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
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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
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Figure 20. Alternate Wetting and Drying.
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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i

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
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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
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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

< N Symbols

SR | 2o

: [\)

e Th

N 2 third crockedp—"""

g 3 ,;// o,aar/.ﬂbw ]

3 2R —+ o prece.

NG 3 ot a//g/)//y //777

Q 9 core

s

S LIS

Nl Sof7 skir, J//qb//y R

Y Firo core, slowly Lo

Q drsintegtotirng— F

2 [

o 10 L4

N r e ‘__,,I’ 77y 3ker?

N )__n/__—"ﬂ-"““" Jip SERY YR Do S )

ug) _’,/’ . I F?r/n' core
90 ? % ¢ z 16 3

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
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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/
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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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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




CATTON—BASIC PRINCIPLES—LABORATORY TESTS 27

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.
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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



