, disclosed the fact that the
cement had not been incorporated to the
full depth of the pulverized soil There-
fore, the mixed portion was halved mnto
windrows on either shoulder The re-
maining portion was then loosened with
disk harrows and spread over the previ-
ously mixed and windrowed matenal,
after which each windrow of mixed and
unmixed material was bladed into the

TABLE 5
ConsTrUcTION DATA FOR EAcH SECTION

Section Number

1 2 3 4 5 8 7 8
Length (Feet) 500 500 800 900 900 800 900 700
Date Treated 9-18 | 9-19 | 9-22 | 9-24 | 9-26 | 9-29 | 10-2 | 10-3
Temperature (high) 73 76 87 61 62 69 61 65
Temperature (low) 42 44 55 45 51 43 34 42
Orniginal Moisture 90 80 85 60 75| 120| 120| 110
Final Moisture 150 150| 155 130} 150| 160 150 | 155

Approximate time of each operation during treatment (hours)

Spreading Cement 14 1 11 1 13 13 1 1}
Mixing Cement 31 3% 5 4 4 41 6 4%
Applying Water 4 4 6% 5% 5% 3 5 21
Compacting 2 2% 3 14 3 3 2 14
Finishing 2 2 2 5 —* 2 2 2

Total Time 13 13 18 17 14 14 16 12

Density tests run by sand method

Date Tested 9-21 9-21 10-1 10-1 10-4 10-4 104 —_—
Moisture Content 11| 111( 117 87 ( 111} 117| 149 —
Wt Per Cu Ft 117812011181 |1226( 1227 (1216|1191 —

* Rain during final compaction

away from the edges to prevent waste or
segregation of the cement

Applying, Checking, and Muzing the
Cement The cement was spread at the
rate of 9 bags to each 10 linear feet of
roadway to give the 10 per cent by
volume specified The cement was
spread umiformly over the surface with
rakes and shovels, and mixed with the-
pulvenized soil by means of disk harrows.
An mspection of the resulting mixture,

roadway and thoroughly mixed with the
disk harrows

Applying Water  After satisfactorily
mixing the cement and pulvenzed soil
the full depth of the section, approxi-
mately 40 per cent of the mixture was
windrowed 1n preparation for apphcation
of water, to avoid repetition of the diffi-
culties experienced 1n mixing the cement
to the full depth The addition of water
1 two lhifts necessitated a constant check




on the moisture content of the mixture to
prevent the use of water 1n excess of the
optimum moisture content

The moisture content of the soll-cement
mixture was determined from an average
of several moisture tests and the amount
of water necessary in order to satisfy the
optimum moisture of the mixture was
calculated from the data given 1n Table 6

This table 1s based on the weight per
cubic foot of the oven dry soil-cement
mixture compacted at optimum moisture
content,1e,1121b percu ft,compacted
with 16 per cent moisture For example
suppose after having applied and thor-
oughly mixed the required amount of
cement, the average moisture content is
found to be 70 per cent As 160 per
cent 15 the optimum, 1t 1s, therefore,
necessary to add 90 per cent Since
this particular section 1s 800 feet in
length, 8 times 1089 gallons, from the
table, 1s the total amount of water neces-
sary

The ongminal and final moisture con-
tents shown in Table 5 represent the
averages of several determinations made
on each section The original mosture
data represent the percentage of mois-
ture contained i the mixture after the
cement had been thoroughly mixed with
the so1l, and the final moisture data show
the percentage in the mixture at the
time of starting compaction

Dafficulties experienced m applying
water did not matenalize except on
Section 6 and this was probably due to
lack of dramnage Whenever the ong-
inal moisture content varied somewhat
throughout a section, 1t was expected
that the rate of applymmg water would
have to be vared accordingly How-
ever, there appeared to be a natural
balance between the omgmnal moisture
and the optimum mosture that tended
to counteract this vanable As an
example, on Section 4, the ongmal mois-
ture varied from 6 4 per cent at the north
end to 4 1 per cent near the south end
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This section appeared to contain more
sand than the other sections, with the
sand content ncreasing toward the
south end of the section, consequently
having less water holding capacity and
a low optimum moisture content toward
thatend Water was applied at the same
rate, however, throughout the entire
section, and although the final moisture
content varied, the consistency of the
mixture appeared the same for the entire
section
TABLE 6

Data Usep 10 DETERMINE THE GALLONS OF

WatER NECESSARY TO BRING THE MOISTURE

CONTENT OF THE SOIL-CEMENT MIXTURE

10 THE OPTIMUM

Gallons per
werCont | Qalonaper | ST | Cllontper
Added of Roadway Roadway of Roadway
1 1 2101 121 01 605
2 2 4202 242 02 1 210
3 3 6303 363 03 1 815
4 4 8404 484 04 2 420
5 6 0505 605 05 3 025
6 7 2606 726 06 3 630
7 8 4707 847 07 4 235
8 9 6808 968 08 4 840
9 10 8909 1089 09 5 445
10 12 1010 1210 10 6 050
11 13 3111 1331 11 6 655
12 14 5212 1452 12 7 260
Shaping and Compacting  After mak-

ing sure that the moisture content was
within 2 per cent of the optimum, the
mixture was loosened as much as possible
shaped to the lines and grade shown on
the plans, and compacted to the required
density with sheepsfoot rollers The
compacted section was then shaped to
conform to the lines and grade shown on
the plans, and the roller marks removed
with a blade maintamer, after which the
surface was given a final rolling with an
8-ton 3-wheel roller

Curing The first two mncrements were
left uncured after completion The other
increments, however, were cured with
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wet earth for seven days A pneumatic
tired maimntainer was used to spread the
curing matenial to prevent marring the
fimshing surface

Turn-Arounds Before starting the
work on a new section, that part of the
previous treated section to be used for
turning equipment was covered with at
least 6 inches of earth to protect the
surface Planks or plates were placed
to grade on the end of the completed
section to protect 1t during the subse-
quent construction operations A thin
section of traffic tread plate proved more
satisfactory than planks as the protec-
tive layer of earth was not necessarly so
thick and consequently the mixture cid
not build up and compact so much above
grade at this pomt

Ezxpervmental Surface The last -
crement, which was 700 ft long, was
given a surface applcation of pea gravel
After compaction, the section was shaped
to the lnes and grade shown on the plans,
and a mulch was spread evenly over the
section to act as a mortar for the pea
gravel surface. The washed pea gravel
was then spread over the surface at the
rate of 25 pounds to the square yard by
adjusting the end gates of the trucks to
the desired rate of flow The surface
was then wetted shghtly and compacted
with trucks, after which the final rolling
was done with the 8-ton 3-wheel roller
The 25-Ib treatment of gravel was
apparently excesstve, because there was
considerable loose gravel on the surface
after the rolling was completed, and 1t 1s
probable that about 15 1b per sq yd
would have been sufficient

Density Tests Density tests of the
surface of all increments excepting the
one treated with pea gravel were made
by the sand method The material was
removed to the approximate depth of the
surface with a 4-inch soil auger after the
surface had hardened sufficiently to pre-
vent spalling during boring  All of the
maternal so removed was retained and

its oven dry weight determined The
hole left by the auger was filled with
standard Ottawa sand, the sand beimng
poured at a constant rate of flow from a
receptacle contamning a known weight
of sand The weight of sand poured
mmto the hole was then determined and
the weight per cubic foot of the com-
pacted surface computed by the following
formula

_ WS,
W, = S
m which—W = the weight of the mate-

rial removed from the
surface,
S = the weight of the sand
used to fill the hole,
= the weight per cubzc foot
of the matenal in sur-
face,
S, = the weight per cubic
foot of the sand

All weights were on an oven dry basis
The densities determined by this method
are shown in Table 5

W
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RESULTS

When first completed, this project had
the characteristic appearance of this type
of surface Within two days after the
first two increments were placed, hair
checking appeared on the surface and 1t
was supposed that these were caused by
the rapid and excessive drymng out which
resulted from lack of curing, therefore,
all other increments were cured for seven
days Inspite of this, transverse cracks
and some hair checking appeared on these
increments within three days after com-
pletion

When examined in December, 1936,
approxunately three months after com-
pletion, the interval between transverse
cracks was about 15 feet on all mncre-
ments except the one covered with
gravel, on that increment, the interval
was about 30 feet At that tume, longi-




tudinal cracking was apparent in only
one mcrement, where a contiuous crack,
at approximately the centerline, extended
through the entire length of the incre-
ment, a distance of about 800 feet

When examined in April, 1937, scaling
and pitting had developed, but aside
from beimng somewhat rough, the surface
was 1n fair condition In order to pro-

TABLE 7
ConstrucrioN Costs, EXcLusivE oF CEMENT
Cost for Cost per
85208'215 Sq Yd

Moving to and from Sec-

tion $294 77| 30 02457
Assembling Machinery

and Machinery Costs 158 30| 0 01319
Greasing and Gasing

Costs 41 07| 0 00342
Scanfying Costs 52 79| 0 00439
Trenching Costs 202 47| 0 01687
Grading Surface 63 55 0 00529
Discing Costs 376 77\ 0 03139
Mixing Costs 117 76| 0 00981
Tamping Costs 68 12( 0 00568
Cement Costs (Delivery

and Handling) 615 47| 0 05129
Water 713 85| 0 05949
Rolling 22 91| 0 00190
Joints 51 05 0 00425
Curing Pavement 50- 55| 0 00421
Lights 60 93} 0 00508
Miscellaneous Labor

Costs and Materials 264 137 0 02202
Freight Costs 222 79) 0 01858

Total Costs $3,377 28| $0 28144

tect the surface and to provide better
nding qualities, all but 400 feet of the
project was given a bituminous surface
treatment in August, 1937

Construction costs, exclusive of ce-
ment, are shown 1n Table 7 The cost
per square yard 1s not so high as would
be expected after considering the exper:-
ences with the equipment, the number
of operations required, the cost of labor,
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and the fact that the work was delayed
by a lack of experience

SUBSEQUENT STUDIES

The average density of the finished
surface, determimed by the sand method
was 1203 b per cu ft or 83 lb per
cu ft more than the density requirement
for this project It was assumed that
this increased density was due to one or
more of the following reasons overcom-
paction of the soil-cement mixture, an
error 1n the average density of the fin-
1shed surface as determined by the sand
method, or an error in the density re-
quirement

Therefore, Proctor moisture-density
tests were made on samples taken from
each of the remaming five increments,
prior to compaction, 1n an effort to deter-
mine the reason for the density increase
noted above. The average density se-
cured by these tests amounted to 118 6
Ib per cu ft or only about 1 per cent
less than the average density obtaned by
the sand method, thus discrediting the
first two assumptions and indicating that
the third assumption was true How-
ever, since the job was underway and
because of the time required to duphcate
the control tests, the project was com-
pleted on the basis of the prelminary
data

After the job was completed, a com-
posite sample was made 1n the laboratory
from 60 samples of the soi1l on this pro-
ject, taken at 100-ft 1intervals just be-
fore the cement was added Ten per
cent of cement, by weight, was added to
this sample and moisture-density tests
made by the Proctor method The
curve established by these tests showed
a maximum density of 1255 lb per cu
ft and an optimum moisture content of
95 per cent The densities determined
on the job by the Proctor method were
then plotted, at their respective moisture
contents, with the curve mentioned
above, which showed that the individual
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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
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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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Figure 6

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
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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
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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-
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tion to support thin bituminous surface
treatments

ROUTE 5, TIPTON TO FORTUNA,
MONITEAU COUNTY

The first section consisted of cement
stabilization of 14 miles of roadbed on
Missour1 Route 5 north of Fortuna in
Momteau County Representative sam-
ples of the soil (Table 1) were submitted
to the Portland Cement Association and
upon thewr resulting recommendation
(Table 2) the work was undertaken 1n the

/
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at all stages of the work  After the exist-
ing roadbed was scarified to a depth of six
inches further pulverizing, due to the clay
encountered, developed 1nto an extended
operation requiring the use of 24-in
farm disks, spike tooth cultivators and
unique field cultivators, called “quack
grass diggers” This 1mplement also
proved useful later in mixing the cement
and the water Preparation of the road-
bed required a full day’s work per section
On the next day the water was appled,
the water and cement mixed with the

TABLE 1

SnowinG GRAIN SizE AND TEsT CoNsTANTS FOR FINAL TEsTs oF M1ssoURI SoIL SAMPLES,
Routk 5, MoNITEAU COUNTY

G
Test Constants Per Cent ?f!%'stl:f Sample
- ° —_ - ‘e - 8 3 § g
215 . ElE| & s |z |® (3]s |8 (5|2
2 | B | 8 Tl 5| w Bol® 1. |Za|Sele |=8|8e
3 S A 2 oo g g = 8q ! Ba | w g8 | nE
8 8 E] - - - B| g8 (8 =2 B
< g 2 ] mo =3 g-n w | o8 8 =
o | g A= 2| 55| =5, |ge|g=|25| 55 28 5052 2
~ A - T Y =) & |47 |& |6 |& |& |© |8
27 |46 5 23 8/ 227/ 36 2/ 13 9/ 1 90 A-7 8 27(13 25| 0 98} 11 4/ 8 6 | 31 3| 26 2| 11 1
(Clay
loam)
20 [347[211) 136|255 190 176 A-4 7 05|15 55/ 7 45 9693533\5175 55
(Loam)
33 1540211329 290 16 1] 1 85 A-6 655785178 20891337392 136
(Clay) |

* Also 1ncluded 1n clay fraction

late Fall of 1936 by the State maintenance
forces The Materials Bureau was as-
signed to study and control the mixtures

From the data presented in Table 2 1t
was decided to use 12 per cent of cement
by volume for the entire road, and that
the optimum moisture content should be
varied to meet field conditions, using
Table 2 as a guide

The surface was to be 22 ft wide except
the last 600-ft section, which was 30 ft
Grade stakes were set at 50-ft 1ntervals
n order to check the depth of processing

soil in the amounts piescribed and the
final mixture spread and compacted to

TABLE 2

CEMENT RECOMMENDED FOR EacH Soin Cov-
ERED IN TABLE 1

Ci t Opt.
zos | oty | hasn | smmen
o1l No P;I(l:l;l:t: P:IPC:nE Ib percu ft
27 12 15 5 111
29 10 13 2 114
33 13 16 5 103




68 SOIL-CEMENT MIXTURES

grade. Due to uncertain weather condi-
tions and the reahization that rainfall
following the preparation would result in
loss of all the work done 1n pulvenzing
the roadbed materials, the work was pro-
tected by covering the section with
Sisalkraft paper This detail proved to
be successful and almost essential for
the tume of the year in question which
was from October 30 to November 28,
1936

Cement was spotted along the road at
the rate of four sacks equally spaced
across the road at three foot intervals
along the road The cement was spread
by hand rakes Dry mixing of the ce-
ment with the pulverized roadbed mate-
rials followed and was continued until
no concentration or segregation of the
cement could be observed The equip-
ment for this mixing consisted of the
24-in  disks and field cultivators with
spike tooth harrows in tandem Ordi-
nary bituminous distributors were used
for the several applications of water re-
quired to bring the moisture to or shightly
above the optimum moisture content as
predetermmed One or more round trips
of the cultivator and disks were made be-
tween applications of water After all
of the required water had been added,
wet mixing was continued until a uniform
dispersion of the moisture to the depth
of the loosened material was obtained

The matenal was then compacted with
sheepsfoot tampers loaded so as to apply
pressure of 100 1b per sq mm This
method of compaction resulted 1n a rough
dented surface with one-half to one inch
of loose mulch on top A motor blade
fimished off the irregularities and final
compaction and smoothness were ob-
tained by use of a three-wheel ten-ton
roller A straw cover was spread over
the completed surface as a protection
from freezing and to reduce moisture loss
during the curing period

The foregoing procedure required com-
pletion of individual sections on separate

days so that in working a new section the
turning of the equipment on a previously
completed section was unavoidable In
order not to mar the finished section
approximately 25 ft adjacent to the new
section were covered with 6 mn of loose
soll This protectmg soll was later
removed by hand However, these “turn
arounds” are markedly rough and un-
sightly as compared to the rest of the
road.

Fourteen sections comprising 1 52 miles
were completed before the inclement
weather and lateness of the season
stopped the work

The prevailing weather conditions were
unfavorable The average daily max-
mum temperature during the entire con-
struction period was 56°F, and the
average dailly mmmimum was 27°F Be-
low freezing temperatures were recorded
during the night following construction
on 12 of the 14 sections Rainy weather
also delayed the work and the 14 daily
sections were spread over 28 working days

Cement was applied so as to give 12
per cent by volume for the designed 6 n
compacted thickness It soon developed
that the processing was loosening the
roadbed to a greater depth than antici-
pated and the final compacted thickness
varied from 6 to 10 1n, averaging 73 in
with a corresponding variation mm cement
content of from 12 to 72 per cent,
averaging 93 per cent

The optimum mosture content of 16
per cent as recommended from laboratory
tests was increased, after field tnal and
observation to 19 per cent and with
shght variation was held at that pownt
Moisture tests were made at the com-
pletion of the dry mixing for determining
the amount of water to be added Addi-
tional moisture tests were made during
wet mixmg in order to secure the opti-
mum mowsture content At this stage
density determinations on samples were
made by the Proctor method A spht
mold was used and the cylinders were
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cured and saved for further study and
durability tests

In order to obtain accurate measure-
ments of compacted thickness the wet
mixed material was removed from se-
lected pomnts and an 18-in square of
heavy wrapping paper was placed on the
undisturbed subbase and buried After
compaction the depth to the paper
could be definitely measured

The density of the fimshed roadbed
was also determined by sounding with a
4n posthole auger The matenal re-
moved was carefully retained and weighed
and the moisture content determined
The quantity of dry standard Ottawa
sand required to backfill the hole was
used to determine the volume of the
compact material recovered From these
data the dry weght per cubic foot
obtained was determined The Proctor
test gave an average result of 103 2
lbs, the roadbed measurements aver-
aged 102 4 lbs

This was a new type of construction
which of course necessitated breaking in
a crew Operations were also hindered
by raimny weather during the first part of
the construction period As a result,
the cost on the first two sections was 75
cents per square yard As the crew
became more proficient costs decreased
until on the last two sections the cost was
41 cents per square yard

The total cost of the project was
$9,214 52 or $0457 per square yard
This covers only time and matenal used
1n construction and does not include the
cost of moving 1n equipment, preparing
and mamtaining detour, moving out
equipment, shouldering and engineering
Cost data are given in Table 3

The total cost of the project, including
moving 1n equipment, preparing and
maintaining detour, moving out equip-
ment, shoulderng and engineering was
$12,870 23, making the cost per square
yard $0 639

This section was allowed to stand with-

out surface treatment until the middle of
the summer of 1937 Durnng this time
no base weakness developed; however,
considerable surface scaling occurred,
approaching pot-holes 1n some spots par-
ticularly at “turn-arounds’” These holes
were farly successfully hand-patched
with soill-cement mixtures However,a
hight surface treatment was not effective
m correcting the surface defects that
developed and a later bituminous drag
treatment was necessary to give the
section good nding quahty

In evaluating the results of this section
1t should be noted that the work was
seriously handicapped by the lateness of

TABLE 3
Cost DaTA—MoNITEAU COUNTY

Pulverizing 81,055 99
Cement (including hauling and

spreading) 6,145 33
Mixing (Dry) 239 51
Mixing (Wet) 837 00
Packing 185 47
Final Finish 92 92
Turn-around 97 06
Curing, Moist Straw 271 32
Supervision (not 1including engineer-

1ng) 289 92

Total $9,214 52

the season and the accompanymng in-
clement weather A substantial part of
the cost can be charged to long delays as
well as to mexperience with this type of
construction

ROUTE 100TR, wASHINGTON—
NEW HAVEN, FRANKLIN COUNTY

In connection with an extensive field
study of vanations in materals and
methods 1n base construction and soil
stabilization on Route 100TR, Frankhn
County, two miles of soil-cement stabih-
zation were built These sections were
constructed to obtan definite cost and
manipulation data as well as to determine
the service values of the various suggested
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types of stabilization under uniform
field conditions The subgrade consisted
almost entirely of the Union Silt Loam, a
loessial type soil of the A4 group The

na
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Figure 1. Moisture-Density Relations. The
raw soil is that part passing the No. 4 sieve
The cement mixture contains 7 05 per cent
cement by volume of soil, 6 13 per cent by
weight of dry soil Franklin County, Station
970 Route 100, Sample No 1§1.

Highway Matenals laboratory and to
the Portland Cement Association for
tests and recommendations Typical
test results showing the character of the
material are given in Figures 1 and 2 and
Table4 On one section, with two vana-
tions 1n cement content, namely, six and
eight per cent by volume, the preparation,
mixing and spreading was carried on n
practically the same manner as on the
previous work on Route 5, Moniteau
This method 1s referred to as the “Road-

TABLE 4
Route 100TR, FraNkLIN COUNTY
Typical gradation and soil analyses of original

materials
Screen or Sieve Per Cent Passing
1-in round 100
2-in round 98
4-1n round 95
No 4 89
No 20 84
No 40 81
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Figure 2. Moisture-Density Relations The
curves are for that fraction of the soil sample
which passed the i-in. sieve, with enough ce-
ment added to give approximately 7 per cent by
volume of the mixture at maximum density.

onginal wearing surface consisted of
approximately one inch of mixed stone
and gravel rather poorly bonded Sam-
ples representing a six-inch depth were
taken 1n duplicate and submitted to the

Clods retained on 4-1n round = 249,

Materials passing No 40 mesh sieve

Lower liqud himit—35

Lower plastic limit—17

Plasticity index—18

Silt—Diameter 0 5 to 0 005 mm —56%,
Clay—Diameter smaller than 0 005 mm —

30%
Colloids—Diameter smaller than 0 001 mm

—17%

mix”’ method On the other section,
with the same variations 1n cement
content, the “Traveling plant”’ method,
consisting of a Barber-Greene traveling
plant and an attached Barber-Greene
fimsher for mixing and spreading, was
used

Road-M1zx.

This work benefited by the previous
experience on Route 5, Momteau and
progressed smoothly with good organiza-
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tion mm both equipment and procedure
This section was divided in two sub-
sections, No 44 having 6 percent cement
and No 45 having 8 percent cement
The following 1s a hst of the equipment
used
Prelimnary scarfying and pulvenzing
1—60 Crawler type tractor
1_35 111 111 [43
1—Block Scarifier
1—Double 24-inch dise
1—Motor patrol
Cement Processing and Compaction
2—two-ton trucks
3—35 Crawler type tractors
2—Double 24-inch discs
1—Cultivator (quack-grass digger)
3—Distributors
2—Motor patrols
2—Sheepsfoot tampers (double units)
1—Spike tooth harrow
1—10-ton, three-wheel roller
A section one-quarter mile long was
cement processed each day This re-
quired an average total working time of
15 hr and 38 min
This time, by operations was divided
as follows

Distributing and spread-

g cement 2 hr 41 min
Dry mixing 2 “ 49 ¢
Applying water and wet

mixing 4 ¢ 19
Constructing joint 0 ¢ 38
Compacting and shap-

g 3 441 ¢
Smooth rolling 1“3 ¢«

The average miles for the various
types of equipment 1in order to process
one mile are as follows

DRY MIX WET MIX

Culta-
vator

Motor
Patrol

Culti-
vator

Motor

Dise Patrol

Dise

40 34‘18|92

COMPACTING AND SHAPING

s‘}f:g?:)';ort Spike Harrow Motor Patrol
50 *18 12

* The spike tooth harrow was attached be-
hind the sheepsfoot tamper 1n order to elimi-
nate the tamper marks preliminary to rolling
with the flat wheel roller

Two rollings were necessary with the
smooth roller in order to fimsh the
surface

The average gradation of the materal
at completion of dry mixing and start
of wet mixing 1s given 1n Table 5

TABLE 5

Percentage | Percentage
Openings Passing Passing

Sec No 44 [Sec No 45
14-in round 100 0 100 0
1-in round 100 0 98 3
$-in round 98 7 94 8
4-1n round 95 6 90 3
No 4 Sieve 90 6 84 5
$-1n Sieve 89 0 82 4
No 20 Sieve 84 0 76 9
No 40 Sieve 81 2 751

Soil clods retained on

4-1n round 26 9 24 6

The averages of the field test results
are shown i Table 6 Density and
weight per cubic foot were determned
by the Proctor method

The use of straw for curing was aban-
doned on this section Sisalkraft paper
was used for curing a section approxi-
mately 150 ft in length The balance
of the surface was primed with 0 15 of a
gallon of TC-2 tar on the day following
construction

Developments 1n construction pro-
cedure produced some 1interesting fea-
tures The mam cniticism of former
work concerned the unsatisfactory con-
dition resulting from the “turn-arounds”
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incident to each day’s run. On these
sections the material to be treated, next
to the header dividing it from the com-
pleted previous day’s run, was bladed
forward for all the processing. Just
previous to compaction the header was
removed and the material was bladed
back, shaped and compacted to conform
with the previous work. Finishing with
the flat-wheel roller removed practically
every evidence of the joint.

construction of the mile followed a uni-
form procedure.

The existing road surface was scarified
to an approximate depth of six inches
with a block scarifier, after which the
materials were disked and cultivated
with double sets of 24-in. farm discs and
“quack grass diggers”. After the mate-
rial was well pulverized, it was placed in
two similar windrows along each edge of
the road and a final check taken on the

TABLE 6
Soo. No. | Com. | - Com. [oAversge Hates Density | Roadbed | Optimum | Mazimum
70 | Design | Actual |mBacted e Fioal | Moisture | Density oisture | Density
% % % % %
44 6.0 6.36 5.66 8.3 16.2 101 100 14.5 104
45 8.0 7.04 6.82 9.2 15.2 99 98 15.9 103

Figure 3. Close-up of surface of 8 per cent
cement soil-cement mixed-in-place base after
7 days of cover with Sisalkraft paper. Note
only very slight incipient cracking of surface.

Construction cost data are shown in
Table 7. The cost of armor coating was
approximately $1,500.00 per mile.

Traveling-Plant Mix:

The efficiency of the traveling plant in
mixing soil, cement and water was tested
on anothéer one mile section. This sec-
tion was sub-divided into equal sections
of six and eight percent cement but the

depth. The windrows were joined again
along the centerline of the road. Usually
one-quarter of a mile of pulverized wind-
row was kept in advance of the machine
and Sisalkraft paper was on hand to cover
the pulverized windrow in case rain fell.
Sacks of cement were placed at the speci-
fied rate per station and were emptied on
top of the windrowed material. The
pulverized material and cement were
partially mixed before entering into the
pugmill by the action of the spiral feeders
to the bucket elevator and by dumping
into the closed storage hopper above the
apron feeder. Theamountof water added
to the pugmill was slightly higher than
the optimum required as allowance was
made for evaporation before final com-
paction was completed.

The pugmill discharged the mixed
materials directly into a hopper on the
finishing machine which spread the
materials over the undisturbed subgrade.
Immediately behind the finishing ma-
chine the mixed material was sheeps-
footed in short stretches until the tamper
feet did not penetrate more than one to
two inches from the top of the uncon-
solidated surface. Final shaping of the
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TABLE 7
FiNaL Cost Dara—RoUTE 100TR FRANKLIN COUNTY
Sections 44-45, Road Mix, Net Length 5185 ft.

Labor Equip. Rental

Reshaping Roadbed........................... ... $12.46 $18.22
Scarifying & Pulverizing.................... ... ... ... 70.88 91.51
Hauling & Spreading Cement............................ 267.75 43.55
Dry Mixing. ... . ..ooeiiit i 40.30 105.39
Wet Mixing.........ooiiiii 52.80 120.20
Compaction.............oiiieiii i 14.60 63.55
Final Shaping & Rolling................................. 44.05 44 .40
Water (72500 Gal.).............coiiii it 54.30 248.20

Total. ..o e $557.14 $735.02
Total Cost of Manipulation for Section.................. ... ..o $1,292.16
Total Cost of Manipulation per Station............ . ... ... ... i 24.90

Section 44, 6 per cent Cement, Net Length 2636 ft.

Manipulation—26.36 Sta. @ 24.90...... .. ... $656.36
(07 173 07 U 877.14
Tarpaulins for Covering Cement......... ... .. ... ..o 64.07
Other Equipment, Gas, Oil, and Grease.................. ..o s 45.95
s LY 1 1S R 80.70
Supplies, Tools, & Repairs..... ... (i e 30.90
Signs & Barricades. .. ... ..o it 6.66
SUPEIVIBION . ... .ot 128.09
Supply Truck, Freight, ete........ ... ... 67.88

177 $1,957.75
Co8t Per Mile. ..ottt it $3,923.35

Section 45, 8 per cent Cement, Net Length 2549 ft.

Manipulation—25.49 Sta. @ 24.90........ ... .. $635.80
Cost Of CemMentb. ... ..ot e e 1,142 .46
Tarpaulins for Covering Cement. ... 64.07
Other Equipment, Gas, Oil, and Grease............................. . iiiiiieen. 44.50
BOgineering. .. ..o.vonoii e 78.20
Supplies, Tools, & Repairs. ..... ... ..o 29.95
Signs and Barricades. ...........oui i 6.45
SUPETVIBION. ..ttt 123.98
Supply Truck, Freight, ete.............. 65.71

TOBL. ..o e e e et e $2,191.12
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surface was done with a motor grader.
It was necessary to add a small amount
of water to the surface at this stage of the
operation as the mix on the surface was
usually fairly dry. After the final shap-
ing was done, a 7-ton roller made two
complete passes over the width of the
road.

Straw was used for curing, although a
bituminous curing agent called “Cur-
crete”” was used at the rate of 0.10 gallon
per square yard in one place for experi-
mental purposes. The straw was wetted

z

Figure 4. Incipient cracking of surface on
6 per cent cement soil-cement machine mix
base. The cracks were of surface nature and
approximately one inch deep. This surface
later developed into a pitting and ravelling
stage and a drag treatment was placed over it
before sealing.

occasionally with water., Due to hot
weather and heavy local traffic this
method of curing did not prove very
effective. Where “Curcrete” was used
there was slightly less early checking
and cracking but after several weeks there
was no apparent difference between the
surfaces having straw or “Curcrete” cur-
ing. Both are probably good methods of
curing, provided the straw is kept well
dampened and covered over the entire
surface and the application of “Curcrete”
is sufficient to form a continuous film over
the entire surface. The straw was raked

onto the shoulders after 7 days and
burned. Several weeks after the placing
of the mix, one-half of the surface was
primed with MC-1 and the other half
with TC-2, each approximately 0.20 gal.
per sq. yd.

It was found necessary to place a drag
treatment on the surfaces of the two
machine mix sections because of the bad
raveling which occurred before the seal
coat work began. The riding surface
was also wavy. This condition can be
explained plausibly by the fact that the
continuous operation of the machine re-

TABLE 8
Den- | Final
h Initial | Final | sity at | Den-
Section Mois- | Mois- | Final | sity of
ture | ture | Mois- | Road-
ture way
b, 1b.
% | % |l |cute
6% Cement........ 9.1 18.8 99 | 97
8% Cement........ 11.2 | 19.6 | 100 | 963
Maxi- | Opti- Depths
Section foum | mum e .
Den- | M
sity | ture | Loose Al
A WLy B 0
6% Cement........ 106 | 18.1 | 8.5 | 5.4
8% Cement........ 108 | 18.0| 7.1 | 4.9

quired finishing and compaction in very
short stretches. The stone for the sur-
face treatment consisted of 60 lb. per
sq. yd. of §-in. to }-in. limestone chats,
16 1b. per sq. yd. of 2-in. to -in. lime-
stone screenings, and 0.65 gal. per sq.
yd. of RC-3. This treatment filled in
the raveled areas and corrected most of
the waviness of the surface. The seal
coat consisted of 0.25 gal. of 250 penetra-
tion asphalt and 25 lb. of 3-in. to No.
10 pea gravel.

Average field test results are given in
Table 8. Density and weight per cubic
foot were determined by the Proctor
method.
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Construction cost data for the 6 and 8
per cent cement sections by the Barber-
Greene traveling plant are shown in Ta-
ble 9. The cost of drag treatment was
$1,708.35 per mile and of armor coating
was approximately $1,500.00 per mile.

ROUTE 13, ST. CLAIR COUNTY,
OSCEOLA NORTH

This section of road-mix soil-cement
stabilization is of interest in that it is the

75

only Missouri section constructed under
contract. The project, which is 4.975
miles long, was commenced September 18
and completed October 15, 1937. The
cement processing was done in 20 working
days. The longest section processed in
one day was 1600 ft., and the average
length processed per day for the entire
project was 1313 ft. The soils encoun-
tered varied in character as is indicated
by the typical test results in Table 10.

TABLE 9
FinaL Cost Data—Route 100 TR—FRANKLIN COUNTY
Sections 41, 42,43, Traveling Plant, Net Length 5276.35 ft.

Lab Equip, Materials
or Rental
Straw Curcrete

Scarifying & Pulverizing................... $124.08 $297.48
Hauling & Spreading Cement............... 162.75 85.15
Spreading. ... 40.15 216.94
Compaction...................coiiiinn.s 30.50 85.29
Final Shaping & Rolling.................... -41.50 86.29
Curing (49700 Gal.).................. ... .. 63.99 128.00 $10.80

Total........ oot $462.97 $899.15 $10.80
Total for Section Manipulation..... ... $1,372.92
Cost of Manipulation Per Station............. ... .. ... i 26.02

Section 41, 6% Cement, 5 in. Thick, Net Length 1256.35 ft.

Manipulation—12.56 Sta. @ 26.02.......... ... .. it $326.81
Mixing—458 Cu. Yds. @ 30¢. . ...t 137.40
Water—16506 Gal. @ 40€ per 100. .. .. ... i 66.02
Cement—2143 bbla. @ 1.08. .. .. ... . i e 424.71
L0111 3 3 7 25.92
Cost of Pumping Water......... ..ot 14.85
Labor for Mixing. .. ... i e 54.40
Freight and Unloading on B. G. Finisher............ .. ... ... 54.98
Freight and Unloading B. G.............. N 11.97
WINAIOW COVET. .. ..ottt e e ettt e e 21.11
Other Equipment, Gas, Oil, & Grease................... ... i, 21.92
Engineering. .. ... ... . 38.50
Supplies, Tools, & Repairs. ... .........cii e 14.73
Signs & Barricades. ... ... ... s 3.18
SUPEIVISION . ... ..ottt e 61.09
Supply Truek, Freight, ete....... ... 32.38

oY, e $1,309.97
€08t Per Mile. ... o e $5,504.07
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TABLE 9—Concluded
Section 42—89%, Cement, 6 in. Thick, Net Length 1350 ft.

Manipulation—13.5 Sta. @ 26.02.................. .. $351.27
Mixing—543 Cu. Yds. @ 30¢......... ..o 162.90
Water—17755 Gal. @ 40¢ per 100..... ... ... .. . .. i 71.02
Cement—303% bbls. @ 1.98....... .. ... .. 600.93
Cost of Pumping Water.......... ... ... .. i 17.62
Labor for Mixing........ ..o 64.40
Freight and Unloading on B. G. Finisher.................. ... .. ... ... . ....... . 59.14
Freight and Unloading B. G......... ... ... ... ... .. i 12.88
Windrow COVer..........oooiiui i e 22.71
Other Equipment, Gas, Oil, & Grease....................ooo i 23.58
Engineering....... ... 41.45
Supplies, Tools, & Repairs..............oouiemen 15.85
Signs and Barricades................... .. 3.42
Supervision. ... ... 65.71
Supply Truck, Freight, ete...... ... oo 34.83

Total. . $1,547.61
Cost Per Mile........ooooiiu i $6,045.35

Section 43—6%, Cement, 6 in. Thick, Net Length 2670 ft.

Manipulation—26.7 Sta. @ 26.02.......................... ... .. e $694.73
Mixing—887 Cu. Yds. @ 30¢........... ... i 266.10
Water—35094 Gal. @ 40¢ per 100.......... ... ... . i 140.38
Cement—4533 bbls. @ 1.98......... ... .. . 897.93
Cost of Pumping Water.......... .. ... ... i, 28.71
Labor for MIXing....... ..o 104.80
Freight and Unloading on B. G. Finisher........................................... 116.88
Freight and Unloading B. G................oo i i 25.40
WIndrow COVer...........vuiiiiiniai i e 44.80
Other Equipment, Gas, Oil, & Grease...................c..ovuiiiiiin i, 46.49
Engineering........ ... o i 81.70
Supplies, Tools, & Repairs.............. ... o ii i 31.25
Bigns and Barricades.................. ... 6.75
Supervigion....... ... ... 129.63
Supply Truck, Freight, ete.............o. i 68.70

Total. $2,684.25
Cost Per Mile.........ooooi e e $5,315.35

In addition to the variations in soil
another new condition was introduced by
the fact that a considerable portion of
the road consisted of the remains of a
failed oil mat surface which could not be
entirely removed. In some portions of
the section bituminous treated materials
were found in the mix.

The contract specified 8 percent cement

by compacted volume of the finished
road, 6 in. thick. However, during the
course of construction an exceptionally
heavy clay soil (Lab. No. 77) was en-
countered on 1.12 miles and the cement
on this portion of the project was in-
creased to 10 percent.

Field test methods recommended by
the Portland Cement Association were
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used to control moisture-density relation-
ships durmg construction The average
results obtained are as follows.

Dry weight,
Percent Mowsture at Finished | Thickness
]

- |Optimum of Base
Imitial l Final Morsture
b b per
o ‘};’ cu ft inches
86 141 113 105 75

The outstanding feature on this pro-
ject was the trial and adoption of a differ-
ent prece of equipment for loosening the

obtamned by this method The plow
was used very effectively from time to
time during the pulverizing operations to
turn the cloddy matenal to the surface,
where 1t was broken down more readily
by the discs

The plow was later tried 1n combination
with the dises in the dry and wet mixing
operations The results were very satis-
factory and the plow was used 1n placeof
the orchard cultivator, for these opera-
tions, on the remainder of the project
The plow was defimtely effective in turn-
ing over the material and in that way
both moisture and cement could be

TABLE 10
GRrAIN S1zE

Clay less Colloids

P 1 P P No 4 |C Sand Fine Sand Sult
Lab No |ase o | Foee din, | ot R0 10 |2 00-36 mam | 026-005 | 0050005 | than0005 | leso thon
75 87 63 59 91~ 23 33 14 7
76 07 15 07 41 12 56 25 15
77 6 6 78 34 52 16 33 28 19
Test CONSTANTS
Lab No LL PL PI FME SL SR Group
75 25 5 18 8 67 221 156 1.82 A-2
76 28 5 201 8 4 253 16 6 175 A-4
e 41 7 18 6 231 31 2 12 3 194 A-6

roadbed, dry mixing and wet mixing.
Considerable difficulty had been expen-
enced 1n the past, in controlling the depth
and uniformity of scanfication Ths
same difficulty was encountered at the
beginning of this job and 1t was sug-
gested that a gang plow be given a tnal
Two 14-in plows 1n gang were tried out
on the fifth section constructed The
roadbed on this section was first scarfied
with a Duoclaw scanfier and then plowed
The plow was pulled by a R D 4 Daesel
caterpillar tractor Subsequent investi-
gations showed that the scarfied depth
could be controlled more accurately and
a more umform subgrade cross-section

brought to the same percentage 1 top
and bottom so that no varation 1n set
with depth could be noted This weak-
ness had been observed on other sections,
The total cost of the soil-cement stabih-
zation section was $26,818 90 or $5,396 16
per mile, exclusive of surface treatment

SUMMARY OF PROJECTS IN THIS REPORT

(1) In examiming the cost data of the
various sections 1t was found that the
cement cost, together with the handlhing
charge, could be considered a fixed charge
and can be closely approximated by the
figure 2 5 cents per square yard for each
percentage of cement used On this
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basis, the other costs of the various sec-
tions can be compared by deducting the
cost of the cement.

Cost MiNus CEMENT

PerSa | PerMite
Route 5, Moniteau County | 30 34 | 84,350 00
Route 100, Frankhn
Road Mix * 015 1,950 00
Machine Mix 027 | 3,450 00
Route 13, St Clair
County 020} 2,550 00

Part of the excess cost on Route 5, Moni-
teau, has already been explained, how-
ever, another 1tem 1s the character of the
soil, the proper preparation of A-6 clay
for treatment requiring considerable more
manipulation than the readily friable A-4.

(2) The costs as given are reasonable
and 1n the range of what one can expect

to pay for a reliable base 1n the low cost
program

(3) Some surface treatment to provide
a wearmng course 15 required before put-
ting the road under traffic

(4) The results obtained do not appear
to justify the extra cost of the machine
mixing as carried on 1n this case

(5) In the processing 1t developed that
by proper care and provision the objec-
tionable conditions that develop on
“turn-arounds” could be elimnated
Another development 1n processing indi-
cates that the use of gang plows 1n turn-
ing over the matenal during the disking
and mixing operations 1s more effective in
preparation of the material and n um-
form mixing than the “Orchard Culti-
vators ”’

(6) With good organization 1t appears
that a complete crew of men and equip-
ment will complete, as an average, one
quarter mile per working day

SOIL-CEMENT BASE, WAYNE COUNTY, IOWA

By FrRank L. Davrs

Resident Engineer, Iowa State Highway Commassion

Durng 1937, 1 64 mules of soil-cement
stabihzation base were bwilt in Wayne
County, Iowa by the State Highway
Commussion The section had been main-
tamed with a traffic bound gravel surface
since 1923

The new base course was bult 26-ft
wide, 4-1n deep and with a finished crown
of 5-in  The material for the base was
secured by scanfymng the surface to the
depth necessary to produce the required
yardage of matenal About 60 per cent
of the original gravel surfacing materal
was recovered and used

To make the final 41n depth, 2127 cu
yd. of material per mile were required
from the road bed

Cement was mixed with the base mate-
ral mn the ratio of 1 to 10 by weight
The optimum moisture content was found

to be 11 per cent, which required the
application of 509 gal of water per sq
yd less the moisture contamed 1n the
materal

The characteristics of the material in
the base are given in Table 1

The job was done on contract by the
road mix method

The base material was taken from the
road bed with two No 11 auto patrols
with scanfier attachments By remov-
ing half of the scanfier teeth and setting
the rest to the correct depth below the
scarfier block, 1t was possible to scanfy
to the full depth by running the scanfier
block tight to the road surface The
operation followed a heavy rain and by
using one patrol to pull the other machine
with the scanfier, the matenal was
loosencd to the full depth 1n one opera-
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tion The materal was then bladed into
a windrow until all scarfier marks were
removed from the sub-grade.

Pulverization was accomplished by two
No 30 AC caterpillar tractors pulling a
tandem and spring tooth harrow and a
quack grass digger Some rolling was
done to help flatten out the lumpy
material.

After the material was pulverized 1t
was placed into a windrow at one side of
the road so that the water distributors
would not travel too near the edge and
cause settlements in the sub-grade.

TABLE 1
BaASE MATERIAL

Percont~
Sieve Size age Material Passing No 40 Sieve
Pasaing
1m 100 0 Liquid Limit 300
210 98 0 Plastic Limit 14 8
$1n 913 Plasticity Index 15 2
No 4 821
No 8 711
No 10 68 8
No 40 49 0
No 60 42 6
No 100 38 6
No 270 353
No 005 14 8
No 001 76

MIXING AND LAYING
Mat for Turning Equipment:

The first operation each day was to
place a mat of 3 by 12-n fir plank over
the end of the last day’s run long enough
for the mixing and rolhng equipment

Spreading:

Following the placing of the mat, the
header board from the last day’s run was
removed and the material between the
header and windrow loosened from the
sub-grade  The windrow was then
knocked down and spread umformly
over the sub-grade for the distance of the

day’s run  The windrow was flattened
for about 50 ft beyond this point to
enable the equipment to be turned be-
yond the end of the run

A red flag was placed on each side of
the road at the end of the day’s run so
that the point was clearly marked where
each operation was to stop for the day

Applyrng Cement:

After the spreading of the material 1n
the windrow the cement was placed

The cement was distributed with a
Buckeye spreader attached to the rear
end of a flat bottomed truck used for
hauling the cement 1n bags The cement
was apphed i three widths of the
spreader and 1n two layers After a few
adjustments, on the first day’s run, the
machine was able to spread the cement
uniformly at the required rate per square
yard Considerable difficulty was en-
countered the first day as the contractor
started dry mixing at the time he apphed
the cement which caused the mixture to
become very loose and fluffy The
Buckeye spreader, being traction driven,
would sink deep into the loose matenal
and cause trouble by stones and gravel
getting into the drive chamn and sticking
the machme After the first day, the
cement was spread on top of the materal
before dry mixing was started

Dry Mixing

Following application of cement, the
material was uniformly dry mixed by the
use of the quack grass digger, tandem
disc and spring tooth harrow The
quack grass digger which was a 10-ft
McCormick Deering solid arm with large
type open back shovels did an excellent
job of mixing Shields should be used
on the outside shovels of the quack grass
digger to keep the mixed matenal from
spreading beyond the trench in the sub-
grade An extra set of shovels should be
provided for this type of digger so that
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they can be replaced and sharpened when
dull Upon completion of the dry mix-
mg the water was added

Walering:

Water was obtained from a railroad
reservorr two miles from the south end
of the project A supply of 200-gal per
min was provided by means of a portable
pumping unmit Grawvity type distribu-
tors of 1040-gal capacity were mounted
on Ford or Chevrolet truck chassis

The water was distributed over the
dry mixed matenal as evenly as possible
until 2 per cent above the optimum con-
tent had been added

Wet Mixing:

Mixing was continued as the water
was added, until sufficient moisture
showed uniformly distributed through
the depth of the material It was often
necessary to operate the mixing equip-
ment 1n a zig-zag line of travel from one
side of the road to the other to disperse
wet streaks left by over-laps in the trnips
of the water distributors The same
equipment was used for wet as for dry
mixing It was often necessary during
both the dry and wet mwxng to blade
the material in from the outside edges
to prevent loss

In turning during the mixing and the
roling that followed, all equipment, as
much as possible, was pulled upon the
mat on the one end and past the red flags
at the other Very little turming of the
equipment should take place in the mixed
matenal.

Prelimanary Packing and Shaping-

Following the wet mixing, the mixture
was rolled with a sheepsfoot roller until
it was up to about 1%-in from the sur-
face at which time the motor patrols
shaped the road to the proper width and
crown The rolling continued after the

shaping until the roller was about $-in.
from the surface On account of the
heat and large evaporation 1t was neces-
sary to sprinkle with considerable water
during this operation 1n order to keep
sufficient moisture 1n the matenal

Final Packing and Shaping.

The final shaping was done with the
auto patrols The material was bladed
back and fourth over the surface of the
base and to such depth that all compac-
tion planes of the sheepsfoot were re-
moved During this operation, a spike
tooth farm harrow was used to help
roughen any compaction planes mussed
by the blading When the final shaping
was completed, a uniform mulch of the
loose matenal was left over the base and
compacted by a pneumatic roller It was
often necessary to wet this mulch to
provide enough moisture to bond 1t to
the balance of the base The pneu-
matic rolling was continued until all ma-
teral was rolled tightly mto the base

Jowning New Work to Completed Base:

After the header had been removed 1n
the morning, the material was cleaned to
the sub-grade for about 2-ft back from
the jomnt During the wet mixing the
material used for the joint was shoveled
by hand against the end of the last day’s
run and hand tamped 1n place

The base usually thickens at this point,
due to accumulation from the equipment
pulling upon the mat in turming On
final shaping, the mat was removed and
blading operations carried over the joint
When pneumatic rolling was about com-
pleted, the joint was given a final blading
with the blade over the joint at an angle
of about 60° with just enough pressure
to clean the completed base and to cut
the new base to the same level During
the pneumatic rolling, the roller passed
over the jomnt and turned on the section
previously completed
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Final Rolling and Finishing

Finally the base was given a smooth
even surface with a smooth steel roller
This roller had to be used with consider-
able caution 1if the surface was too wet,
1t picked up on the roller and if too dry,
the best results could not be obtained

Header at End of Day’s Run:

The header was placed by hand after
the steel roller left the base A line was
struck across the base between the red
flags, placed at the end of thesection,
and a trench about five to six inches mn
width was cut across the base to the sub-
grade Care was used to make the com-
pleted side vertical and straight and a 2
by 4-in header board was placed 1n the
trench and staked 1n place aganst the
completed base A small amount of
mixed matenal which had been saved
-was wetted and tamped into the narrow
space between the header board and the
mixed base This completed the day’s
operations

CURING

The completed base was cured by prim-
ing with a TC-2 bitumen on the morning
of the day following the completion of
each day’s run at the rate of 0 2-gal per
sq yd

The first and second day’s runs were
not prmmed on the following day as in-
tended The car of bitumen arrived
three days late and the two day’s base
was kept wet by sprinkling with water
five times each day until primed This
delay 1n priming did not seem to cause
any serious defects in the base

Upon completion of the soil-cement
base, the shoulders of the roadway were
treated by priming with SC-1 bitumen

PROGRESS

Operations on the soil-cement section
was started July 25th, and completed
Aug 10th, 1937

The removal of the material from the
road bed and processing required three
days

The mixing and layng of the base was
completed 1n exght working days

Some ramny weather was encountered
between the starting and completion
dates However, only a few light showers
were had on the days of operation

The temperature ranged from 90 to
102 deg F

The schedule of a typical day’s opera-
tions 1s given in Table 2

TABLE 2
ConNsTRUCTION OPERATIONS, ONE 14-HOUR
Day, 1100 Fr

Operation Time, hr

Spreading Windrow 0 50
Spreading Cement 275
Dry Mixing 125
Watering 2 50
Wet Mixing 425
Preliminary Packing 2 50
Preliminary Shaping 0 50
Final Packing 100
Final Shaping 0 50
Smooth Rolling 150
Header and Turning Mat 075

COSTS
The Contract prices were as follows

Item 1 Portland ce-
ment for base sta-
bilization 10 place
on road

Item 3 Water for
wetting base mix-
ture

Item 4 Constructing
soil-cement base

Item 6 Primer bitu-
men TC-2 for base
furmished and ap-

$2 66 per bbl

$3 00 per 1000 gal

$0 68 per cu yd

phed $0 1413 per gal
Item 7 Primer bitu-
men MC-1 for

shoulders and ap-
proaches, furnished

and applied $0 087 per gal.
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The cost data for the project are given
in Table 3

THE FINISHED BASE

Measurements of density, thickness
and water content were made on each
day’s run at 100-ft intervals before the
prime coat was apphed Table 4 gives
the typical results

Two Proctor density tests were made
on composite samples taken at the time
of completion of wet mixing as follows

(1) Density 1100 at 136 per cent

SOIL-CEMENT MIXTURES

such equipment as was recommended
and the project was completed without
any changes mn the set-up

It became apparent that with addi-
tional equipment and different methods
for cement spreading better progress
could have been made, better results
would have been obtained and operation
costs reduced

Recommendations for operations and
equipment on soil-cement base stabiliza-
tion are as follows

1 The mat for turning on completed
base should be full width of base and 30
to 35 ft 1n length wath a covering of durt

water over the planks to prevent breakage and
(2) Density 1238 at 115 per cent hold them in place All equipment
water should turn entirely upon the mat
TABLE 3
CosT FOR So1L-CEMENT STABILIZED Base
f8q Yd
Ttems Geatafor | Costs Por bile [ (GOt Fer S0 c?:e;ZInDcE;) of
Cement 1n Place 86,315 51 | 23,848 79 | 80 2523 $0 0631
Water for Mixture 450 30 274 42 0 0180 0 0045
Constructing Base 2,372 52 1,445 86 0 0948 0 0237
Prime TC-2 Curing 707 33 431 06 0 0282 0 0070
Prime MC-1 Shoulders 308 05 187 73 0 0123 0 0031
Total All Items 810,153 71 | 96,187 86 $0 4056 $0 1014
TABLE 4 2 The handhing of cement in bulk
Thick- | Density,| water with proper faciities for weighing and
gossof | b per | Vg bauling with end dump trucks to feed
the cement spreader This should save
Minimum 425 | 9201 94 Jghor and expense and speed up the
Average 504 [1058] 145 operation
Maximum 650 j172] 238 3 As wet and dry mixing time seems
to be the largest factor in the day’s
RECOMMENDATIONS

As this project was the first soil-cement
base to be laid 1n the state very lhttle
information was available as to what
type of equipment should be used and
how many units of each type would be
necessary to do the work 1n a satisfactory
manner

The contractor accordingly furnished

operation plenty of equipment should be
used for this operation At least two
quack grass diggers equipped with large
type shovels should be used as this ma-
chine 15 fast and gives a very thorough
mixture

4 The tandem farm disc should be re-
placed with quack grass diggers or their
equivalent as 1t has a tendency to ride
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out of the material and does not mix to
the bottom of the base

5 Water should be apphied with power
driven distributors properly tachome-
tered whenever possible At least all
water distributors should have spray bar
length control and adjustable valves so
that the spread of water can be controlled
at all times and under all conditions

6. Rolling with sheepsfoot rollers
should be completed while the base mix-
ture 1s at the optimum moisture content

Enough rollers should be used so that
the required density 1s reached in 2 to
2% hours

7 During the mmtial compacting, or
sheepsfoot rolling, only tractors of the
track laying type should be used for
operating the rollers Pneumatic tires
should not be used at this stage as they
compact the base unevenly

8 For final compaction the pneumatic
roller should be operated by pneumatic
tired tractors as a umform surface, free
from tracks, is desired Where track
laying tractors are used, track marks are
left 1n the base and extra rolling and
blading are required to remove them

One pneumatic roller will take care of
about 1500 ft per day The job should
be equipped with two rollers of this type

as this final compaction 1s important to
the finish of the base In case of extra
footage or breakdown of roller, the addi-
tional machine would be available to com-
plete the day’s run

9 For removing compaction planes on
final shaping and packing, a fine spike
tooth harrow should be used This type
of harrow should have more and finer
teeth than the common farm harrow so
as not to leave too large ridges 1n the top
mixture

10 Where bitumen 1s used for curing,
1t appears advisable to give the completed
base one or two light applications of water
before priming The first application
should be about five hours after the base
has been completed and the second 5
hours later, with about the same lapse of
time before the prime coat 1s apphed

FINISHED ROAD

The soil-cement stabihized base was
surfaced with a bituminous wearing mat
of inverted penetration type, 22 ft wide
apphed 1n two courses The binder was
SC-7 bitumen apphed at 0 3 gal. per sq
yd for each course Crushed lime stone
was apphed at 30 lb per sq yd for each
of the two courses

EXPERIMENTAL SOIL-CEMENT ROAD IN WISCONSIN

By Goy H Larson

Semor Assistant Engineer of Materials

An experimental soil-cement stabiliza-
tion project was undertaken in Wiscon-
sin during the fall of 1936, and early sum-
mer of 1937 The project consisted of a
3 3-mile section, located on State High-
way 13, immediately north of Friendship
mn Adams County, 1 65 miles were built
in 1936 and the project was completed 1n
1937. The work was done by county
forces at the expense and under the super-
vision of the State Highway Commis-
ston of Wisconsin, working 1n cooperation

with the Portland Cement Association,
who also conducted the preliminary tests
and designed the proportions.

The region 1s an old glacial lake bed
and while the sandy soil deposited by the
lake waters lent 1tself to some easy manip-
ulation during construction, it also pre-
sented some unexpected problems during
the preliminary tests The soill was
graded largely between the 30 and 100-
mesh sieves and appeared very uniform
throughout the project A hmited num-
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ber of representative samples of the soil
occurring on the road were obtained for
prehminary tests Determination of
gran size distribution and physical test
constants showed the soil 1n these samples
to be very similar Because of this
similarnty and the uniformity of the sol,
one of the samples (No 36) was selected
for the preliminary tests of strength and
durability of the sand in combination
with various percentages of cement
Durabihty tests consisted of wetting
and drymng, and freezing and thawing,
conducted on specimens molded at the
optimum moisture content The speci-
mens were cured for 7 days 1n a covered
container having free water in the bot-
tom, before the tests were started. Wet-
ting and drying tests were conducted by
placing the specimens 1n an oven at a
temperature of 160°F for 42 hr, after
which they were removed, wire brushed
and weighed, then placed in individual
cans containing tap water  After soaking
for 5 hr the specimens were removed and
weighed, thenreplacedintheoven Freez-
ing and thawing tests were conducted by
settingthe specimensonblottersin the car-
riersso asto msure maximum capillary ab-
sorption of water during thawing  They
were then placed 1n the refrigerator where
they were frozen in 3 hr. and reached a
temperature of —15°F. 1n 20 hr Upon
removal from the refrigerator the speci-
mens were weighed and then placed 1n the
moist room in contaners holding suffi-
cient water to submerge the blotters be-
neath the specimens, where they were per-
mitted to thaw and absorb water for 24
hr After this, the specimens were
brushed with a wire brush, re-weighed and
agamn placed in the refrigerator The
specimens thus brushed and weighed 1n
each test gave data on the soil loss
Twelve cycles constituted a complete test
m erther the wetting and drying or freez-
ing and thawing tests unless the material
slaked to its angle of repose before the
twelve cycles were fimshed Compress-

1ve strength tests were made on 2 by
2-inch cylinders molded with a sand-
molding machine regulated so that the
density of the specimens approximated
that obtained 1n the durability specimens

These prehminary tests showed unsat-
isfactory results with pure sand and ce-
ment mixtures Table 1 shows results of
strength tests of various mixtures of sand
and cement

Chemical tests revealed that the soil
contained 11,000 parts of organic matter
per million, and study of the gramn size
distribution indicated a shortage of fine
material It was concluded that these
factors were largely responsible for the

TABLE 1

EFFeEct OF ADDING INCREASED AMOUNTS OF
CeEMENT TO WisconsIN SoiL No 36, SAND

Compresaive Strengtha of 2-n
Cement Content, Cylinders, lbs per sq 1n
Percent By Dry Average of Two Cylinders
Weight
2 days 7 days
12 25 38
14 25 43
16 29 40
18 33 46
20 37 57
unsatisfactory test results Fines could

be provided by adding clay to the sand,
and 1t was felt the clay might react to
overcome somewhat the effects of the
organic matter

Additional samples of the sand (No
66) and two clays (Nos 75 and 76, and
No 77) were obtaned for further tests
Soils 75 and 76 came from the same de-
posit, one superimposed upon the other,
so they would be mixed 1n approximately
equal parts, and they were used 1n com-
bination as one soil Table 2 gives the
grain size distribution and physical test
constants of these new samples and
those of the orgmal sample of sol,
No 36

A comparison of the grain size distribu-
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tion and test constants of sois 36 and 66
shows them to be very similar  Chemical
tests showed the organic content of soil
No. 66 to be approximately 11,000 parts
per milhion, which checks that of soil
No 36

Strength and durabihity tests of mixes
using varymng proportions of clay and
cement showed very beneficial effects
from the addition of clay The general
effect on strength of various additions of
clay, and using varying cement contents
1s shown very clearly in the Table 3
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Moisture-density relations were de-
termined as shown in Figure 1, and the
data 1n Table 5 were calculated from the
curves

Durability specimens were molded
using these data The tests gave satis-
factory results and the mixture recom-
mended for construction of the project
was as follows

20 per cent by dry wt of either clay
Nos 75and 76, or No 77 to be added
to the sand,

TABLE 2
GRAIN S1zE DISTRIBUTION
Smalls C Sand,| Fine Sand, Silt, Y 1 -
PCA Labora- | than 200 | 300098 | 053005 | 0050005 | 00950300 | 00010000 | Classufication
tory Sample No mm , % mm, % mm, % mm , % mm , % mm, %
36 100 520 360 70 50 25 Sand
66 100 540 400 30 30 10 Sand
75 & 76 -
(50-50 mix) 100 10 280 480 230 80 Clay-loam
77 100 40 80 50 0 380 120 Clay
* Also 1included 1n clay fraction
PrysicaL TEsT CONSTANTS
P Csﬁmlﬁ?;)%:my LL PI FME SL SR Classification
36 15 3 0 14 8 16 6 180 Sand
66 13 0 0 18 2 18 2 1 66 Sand
75 & 76
1 -
(50-50 mix) 245 7 200 175 178 Clay-loam
77 306 13 9 189 17 2 185 Clay

These strengths were high in compari-
son with those obtamned with sand and
cement alone and compared very favor-
ably with those obtamed with soils
encountered on similar projects which
gave satisfactory results It was noted
during the series of tests that mixes mn
which the clay was pulverized to pass a
No 10 sieve gave better results than
those 1n which the clay passed the one-
fourth-inch sieve

The mixtures (Nos 5 and 6) shown 1n
Table 4 were then made up, using 10
percent cement by weight

10 per cent by dry wt of cement to be
added to the sand-clay mixtures

The optimum moisture content and
maximum density of this mixture
were given as 9 5 percent and 126
lIbs per cubic foot, respectively

EQUIPMENT

Since equipment had not been de-
veloped especially for this type of con-
struction, 1t was necessary to select such
unmits as were available and appeared
likely to function satisfactorily That
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TABLE 3
EFFECT OF ADDING VARIABLE PERCENTAGES OF
SoiLs 75 aAND 76 (50-50 Mr1x), CLAY-LOAM,
AND No 77, Cray, To WiscONSIN SoiL
No 66, SAND
(Admixed soils pulverized approximately to
pass No 10 sieve)

Compressive
P, f Soil
PCA Lab | by Dy We | Cement Strength. Ibs
Sample No of |Admixed to| Content [ Ay of Two
Soil Admixed | to 100 parts | Percent Specimens
to No 66 Sand | of Soil No | by Wt
66, Sand
3 days | 7 days
15 8 120* | 226
10 115*( 231
12 99* | 278
75 & 6 20 8 184 274
(50-50 mux) 10 216 | 368
12 280 609
25 8 213 | 380
10 312 571
12 330 565
15 8 204 362
10 198 420
12 268 | 567
20 8 257 410
77 10 345 615
12 377 716
25 8 256 391
10 360 | 584
12 403 | 664

* These strengths are low due to an accident
while handling the specimens

TABLE 4
MIXTURES OF SoiL 66, SAND, wiTH Nos 75 AND
76 (50-50 M1x), CLAY-LOAM, PASSING {-INCH
Sieve anp witTH No 77, CraY, PassiNG

No 10 Sieve
St Non
o1l Nos
Il’g:tswl;y 75and 76 | Parta of
P C A Laboratory | ¢ Sﬁxl No (60-50 Soil No
Mixture Designation 66, Sand, mix), 71, Clay,
\n Mixture lo(;ll:y;n in Mixture
Mixture
Mixture No 5 100 20 —
Mixture No 6 100 — 20

used on the Wisconsin project consisted
of four tractors, 60, 40, 35, and 20, the
lighter ones being used with the pulveriz-
ing and rolling equipment and the heavier
ones with the mixing and grading equip-
ment, two small 16-in tractor discs and
spike-tooth harrows for pulverizing and
breaking down the clay; four quack grass

TABLE 5

Dara CaLcuLaTED FROM ProcTOR CURVES
Usep FOR MoLpING DURABILITY SPECI-
MENS HaviNG PREDETERMINED CE-
MENT CONTENTS BY VOLUME
Admixed so1l passed No 10 sieve

Maximum
POA Laborstory | Boroent (Qptumum V8Ll
1xture Designation ' 8 per
by Weight{ Percent cu it
Mixture No 5 10 90 127 4
Mixture No 6 10 95 125 5
12 I I l
Mrixture Mo 5 —/7’—\
/26l—  Cermert ,.\
1096 by werght g “\
12.396 by volurne i \ \

|
1
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Figure 1 Moisture-Density Relations.
Adams County, Wisconsin.

diggers, ranging from 7 to 10 ft. in wadth,
for mixing operations, one large grader,
one motor grader, two sheepsfoot rollers
for compacting soil, one single and one
double umt, four trucks for hauling ce-
ment and clay, and also for compacting,
one 8-ton three-wheeled smooth roller,
one 1,000-gal o1l distributor for distribut-



LARSON—WISCONSIN 87

ing water, one pump and pipe hne for
supplying water to the project, and field
laboratory and testing equipment

SUBBASE

It was decided to place clay over a
width of 24 ft , and to add cement over
a 22-foot width and process to a com-
pacted depth of 6 inches This required
approximately 780 cubic yards of clay
and 2,000 barrels of cement per mile

Since this project was built on a new
roadbed consisting of loose sand which
had been brought as nearly as possible to
the desired shape and grade, no scarifying
was necessary  The clay was hauled and
spread by means of trucks, supplemented
by hand spreading when necessary The
clay was pulverized and partially mixed
with the sand by means of discs and
spike-tooth harrows, after which 1t was
mixed to the full depth by means of
quack grass diggers traveling back and
forth over the length of the section being
worked. The quack grass digger 1s sim-
ilar to a spring-tooth harrow mounted on
wheels, and can be set to work at various
desired depths

These quack grass diggers were an in-
novation i mixing equipment for this
work They eliminated the necessity for
blading the entire mass of material back
and forth over the grade and replaced
the large discs and blade graders used for
mixing on previous projects of this char-
acter

APPLICATION OF CEMENT

Construction began each day with the
apphcation of cement on a section of
road which the engineer estimated could
be fimshed during the day Cement
sacks were spotted at regular intervals
so as to provide the required amount for
a compacted depth of 6 n  The sacks
were opened and dumped, and the ce-
ment spread by hand labor using shovels
and rakes As soon as the cement was

spread uniformly over the surface of the
road, mixing was started with the quack
grass diggers, drawn by crawler tractors,
and continued until the cement and soil
were thoroughly mixed to the full depth
as idicated by uniform color of the mix-
ture The depth of mixing was con-
trolled by means of reference stakes
placed along the shoulder. It was neces-
sary to maintain the edges of the road
during processing by shoveling material
back as the diggers worked 1t out

When the dry cement was thoroughly
mixed with the soil, tests were made of
the moisture content of the mixture, and
the amount of water necessary to bring
1t up to the optimum determined The
necessary water was added in several
“shots”, each at the rate of about two
gal per sq yd with a 1,000-gal o1l dis-
tributor. Water was brought to the work
by means of & pump and pipeline, from
which the distributor was filled at the
side of the road Mixing with the dig-
gers was continued until the mixture was
agamn of uniform color, indicating that
the water had been thoroughly and um-
formly dispersed throughout the mass
The mixture was then such that when
squeezed firmly in the hand 1t could just
be compressed into a ball which would
withstand very hght handhing

COMPACTING AND FINISHING

Having brought the sand, clay, and ce-
ment 1nto an mtimate mixture and pro-
vided the proper moisture content, the
mass was compacted with sheepsfoot roll-
ers The bearing surfaces or ‘“feet’” of
the roller were 3 by 4 in, and were so
loaded as to exert a pressure of 100 Ib.
per sq 1n when the feet were 1n full con-
tact with the soil This type of roller
was used because 1ts compaction had been
correlated with the laboratory compac-
tion At first the “feet’’ settled to their
full depth in the soil, but as compaction
proceeded they gradually worked out
until they were riding near the surface
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At this pomnt 1t may be of interest to
mention two factors, the moisture content
and the clay, which had very noticeable
effects on the success of the compacting
operation Themportance of the proper
moisture content may be illustrated by
the comparative compaction of spots hav-
mg moisture contents different from the
“optimum ”’ A moisture content of 93
percent gave poor compaction, the soil
being dry and crumbly, 10 5 to 11 5 per-
cent gave good compaction, while a
moisture content of 12 3 percent resulted
mn sponginess and a tendency of the soil
to peel and stick to the smooth roller A
short section of road processed with the
same cement content but without the
addition of clay could not be compacted
with the sheepsfoot roller and the usual
equpment It was necessary to resort
to a cleatless crawler tractor and lighter
equipment

The finishing procedure varied some-
what from that used on previous projects
in other states When the sheepsfoot
roller began to ride well up in the mass,
shaping of the road was started by blad-
ing material from the sides toward the
center so as to obtain some crown, the
compaction process bemng continued as
this blading was done When the roller
ceased to ‘“pack out” rolling was stopped,
and the road dragged with a spike-tooth
harrow to remove roller marks and to
loosen and level the surface Compac-
tion was then continued wmith a cleatless
crawler tractor, followed with trucks and
the distributor, starting at one side and
working over the entire width of the road
The reason for fimishing compaction with
the tractor and trucks was that the
sheepsfoot roller could not be followed
directly by the smooth roller because of
its tendency to pick up the loose ma-
terial

Immediately after compaction with
the tractor and trucks, the surface was
bladed and “shaved” with a motor grader
to bring the road to final crown and shape

This blading was started at the center,
and continued toward either side- Ex-
cess material was bladed off the road and
wasted It was found more satisfactory
to cut high spots completely down, with
consequent waste of the excess materal,
than to attempt to cut them partially
and fill in low spots Any materal
placed and compacted on the smooth and
near-finished surface was almost certain
to loosen and peel off The final shaping
with the grader was followed by ironing
and smoothing irregulanties in the sur-
face with an 8-ton three-wheeled smooth
roller The finished surface was covered
with damp sand to a depth of approxi-
mately one inch as a curing measure
The usual curing time was from 7 to 10
days

PREPARATION FOR NEXT DAY’S WORK

At the end of the day, preparations
were made for the following day’s work.
This included the construction of a “turn
around’’ on the end of the completed sec-
tion, the preparation of the end of the
processed maternal for making the joint
with the following day’s work, and loosen-
g up the soil in the section next to be
processed The “turn around” consisted
of a board mat 4 to 6 ft wide at the end
of the completed section with wings
about 3 ft wide extending back and
covering the edges of the road This
mat and the entire road was covered with
sand or soil to a depth of 6 to 8 in for a
distance of approximately 50 ft This
protected the surface from the wheels of
the equipment as 1t was turned around
on the following day There was a cer-
tam amount of ‘“dragging out” of the
cement mixture at the end of the section
processed and preparation for the joint
consisted of cutting this back to sound,
dense material and beveling off the end
The joint was of the feather-edged or
beveled type This joint was not satis-
factory because the thin edge of the “over-
lap” would chip and spall off. Several
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vertical butt joints were tried. Certain
difficulties in mixing and compacting the
material right up to the vertical end of
the previous day’s work made this joint
difficult to construct.

The average length of section processed
per day in 1936 was 513 feet, with a
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Figure 2. Moisture-Density Relations.
Field Test. Station 153, Project 4758.
TABLE 6
TypicAL SIEVE ANALYSES OF F1ELD MIXTURES
Percent by Weight Retained
Sieve No.
Sand Sand-clay Sacggl—:};y-
4 0 10.7 10.6
10 0.3 25.0 22.1
16 1.2 32.8 28.8
50 45.5 80.1 65.4
100 92.7 97.8 90.8
200 99.0 99.7 94.7
Pan 100.0 100.0 100.0

maximum of 660 feet. On the portion
completed in 1937 the average was 728
feet, with a maximum of 900 feet. There
naturally was considerable experimenta-
tion with equipment and procedure, par-
ticularly on the section processed in the
fall. Of those available and tried, the
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ones described gave best results; they are
not, however, to be taken as entirely
satisfactory.

PROTECTIVE SURFACING

There was some shrinkage after final
compaction, as evidenced by the forma-
tion of cracks noticed at intervals of ap-
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Figure 3. Drilling hole for determining den-
sity of hardened road.

proximately 25 ft. upon the removal of
the sand covering. Also, there was some
scaling and spalling of the surface attrib-
uted to improper finishing and attempting
to patch or fill low spots. The clay could
not be completely pulverized with the
equipment available, and small clay balls
were apparent in the surface. It was,
therefore, deemed advisable to protect the
surface from abrasion with a light wear-



90 SOIL-CEMENT MIXTURES

mg surface, or armor coat This con-
sisted of an apphcation of one-third gal-
lon of a heavy tar, T H -4, and 20 Ib of
stone chips per sq yd

field mixture and of the compacted and
hardened material in the road were made,
and the results compared with laboratory
test results.
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Figure 5. Freezing and Thawing Tests. Progressive Loss of Material

TEST RESULTS

In order to check the effectiveness of
the field operations, certain tests of the

Typical sieve analyses of the sand,
sand-clay, and sand-clay-cement mix-
tures are shown 1n Table 6.

The matenial retained on the Nos 10
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and 4 sieves consisted of a clay core to
which cement and fine sand were adher-
ing; material between these sieves and
the No. 100 was a mixture of sand, clay,
and cement; that between the 100 and
200 mesh sieves consisted of fine sand,
clay, and cement; and below the 200
mesh it was entirely clay and cement.
Typical results of Proctor moisture-
density relations obtained in tests onthe
field mixture are shown in Figure 2. The
average moisture content of the mixture
when compaction was started on the por-
tion completed in 1936 was 10.3 percent,
and the average of 48 field density tests
made on the compacted material showed
a dry weight per cu. ft. of 120 Ib. Later
a number of cores were taken from the
road, and density tests made in the lab-
oratory on them showed a weight of 123
Ib. per cu. ft. These results compare
favorably with the density of 126 lb. per
cu. ft. obtained in the laboratory tests.
Field density tests on the section pro-
cessed without the addition of clay
showed a weight per cu. ft. of 116.4 1b.
Measurements of the thickness of the
compacted material taken when field
density tests were made showed an aver-
age of 6.3 in. for the middle of the road
and 5.7 in. two to four feet from the edges.
The cement content was reduced to 8 per-
cent by weight on the portion built in
1937. The average moisture content at
the beginning of compaction was 10.2 per-
cent, and the density averaged 117 Ib.
per cu. ft.

Durability tests were conducted on
certain of the cores taken from the road
in parallel with companion laboratory
specimens. The progressive soil losses in
100 cycles of wetting and drying, and 100
cycles of freezing and thawing, are shown
graphically in Figures 4 and 5. Figures
6 to 9 show the condition of these cores
at the end of 12, 48, 72 and 100 cycles.

The agreement in results between labora-
tory specimens and field cores should be
noted.

Figure 6. Condition of cores and cylinders
after 12 cycles of durability tests.

Figure 7. Condition of cores and cylinders
after 48 cycles of durability tests.
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Figure 8. Condition of cores and cylinders
after 72 cycles of durability tests.
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Figure 9. Condition of cores and cylinders
after 100 cycles of durability tests.

The section built in the fall of 1936
came through the winter in good shape.
It is rather early, however, to make any
comment as to ultimate service be-
havior.
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LABORATORY INVESTIGATION

OF SOIL-CEMENT MIXTURES FOR

SUBGRADE TREATMENT IN KANSAS
Bx M D Carron

Cement can be added to soils for other
purposes than the achievement of a
hardened road surface for light traffic
use. It may also be used to change the
characteristics of unsatisfactory soils 1n
subgrades under substantial load carry-
mng pavements, such as concrete, so that
these soils will function satisfactorily as
subgrades.

The Kansas State Highway Commis-
sion has made extensive laboratory and
field studies of very bad soils which pro-
duce distortion of concrete pavements at
cracks and joints as a result of volume
increases and moisture gracdients mn the
soil which accompany infiltration of
water As a result of these investiga-
tions a comprehensive field project was
started in the fall of 1935 on a soil which
would produce pavement distortion with
a view to applying the laboratory and
field studies 1 construction procedures
in such a manner that the tendencies of
very bad soils to produce pavement dis-
tortions would be overcome The work
is in Douglas County and is 1dentified as
Project 10-13-PWS;  Several methods of
subgrade preparation and construction
make up this project One section,
(No 10) was to be treated with about
5.3 per cent cement by volume (45 lbs
per sq yd) for a depth of 12 1n

A typical sample of the so1l was shipped
to the Portland Cement Association in
the winter of 1935-36 for analysis and
suggestions for the treatment of the sec-
tion with cement The following report
covers the nvestigation of this soil
mixed with various quantities of cement
and covers data and analysis of data by
the soil-cement Laboratory of the De-
velopment Department of the Portland
Cement Association

Since the problem nvolved 1s one of
reducing volume changes in the soil

enough to overcome pavement distortion
due to moiwsture changes or moisture
gradients, two possible methods of treat-
ing the soill with cement were presented
With one method, a soil-cement mixture
would be used containing sufficient ce-
ment to give a cement hardened soil or
subgrade when moisture content and
compaction are properly controlled dur-
mg construction  This cement hardened
soll would have very small volume
changes and moisture gradients 1n com-
parison to the raw soil and would control
pavement distortion very effectively

With the other method, a soil-cement
mixture would be used containing enough
cement to give a modified soill when hy-
dration of the cement and manipulation
of the mixture 1s properly controlled dur-
g construction This modified soil
would have much lower volume change
characteristics than the raw sol and
would be similar mn character to souls
which do not produce pavement distor-
tion In the case of this particular soil,
the cement content required to change
the character of the soil to that of one
having small volume changes and mois-
ture gradients is less than that required
to give a permanently hardened soil.
Therefore, mn the course of time, weather-
ing agencies would slowly granulate a
hardened muxture to produce a modified
so1l similar to one obtained by pulverizing
the same soil-cement mixture in the lab-
oratory after the cement has hydrated
In this case also, construction procedure
similar to that used for the first method
can be followed

CEMENT MODIFIED S8OIL

Previous work in the soil-cement
laboratory has indicated that the char-
acteristics of soils are changed by the



CATTON—KANSAS SUBGRADE TESTS 93

addition of cement, particularly volume
changes accompanying moisture changes
In this particular problem 1t 1s not neces-
sary to strive for practically complete
elimination of volume changes but only
to change the soil characteristics to make
the soils comparable with those which
experience has shown do not cause pave-

seven days in order to conserve time
Thé soil-cement mixtures were dried,
pulverized and the physical test constants
determined at the ages indicated The
results are given in Table 1, with the
physical test constants of the raw soil
The mechanical and hydrometer analysis
of the grain size of the raw soil 1s shown

ment distortion mm Figure 1 A few tests of physical con-
TABLE 1
Test REsuLTs oN Raw SoiL AND So1L-CEMENT MIXTURES
Soil-Cement Mixtures (1) Containing
Raw
Soil 1% 1% 2% 3% 4% 5% 8%
Cement | Cement | Cement | Cement | Cement | Cement | Coment
@) (2) 2 2) 2 3) (3)
Liquid Limit 54 51 48 46 45 45 45 41
Plastic Limit 24 24 24 25 27 28 34 33
Plasticity Index 30 27 24 21 18 17 1 8
Field Moisture Equivalent 31 31 31 33 32 31 37 34
Vol atS L
Vol st FME X 100 802|804 83 (8889|952 |86 |96
Shrinkage Limt 17 17 20 20 22 28 29 28
Shrinkage Ratio 18 18 18 17 16 15 15 15
Vol at SL
—— X 100
Yol st L L X 605 | 625 | 658 | 690 [ 732 | 792 |81 | 86
U 8 B P R Soil Group A-7 A-T7 A7 A-7 | A-7-5 | A-7-5 | A-5-T | A-5-7

(1) Cement content based on volumes when compacted at optimum moisture by standard

Proctor procedure

(2) Constants determined on pulverized soil-cement mixture by U S B P R standard pro-

cedure after cement has hydrated for seven days

(3) Constants determined on pulverized soil-cement mixture by U S B P R standard pro-

cedure after cement has hydrated for 43 days

In order to determine the influence of
cement on soil characteristics, cement was
added 1n quantities of 3, 1, 2, 3, 4, 5 and
8 per cent of the volume of the mixture
when compacted at optimum moisture by
the Proctor procedure The soil-cement
mixtures contaming 5 and 8 per cent
cement were permitted to hydrate for 43
days The soil-cement mixtures con-
taimng 3, 1, 2, 3, and 4 per cent cement
by volume were permitted to hydrate for

stants on pulverized soil-cement mixtures
one and two days old gave about the same
physical test constants as those obtained
on pulverized soil-cement mixtures seven
days old and indicated very early influ-
ence of cement hydration on soil char-
acteristics.

The specimens remaing from the
shrinkage himit determinations are shown
in Figure 2

The following discussion is based on a
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comparison of raw soil with various soil-
cement mixtures in which the cement
has hydrated and the mixture pulverized.
Pulverization of the soil-cement mixtures
permits determination of physical test
constants in the same manner as they are
determined for a raw soil.

By referring to the physical test con-
stants of the raw soil and soil-cement mix-
tures in Table 1, it will be seen that add-
ing cement to soil and allowing time for
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Figure 1. Mechanical and Hydrometer An-
alysis. Laboratory Soil Sample No. 1, Clay
Loam Subsoil, Group A-7.

it to hydrate, changes most of the physi-
cal test constants.

The liquid limit of the raw soil is 54,
and, as increasing amounts of cement are
added, it is lowered to 41 for the soil-
cement mixture containing 8 per cent
cement. In this particular soil it is
probable that the cement exerts its great-
est influence in reducing cohesion of the
soil particles in the pulverized material.

The plastic limit of the raw soil is 24
and, with increasing amounts of cement,

it is increased to a maximum of about 33
or 34 with 5 to 8 per cent cement. Mois-
ture evaporates very much slower from
soils when the moisture content is below
the plastic limit than when it is above the
plastic limit. Therefore, the raising of
the plastic limit will be effective in reduc-
ing the rate of moisture change and the
rate of volume change of the soil under
similar drying conditions, which will be
helpful in reducing pavement distortion.

The plasticity index of the raw soil is 30
and, with increasing amounts of cement,
is reduced to a minimum of 8. This re-
duction in plasticity index is definite evi-
dence that the cohesion of the soil par-
ticles in the pulverized mixture is materi-
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Figure 2. Relation of Shrinkage Limit Pats
to Liquid Limit Volumes. Relative Shrinkage,
Kansas Subgrade Soil Sample No. 1 showing
effect of added cement. The cement treated
soils were moist cured, then dried and pulver-
ized for the test. The inside diameters of the
circles show the original volumes of the pats
molded at the liquid limit condition.

ally reduced and approaches the values
found in sandy, silty soils.

The field moisture equivalent of the
raw soil and the soil-cement mixtures are
essentially the. same. There is a tend-
ency for the field moisture equivalent
to be raised. However, in this problem,
the significance of this moisture condition
lies in the fact that it is the probable
maximum volume and moisture content
which will be found in the field without
manipulation of the soil.

The relation of volumes at the shrink-
age limit to volumes at the field moisture
equivalent have been computed to show
the maximum probable volume change
which will occur in the field. As previ-
ously mentioned, the maximum probable
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moisture content will be near the field
moisture equivalent and 1t can be pre-
sumed that a long period of hot, dry
weather might reduce the moisture con-
tent of the subgrade to the shrinkage
hmit. Subsequent rains would tend to
raise the moisture content of the sub-
grade at cracks, joints and edges, to the
field moisture equivalent and, 1n case a
steep moisture gradient 1s estabhished 1n
the subgrade soil, would produce pave-
ment distortion

By referring to the ratios of the vol-
umes at the shrinkage himit to the vol-
umes at the field moisture equivalent.it
will be noted that the raw soil may un-
dergo a 20 per cent volume change As
the cement contents are increased, the
possible volume change 1s decreased one-
half or more to less than 10 per cent
for the higher cement contents

The shrinkage limit of the raw soil 1s
17 and, with increasing amounts of ce-
ment, 1s raised to about 28 This 1s of
particular interest in connection with
soils having large volume changes produc-
g pavement distortion for three par-
ticular reasons Since the shrinkage
himit represents the moisture content at
minimum volume

1 Anncrease 1n the shrinkage hmit
raises the permissible moisture content
which will not produce volume changes
In the raw soil, any increase 1n mois-
ture content above 17 will produce cor-
responding volume ncreases In the
modified soils containing 4, 5 and 8 per
cent cement, the moisture content
must exceed 28 per cent before cor-
responding volume increases occur

2 Anincrease in the shrinkage limit
without a corresponding increase 1n
the field moisture equivalent reduces
the possible volume range between a
dry condition (shrinkage limit) and a
probable maximum field moisture con-
tent In the case of the raw soil the

difference between the shrinkage Limit
and field moisture equivalent 1s 14
This difference 1s progressively reduced
in the modified soils, as the cement
content increases, to 10 for 3 per cent
cement, 8 for 5 per cent cement and
6 for 8 per cent cement  The probable
maximum volume change due to a
change from mimimum volume (shrink-
age limit) to probable maximum field
volume (F M.E ) 1s reduced very ma-
terally, one-half or more, 1n the mx-
tures of higher cement content.

3 Anncrease in the shrinkage hmit
when accompamed with less of an in-
crease m the hquid ot will result 1n
a decrease 1n the total maximum vol-
ume change which can occur between
the driest (shrinkage hmit) and wettest
(hquid hmit) conditions of soil in the
field The raw soil has a difference of
37 for these conditions and, as the
cement content increases, the difference
1s progressively reduced to about 17 for
the higher cement contents.

The relation of soill volumes at the
shrinkage lhmit to soil volumes at the
hquid himit are given 1n detail in Table 1
It will be noted that the volume of raw
soil at the shrinkage limit 1s 60 per cent
of the volume at the hquid imat  This
volume change 1s successively reduced, as
the cement content increases, to about 80
per cent for the mixtures contarmng 4,
5 and 8 per cent cement These soil-
cement mixtures have only one-half the
possible maximum volume change pos-
sessed by the raw so1l These data and
photographs of the shrinkage limit pats
are given 1n Figure 2

The lower column of Table 1, shows the
USBPR soil group according to the
physical test constants of the sol It
will be noted that the charactenstics of
the raw sol, an A-7, are gradually
changed by the addition of cement to
give an A-5-7 soil
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SUMMARY OF CEMENT MODIFIED
SOIL RESULTS

The foregoing discussion brings out the
appreciable decrease, 1n probable volume
changes which will occur n the Kansas
soil after 4 per cent cement or more, has
been added and this mixture considered
as a modified so1l and not a cement hard-
ened earth subgrade. It was also pointed
out that the modified soil has some of the
characteristics of sandy, silty soils.

In considering the causes of pavement
distortion due to volume changes 1 the
subgrade, the possible moisture gradients
in the soil are of importance It was
noted 1 working with the soil-cement
maxtures that they were more mellow and
granular than the raw soil which would
tend to produce a subgrade condition of
uniform moisture content Whle tests of
permeabilhity and capillarity were not
made, the changes m the physical test
constants indicate that pulverized soil-
cement mixtures would tend to mantain
more uniform moisture contents through-
out than the raw soil as moisture contents
increased or decreased

Test constants determimed on soil-ce-
ment mixtures at one and two days were
found to agree closely with those given 1n
Table 1 and indicate a very early mfluence
of cement hydration onsoil characteristics

The discussion and analysis of data
from Table 1 indicates that cement con-
tents of 3, 4 and 5 per cent will change
the soil characteristics about a maximum
amount These cement contents, by
volume, are approximately equal to 27,
36, and 45 pounds of cement per square
yard of surface on & basis of a 12-in
treated depth

The use of cement contents around 5§
per cent would produce a cement hard-
ened soil for a time which would slowly
change from a hardened cake condition
to a granular condition 1 proportion to
the severity of weather conditions So

long as the hardened condition predom-
mates, the possible volume changes are
very small. As the hardened condition
changes to a granular condition, the char-
acteristics of the granular soil-cement
mixture would prevail

The analysis of data pertaining to such
pulverized soil-cement mixtures shows
that volume change characteristics are
matenally reduced by cement contents
of 3 to 5 per cent. The volume change
characteristics of these modified soils are
smmilar to those of soils which should not
produce pavement distortion

In view of the benefits to be derived
from a construction procedure which will
produce a cement hardened subgrade at
no extra cost, 1t 1s worth while to take full
advantage of these benefits as long as
they prevail, after which the subgrade
will function as a cement modified soil
Since the primary objective of this field
research project was the production of a
subgrade which would not undergo such
volume changes that pavement distor-
tion 18 produced, 1t was unnecessary to
produce a hardened subgrade since the
cement modified soil will accomplish sat-
wsfactory results. The cement modified
soll treatment therefore becomes the pre-
ferred method because of lower materal
costs At the same time, the beneficial
mfluence of the hardened soil, so long as
1t prevails, can be obtained at no extra
cost A cement content of 5 per cent by
volume (42 3 Ib per sq yd) for a depth
of 12 1n was suggested for this mmtial 1n-
stallation as a result of these tests

Construction methods similar to those
used 1n building hardened soil-cement
roads were used Due to last mimute
changes 1n construction plans in the field
the subgrade treatment ncorporated
10 6 per cent cement by volume (90 lb
per sq yd ) for a depth of 12 1n 1stead
of 53 per cent onginally specified by the
State Highway Commussion This was
followed with standard concretesurfacing
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Figure 1. Disc and Spike-tooth Harrow Used
for Pulverizing Clay, Wisconsin photo.

Figure 2. Quack grass diggers used in com- Figure 3. Cement sacks were placed at a
: bination with disc cultivators in pulverizing specified rate and emptied prior to spreading
scarified surfaces. Missouri photo. with a motor grader. Missouri photo.
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Figure 4. Mixing cement with the soil.

Illinois photo

Figure 5. Traveling Mixing Plant in Mis-

souri. Pulverized material is windrowed
along each edge and a final depth measurement
is taken. Note offset grade stakes along the
shoulders. Windrows are joined along the
centerline for the traveling plant. Missouri
photo.

Figure 6. Sacks of cement are placed in the
specified amount on top of windrow and are
dumped over windrow just in advance of travel-
ing mixing plant to prevent loss of cement by
wind. Note some dusting at spiral feeders on
machine. Supply truck is furnishing water for
mix. Missouri photo.
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Figure 7. Oil distributor applying water.
Wisconsin photo.

Figure 9. Fourteen-inch gang plow used in
place of orchard cultivators during wet mixing.
Note dry soil-cement mixture which is being
turned up by the plow. Missouri photo.

Figure 8. Quack grass digger used for all
mixing operations. Wisconsin photo.

Figure 10. General view of traveling plant
and finishing machine in operation. Missouri
photo.

'y
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Figure 11. Surfacing material being loosened before being brought to line and grade and
compacted. Illinois photo.

Figure 12. Beginning of sheepsfoot rolling.
Iowa photo.
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Figure 13. Compaction by sheepsfoot roller. Note drag bar placed in front of the roller to
smooth and fill the roller marks made during the previous round. Illinois photo.

Figure 14. Final sheepsfoot rolling with
small harrow attached to form a surface mulch
for final smooth rolling. The surface was
usually treated twice with this arrangement Figure 15. Preliminary shaping. Iowa
before smooth rolling. Missouri photo. photo.
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Figure 16. Final shaping with Auto Patrols. Figure 17. Pneumatic Roller. Iowa photo.
Iowa photo.

Figure 18. Removing compaction planes and
preparing mulch for final packing. Iowa photo.
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Figure 19. Final compaction with an 8-ton three wheel roller. Illinois photo.

Figure 20. Spreading cement,
the left; completed base at right.

and mat for turning. The truck and cement spreader is at
Iowa photo.
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Figure 22. General view of turn-around and

Figure 21. View showing straw placed on temporary wooden joint to be removed, after

finished surface and covered with approx-  which the wet-mixed materials are pushed

imately six inches of dirt for turn-around for back into place. The length of the turn-
mixing equipment. Missouri photo. around is about 30 ft. Missouri photo.

Figure 23. A typical turn-around, the mixed material windrowed on either side of the next
increment, and the cement ready to be placed. Illinois photo.
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Figure 24. Completed base. Early morning inspection of previous day’s run before applica-
tion of prime. Iowa photo.

Figure 25. General surface appearance of Figure 26. General view of surface on 8 per
8 per cent cement soil-cement mixed-in-place  cent soil-cement machine mix base. Ravelling
base. Surface was primed with TC-2. Note occurred after priming but the prime coat kept
some slight traffic pickup. Missouri photo. it from becoming excessive. Several weeks
later the left half was primed with TC-2 and

the right half with MC-1. Missouri photo.
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