UNCLASSIFIED

o 268 628

Reproduced
by the

', - ARMED SERVICES TECHNICAL INFORMATION AGENCY

ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

v -

UNCLASSIFIED .



NOTICE: When government or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U, 8.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way
supplied the sald drawings, specifications, or other
data is not to be regarded by implication or other-
vise a8 in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.




SOIL STABILIZATION

By
CHEMICAL METHODS

S§62Y

CATALOGED By ASTIA

AS AD No.

WA
ps »’M 1 ‘lv’ . .|mh

MASSACHUSE! 1S INSTITUT;

g
||m¢| 'lr"'m .”n
L b

CORPY OF ENGINEERS, WATERWAYS EXPE i|' IMENT STATION




[

SOIL STABILIZATION

by
CHEMICAL METHODS

by
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
for

CORPS OF ENGINEERS

WATERWAYS EXPERIMENT STATION

FINAL REPORT XII

NOVEMBER, 1960




INTRODUCTION

e

A, CONTRACT

Since 18 June 1946, the Massachusetts Institute of Technology
Soil Stabilization Laboratory has been conducting research on soil
stabilization under the sponsorship of the Corps of Engineers, U. S.
Army. The work has been covered by the following contracts:

W-44009-ENG-408 18 June 1948 - 15 March 1950
DA-44-009-ENG-11 15 March 1950 - 15 March 1951
DA-44-009-ENG-924 15 October 1951 - 15 October 1952
DA-44-009-ENG~1494 21 October 1952 - 22 October 1953
DA-44-009-ENG-2002 22 October 1953 - 22 October 1954
DA~-22-079-ENG-171 22 October 1954 - 22 October 1960

This report entitled, "Soil Stabilization by Chemical Methods",

Final Report No., XII, describes work done under Contract No.
DA-22-079-ENG-171 during the period 22 October 1959 to 22 October
1960. "

B. SCOPE OF CONTRACT
Article 1 of Contract No. DA-22-079-ENG-171 states the work

and services to be performed. Below are listed those parts of this
report which describe work on contract items:

Item No. in Article 1 Report Section
2{a) No specific section
2(b) 1, 1, 1v, v, vl
3(a) No specific section
4(a) No specific Section
5 This report completes fulfillment

In addition to funds from Contract No. DA-22-079~-ENG-171, the

Soil Stabilization Laboratory is sponsored by funds from industrial
organizations. These funds support fundamental and applied soil
stabilization research unrestricted in scope. When work supported
by those non-Government funds is thought to be of value to the Army-
sponsored work, it is included in the reports made to the Army,




C. ORGANIZATION

The soil stabilization research was conducted by the Massa-
chusetts Institute of Technology Soil Stabilization Laboratory, which
has the following organization and staff:

Director

Associate Director

The staff of the Laboratory

and the following:

Dr. R. T. Martin

Mr

Mr

Mr

Mr

. C. C. Ladd

. C. G. C. Sonino

. A, Higinbotham

. B. Hill

Dr. T. William Lambe
Professor of Soil Engineering

Dr. Alan S. Michaels
Associate Professor
of Chemical Engineering

consisted of many part-time workers

Research Associate

Research Assistant in Civil
Engineering, started July, 1955

Research Assistant in Chemical
Engineering, started September, 1958

Research Assistant in Chemical
Engineering, started September, 1959

Research Assistant in Chemical
Engineering, started September, 1959
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I SUMMARY

A, SOIL STABILIZATION WITH ACIDIC PHOSPHORUS COMPOUNDS

Improvement of the stabilization of Massachusetts Clayey Silt
(M-21) and Vicksburg Buckshot Clay (VBC) with acidic phosphorus com-
pounds by the use of secondary additives has been studied,

It was confirmed that traces of ortho-rhombic phosphoric anhy-
dride (0-P;0s) increase. the compacted density of M-21 stabilized with
2% phosphoric acid but the addition of sodium flousilicate nullifies this
effect even while accelerating the stabilization reaction,

»

Octylamine (0.05%) improves the wet strength of M-2l stabilized
with phosphate rock and sulfuric acid. (175 psi wet strength after one
day humid cure, )

Sodium fluosilicate accelerates the stabilizing reaction of 0-P,04
with M-21,

A study of compressive strength of M-21 as a function of the a-
mount of phosphoric acid added, in the presence of 0,5% Na,SiF,, was
performed, It showed that the strength increases monotonically with the
amount of phosphoric acid, To achieve 150 psi and 300 psi wet strength
after seven days humid cure less than 1% and less than 2% phosphoric ac-
id is needed, respectively,

Ferric chloride is a good waterproofer for VBC treated with 3,1%
0-P305 when used in conjunction with sodium fluosilicate, Wet strengths
of up to 140 psi were obtained after one day humid cure,

Hydrochloric acid, sulfuric acid and ferric chloride have been
used to improve the stabilization of VBC by phosphoric acid and sodium
fluosilicate, Promising results have been obtained and further research
on this point ig recommended,

It has been found that, contrary to eariier observations, sodium
fluosilicate improves the acidic phosphorus stabilization of VBC, The
results suggest that the action of the fluosilicate on VBC may be more
than acceleration of the reaction between phosphoric acid and the soil,

B. SOIL STABILIZATION WITH CEMENT

The stabilization of VBC with cement and caustic soda was inveg-
tigated in detail, With the additiv e system 5% cement and 1IN NaOH, stud -
ies were made on the effect of the initial water content and compactive
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*®
effort on the stabilization of VBC, It was found that, when the water con-
tent is varied at constant compactive effort, the wet strength goes through
a maximum somewhat below the water content needed for total void satur-
ation,

When the compactive effort is varied at constant water content, the
wet strength rises at a decreasing rate: a considerable increase in
strength is observed between 850 psi and 1000 psi compactive pressure,
but thereafter wet strength does not rise gignificantly,

A study was made of the wet strength of VBC as a function of ce-
ment concentration, in the presence of 0,5N and 1IN NaOH in the pore
fluid, Inthe range from 3%to 10% cement, wet strength increases mono-
tonically with the amount of cement, 1IN NaOH is in all cases superior to
0.5N NaOH but for ultimate strength the difference was not found to be
significant, To achieve wet strength of 150 and 300 psi after seven days
of cure , 4% and 6% cement with 0,5N NaOH is estimated to be needed,
respectively, '

A number of organic and inorganic additives were investigated as
secondary additives for VBC, 5% cement, and 1IN NaOH. None was found
to provide significant strength improvement.

C. SOIL STABILIZATION WITH LIME

The stabilization of soils M-2| and VBC with both calcium hydroxide
(slaked lime) and calcium oxide (including quicklime, commercial grade)
was investigated, In VBC calcium oxide was found to be more effective
than calcium hydroxide, Some inorganic salts were used as secondary ad-
ditives; substantial improvement in wet strengths being obtained with mag-
nesium sulfate,

M-2l cannot be stabilized with 5% calcium oxide alone, but if in ad-
dition 1,25% magnesium sulfate is used, 100 psi wet strengths after one
day humid cure are obtained, On the other hand, stabilization with slak-
ed lime alone gives 80 psi wet strength after one day cure at equivalent
calcium concentrations,

With VBC effective stabilization can be achieved with calcium oxide
alone, As the amount of calcium oxide 1s increased, the strength reaches
8 maximum at about 5% CaO on dry soil, and then decreases, at least for
the curing periods investigated, Two pervent or less calcium oxide was
inadequate for stabilizing VBC, probably because this amount is insuffi-
cient to form a conlinuous gel throu ghout the suil, Approximately 2,5%
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quicklime alone is necessary to g?,v¢ a wet strength of 150 psi after 7 days
humid cure, The maximum wet strength observed with calcium oxide alone
was 260 psi after 28 days humid cure with 5% calcium oxide, In the case of
calcium oxide and magnesium sulfate (4 to 1 ratio by weight) approximately
3% calcium oxide is needed to give 150 psi and 4% to give 300 psi wet
strength after seven days cure,

D. SOIL STABILIZATION WITH SODIUM SILICATES

It was found that New Hampshire Silt and Vicksburg Loess can be
stabilized with sodium silicates and basic Magnesium carbonate {"'BMC":
4 MgCOy* Mg(OH);* 4 H;0). The best results obtained after seven days
humid cure and one day immersion are summarized in the table below:

Total additive Wet
content as % of Weight ratio Strength,
Soil dry soil weight  Na;0:8i0;:BMC psi
New Hampshire 8.5 1:3,2:1.14 365
Silt
Vicksburg Loess 9.1 1 3.2 1.5 235
Massachusetts 6,4 12,4 1,14 610

Clayey Silt
Unsuccessful attempts were made to stabilize Vicksburg Buckshot Clay
with sodium silicate and basic magnesium carbonate,

The effect of silica, magnesium, and sodium contenis in each of
these soils was studied. In addition a simiiar study in Massachusetts
Clayey Silt was completed, An explanation of the observations is ad-
vanced in terms of the mechanism of silicate stabilization previcusly
proposed, and of the presence o1 polyvalent gel-for ming cations in the
so0ils,

Several inorganic salts were reacted with sodium silicate 1n the
absence of soil to investigate their gel-forming characteristics, Only
one, a reactive magnesium oxide, formed a gel with the silicate. This
reactive magnesium oxide was found {o stabilize Massachusetts Clayey
Silt as well as an dquivalent amount of basic magnesium carbonate,
Stabilization with magnesium oxide, however, is conside rably slower
than stabilization with the carbonate,

Calcium hydroxide was found ‘o be a much less successful precip-
itating agent than basic magnesium carbonate, when used with sodium
silicates to stabilize Massachusetts Clavey Sut, Using CalOH),, seven

W
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day soaked strengths of 200 psi resulted, as compared with soaked
strengths of 600 psi using BMC,

E, SOIL STABILIZATION WITH ASPHALT EMULSIONS *

Asphalt emulsions for the topical treatment of soil surfaces have
been developed which have satisfactory soil-penetration characteristics,
These include cationic emulsions prepared using N-alkyl propylene di-
amines in conjunction with hydrochloric acid and trace amounts of chrom-
ium or ferric chioride, and ncnivnic emuisions using Nonic 218 as the
emulsifying agent, Dilution of the asphalt t¢ be emuisified with at least
half as much gasoline is necessary to make the emuilsitied droplets suffi-
ciently fluid to pass through the pores of a fine sand, At least ten per cent
by weight of ortho-phosphoric acid may be incorporated into any of these
emulsions without impairing the soil peneirating characteristics,

When compared al equal asphait dosages per unit area of soii sur-
face, these emulsions will penetrate soils to greater depths than cutbacks
containing the same ratio of asphalt to gasoline; bul, at iow dosages, the
average asphalt concentration in the penetrated layer wiil be greater for
cutbacks, Increasing the dosage of emulsion per unit surface wiil result
in a greater average asphalt concentration in the penetrated layer, even
higher than that obtained with cutbacks., Blocking of soil pores by rapid
deposition of asphalt dropiets from the emulsions, however, limits the
dosage of emulsion which will penetrate the scil, For cutbacks, the depth
of penetration is directly proportional 1o the amount appiied, the asphalt
concentration in the treated layer remaining invariant,

The rate of water seepage through a soil is governed primarily by
the fraction of the stabilized surface of the soil which 18 covered with a
film of residual asphalt that has not penerraled the soil, A reslstance to
mechanical penetration of the surface of 465 ps1 has been obtained when
the surface of a siity sand has been treated with the maximum dosage of
a cutback emulsion prepared with Nonic 2I8 this emulsion contained ten
per cent ortho-phosphoric acid by weight and was diluted with an equal
weight of water before application to the soll surface,

Two types of water-erosion of surfa e-treated soll nave been ob-
served: (1) complete disruption of the stabilized surtace and washing out
of the underlying soil, and (£) gradual but siow ercsion of individual soil
particies from the surface, The erosion resistance 18 greatest, lor any
given phosphoric acid content and curing period, when the surface of the
treated soil is only partially covered with residual asphalt, permitting
the volatiles to escape from the so.l and aldowing the surface to cure,

-

Massachusetts Clayey Sut was suvwesstuily staoilized by unuurmly
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taining phosphoric acid and a trace of ferric chloride. At a concentration
of 2% phosphoric acid and 4% asphalt on dry soil, soaked strengths of 265
psi after one day humid cure, and 455 psi after 7 days humid cure were
obtained, These results are superior to those previously observed using
asphalt cutback, amines, and P;Os.

Using the same emulsion with Vicksburg Buckshot Clay, at a con-
centration of 2% phosphoric acid and 10% asphalt, a soaked compression
strength of 85 psi after one day humid cure was measured; this, also,
is substantidlly higher than values previously obtained with this soil
using asphalt cutback-phosphoric acid combinations,
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II, SOIL STABILIZATION WITH ACIDIC PHOSPHORUS COMPOUNDS

A, Introduction

It has been shown (Refs. 1, 2) that stabilization of Massachusetts
Clayey Silt (M-21) and Vicksburg Buckshot Clay (VBC) with acidic
phosphorus compounds can be achieved with three different systems:
ortho-phosphoric acid, ortho-rhombic phosphoric anhydride (o-P,0Os),
and phosphate rock with sulfuric acid,

These acidic phosphorus compounds are very effective with the
lean soil studied (M-21) but progress is still needed in waterproofing
heavy clays economically,

The work reported here and that in progress is aimed at improving
the effectiveness of these systems for stabilization of M-21 and VBC by
the use of certain secondary additives (a) to accelerate the stabilization
reaction, and (b) to increase the resistance of soil 80 treated to
immersion,

These secondary additives included sodium fluosilicate, o-P,0s,
octylamine, ferric chloride, hydrochloric acid, and sulfuric acid,

In addition, the amount of phosphoric acid added to M-2] was

varied in order to obtain a curve of compressive strength vs, % HyPO,
which indicates the amount of additive needed to achieve a given strength,

B, Experimental

1. Materials

The soils used in this investigation were Massachusetts Clayey
Silt (M-21) and Vicksburg Buckshot Clay (VBC), the properties of which
are reported in Table 1I1-1, The phosphoric acid was Merck, reagent
grade, analyzing 86, 1% HyPO, (by specific gravity), The sulfuric and
the hydrochloric acids were du Pont, reagent grade (98% H,S0, and
37% HCI respectively), The natural Florida phosphate rock (supplied
by International Minerals and Chemicalg Co.) was a fine powder (93%
pass 60 mesh, 75% pass 100 mesh, 63% pass 200 mesh) which was
reported to contain 71, 4% by weight Cay(POy4); and about 3% fluorine,
the remainder presumably consisting of silica and other component s
ineffective in soil stabilization, Previous investigation disclosed the
presence of some carbonate in this material,
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Anhydrous ferric chloride, sodium fluosilicate, and melamine were
reagent grade. Octylamine was provided by Pennsalt Chemicals, Ortho-
rhombic P;O5 was supplied by Victor Chemical Works; its properties
have been discussed (Ref, 2)., Rosin Amine D acetate was a 70%
aqueous dispersion supplied by Hercules Powder Co.

Since concentrations of primary additives are usually referred
to the equivalent amount of phosphoric acid, the following conversion
table, giving the actual percentages on dry soil for an equivalent amount
of phosphoric acid, should prove useful,

3.82% Ph Rock + 2, 58% H,S0, is equivalent to 2% (86% HyPO,)
n

9.55% Ph Rock + 6, 45% H,SO, " " " 5%
1, 25% 0'P305 " " " 2% n
3, 12% O'PZOS " " " 5% "

Commercial reagent grade phosphoric acid is 86% H3PO,.

2, Procedure

The preparation and testing of samples were similar to those
detailed in previous reports, 0-P;0; was generally dispersed in water
and the mixture heated until a clear solution was obtained {approxi-
mately 30 minutes). Phosphate rock and sulfuric acid were preblended
and the slurry added to the soil, Ferric chloride and sodium fluo-
silicate were dry-mixed with the soil, Octylamine was dissolved in
the acidic phosphorus additive, Sulfuric acid and hydrochloric acid
were mixed with phosphoric acid and the mixture added to the soil,
Melamine and RADA were dispersed in the phosphoric acid,

Mechanical mixing was accomplished in a finger prong mixer
for a few minutes, Samples were then prepared by two-end static
compaction in a Harvard Miniature mold, Compaction pressure was
always approximately 1000 psi. Samples were cured at 100% relative
humidity for various periods of time (1, 7, or 14 days) then immersed
in water for | day, and finaliy tested to failure in unconfined com-
pression and dried at 110" C, They were weighed and measured after
molding, at testing, and after drying.
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C. Discussion of Results

1., Stabilization of M-21

a. Effect of Secondary Additives

In the previous period of investigation it was found that trace
amounts of 0-P;0; increased significantly the strength and density of
M-21 stabilized with phosphoric acid, The 0-P;0;, a polymeric form
of the anhydride, appears to act as a deflocculant of the clay through
a mechanism analogous to the action of alkali polyphosphates on
kaolinite (Ref, 3). .

Those experiments had been performed in the absence of other
secondary additives. It was decided to improve the performance of
soil so treated by the use of secondary additives that had been pre-
viously found effective: sodium fluosilicate, which functions as an
accelerator of the reaction of phosphoric acid with the soil, and
octylamine, which improved considerably the immersed strength,
Results of such experiments are¢ shown in Table 1I-2,

At first, varying amounts of 0-P;0; were used with the octylamine
and Na,SiFg + HyPO, system, The amounts of Na,SiFg and octylamine
used (0. 5% and 006%) were established on the basis of previous results,
An increase in density was obtained which decreased as the amount of
0-P,05; was increased, As e xplained before (Ref, 2), more than trace
amounts of o-PyO; reverse the .nitial deflocculating effect.

The maximum density ac hieved {131,5 pcf) with this system was,
however, noticeably below tha! which had been obtained previously
(135 pef).

Al the same time the humid cure strength did not correlate well
with density, Comparing the samples without o-P,0s with those with
the smallest amount o1 thig substance, it is seen that the humid cure
strength of the former 1s higher {510 psi vs, 450 psi} even while the
density is lower (128, 5 pef vs, 131,4 pef),

Investigation was then aimed at clarifying the interactions among

the various svcondary additives, The results are presented in
Table 11-2, The fol iowing can be noted:

(1) Inthe absence of sodium fluvsilicate, o =Py does cause
an increage in compacted de nsiy of M-21 + 2% HyPO, to 134-135 pcf
and a corresponding increase in sire ngth,




L] -9-

(2) Addition of the fluosilicate (0, 5%) prevents the achievement
of this high density,

(3) Octylamine, on the other hand, does not affect the action of |
the O'PIOBO

(4) If the amount of fluosilicate is reduced to 0.1% some improve -
ment in density is obtained byt most of the accelerating effect is lost,

(5) If aluminum fluoride 18 used instead of sodium fluosilicate
both beneficial effects are lost,

(6) The order of addition of 0-P305 and Na,SiF, during mixing
does not affect the results,

Thus it appears that the densification caused by 0-Py0; and the
acceleration of the reaction caused by the Na,SiF, cannot be obtained
simultaneously, Under conditions where rapidity of cure is of
secondary importance, however, the use of 0-Py0; as secondary
additive for the phosphoric acid stabilization of M-2] ig advantageous,
In such cases sodium fluosilicate should not be used, LTI EC RN

: : oot

B N R T

b. Strength of M-21 as a Function of Concentration of HyPO,

In order to determine the amount of phosphoric acid needed to
achieve a given desired strength, a series of experiments was made
varying the amount of phosphoric acid from 0. 5% to 3%, keeping the
amount of sodium fluosilicate constant at 0, 5%, It should be noted
that, at the lower levels of phosphoric acid, less fluosilicate may be
adequate. The results of this study are shown in Table 1I-3 and
graphically in Fig, 1I-1,

As expected, the strength under all cy ring condilions increases
monotonically with the amount of phosphoric acid used. Less than 19
and less than 2% phosphoric acid 1s needed to a.hieve wet strengths of
150 psi and 300 psi, respectively, afler 7 days humid cure,

¢, Effect of Se« ondar Yy Addit. o5 on the Stabilization of M-2)
with Other Avidi: Phusphur us Systems

Inthe stabilization of M ~el, raluium phos phates + Hp50,
systems are less resistan! i mmersion than equivalent systems with
phosphoric a id or ortho “thembic PyO; (see Table II-4), This has

| been attributed to the presence of calcium sulfare formed in the
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reaction of the phosphate with the acid (Ref, 2), With phosphate rock
and sulfuric acid at the equivalent of 2% phospheric acid, 0, 5% octyl-
amine improves the wet strength after 1 day cure from 125 psito 175
psi, Upon immediate immersion samples with octylamine have con-
siderable strength (105 psi) whereas those without. jt disintegrate,

It has been shown that orthorhombic P,O; can be used with M-21
instead of phosphoric acid with the advantage of a reduction in the
material requirements for stabilization (1, 25% P;0s is equivalent to
2% H3PO,). The effects of Na,SiF; and octylamine have now been
studied with 1, 25% 0-Py0s and results are parallel to those obtained
with phosphoric acid (see Table I1-4), - The fluosilicate accelerates
the reaction as seen by the higher 1 day strength and similar 7 days
strength, A small amount (0. 05%) of octylamine provides substantial
immediate immersion strength (115 ps1) but does not improve the
soaked strength after humid cure,

. 3. Stabilization of VBC with Orthorhombic Phosphoric Anhydride

a, Effect of Octylamine

On the basis of good humid cure strengths obiained previously
(Ref. 2) with VBC and 1, 25% 0-P;05, experiments were made to test
the water resistance of these sysiems and improve it with secondary
additives, The results obtained with 1% octylamine are shown on
Table II-5, It can be seen that Some soaked strength could be obtained
only after seven days humid cure, Samples immersed afier | day
humid cure had negligible strength, although humid cure strengths
were comparable to those obtained previously, As usuai it was noted
that increasing the water content decreased humid cure sirength but
also decreased the extent of disintegration of the soil on water immer-
sion, Increasing the amount of 0-Py05 10 3, 6% (3. 1% free 0-Py0;
equivalent to 5% free phosphoric acid} improves considerably the wet
strength {from 65 to 155 ps) afrer 7 days humid cure),

Preliminary resuits show that 1f P,O; is dry mixed with the soil
rather than added in solution, strength development 1s inferior, The
practical convenience of dry-mixing method of addition warrants
further investigation of this point,

b. ,_EE ffect of Ferric Ch loride

This substance had been found 10 impari some wat er resistance
to VBC stabilized with HyPO, (Ref, 2), Table II-5 shows that when
this substance was used in conjunc tion with 3, 1% o P0: lequivaient
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to 5% phosphoric acid) excellent soaked strengths (200 psi) were obtained
after one week humid cure, but the one day humid cure plus one day
soaked strength was very low (20 psi). The addition of sodium fluo-
silicate, however, improved this strength considerably (up to 140 psi),
possibly because of acceleration of the stabilization reaction, This ig

at variance with earlier work, where no accelerating effect of fiuo-
silicate was reported with VBC,

4, Stabilization of VBC with Phosphoric Acid

a, Effect of Sodium Fluosilicate

It had been reported previously (Ref. 1) that sodium fluosilicate
was a very effective accelerator for the phosphoric acid stabilization
of M-21, but not of VBC., The experiments with 0-P;05 and FeCl,
mentioned above seemed to contradict this conclusion, Remembering
that the VBC now being used is from a different shipment from that
used previously, it was hypothesized that perhaps the earlier batch
contained a significant amount of some tiuorine -bearing mineral which
was not to be found in the subsequent batch, The {we soils were
analyzed for fluorine by the recommended A.0.A,C. procedure and
both showed the presence of approximately 0, 5% fluorine, a small
amount in comparison with the amount of fluosilicate usually added
to the soil, Furthermore, the difference between (he two soils was
not significant,

Tests were then made to ascertain the effe.t of sud.um fluosilicate
on VBC stabilized with 2% free phosphoric acid and 1% octylamine, The
results (Table 1I-5) show that the humid cure strengths are essentially
unaffected by the fluosilicate but that the soaked strengths are consider-
ably improved, Apparently the amount of fivosilicale needed is
higher for VBC than it was found t¢ be for M-2i, VBC, a heavy clay,
has considerable humid cure strength per se, and therefore stabiliza-
tion is difficult to detect through humid cure sty ength measurements
alone,

A consideration of the resuy] ts obtained with orthorhombic P,0O;
and ferric chloride (see above) Suggests that the action of the fiuo-
silicate in VBC may be different from that observed in M-21, In the
latter soil the effect is essent lally an acceleration of the reaction of
the phosphoric acid with the soi] as demonsirated by the fact that the
fluosilicate dues not increase sy bstantially the ultimate st rength,

On the other hand, in the case of VBC with 3, 4% 0-Py0; and 1, 6%
FeCl, the fluosilicate about 1r ples the wet gt rength after 1 day cure
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but also doubles the ultimate strength, * Thus 1t seems that the presence
of fluosilicate either increases the amount of cementitious materials
produced or improves their effectiveness, Further investigation may
explain more satisfactorily the present results,

b. Effect of Mineral Acids and Ferric Chloride

It has been suggested that the addition of mineral acids {e.g.,
HCI and H,SO,) to the phosphoric acid system may improve the soil
stabilization reaction,

A series of tests was run by adding 2% HCI or 2% H,80, or 2% HyPO,
with and without 1. 6% FeCly to the system VBC + 2% HyPO, + 1% Na,SiFy.
The results are shown in Table I1I-5, Both with and without FeCl,
the additional phosphoric acid provides better wet strengih improvement
than the other acids., The humid cure strength, however, is highest
when 2% sulfuric acid is used in addition {0 2% HyPO, and 1% NaSiF;,

The improvement is quite considerable and it seems reasonable to
conclude that there is definitely a better cementation even though the
wet strength is lower., Thus, when FeCly 1s added, the wet strength
obtained with the phosphoric acid-sulfuric acid system is higher than
that with the phosphoric acid-hydrochloric acid system even though
the latter gives better results without FeCly,

It is possible that the phosphoric acid, due to its relatively low
acidity, does not solubilize as much soil alumina as could react to
form the cementing alumino-phosphate gel. The effect of the increased
amounts of acid may be that of making available sufficient alumina to
allow the soil stabilizing reaction to proceed furt her, In addition (and
this is especially true of HCI) the lower PH may 1onize polyvalent
metallic components of the so1l {aiuminu m, iron) whi.h then undergo
cation exchange with the clay and thus reduve 11s sweiling tendency, In
fact, samples prepared with HCI alone do not deveiop high humid cure
strength, but the low strength is com pielely retained upon immersion
(see Table 11-5),

It is interesting to note the paraliei between the acidic stabilizing
systems and the basic ones, i,e., cement and lime, Increasing the
basicity of the latter through the addition of caustic increases t he par-
ticipation of the soil in the stabi Lizing reaction by soiubilizing silica
which can then react with cations in solution thus inc reasing the
amount of cementitious materials. Simi larly inaadic systems (in

* Comparison of the wet stre ngths alter 7 and 14 days cure shows that
essentially ultimate strength has been reached.
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which alumina rather than silica is the active substance) a lower pH,
obtained by addition of strong mineral acids, may liberate larger
amounts of alumina which react with excess phosphate ions to produce
better cementation,

Ferric chloride decreases the humid cure strength but increases
the wet strength, The former effect may be ascribed to the removal
of some of the acid as insoluble ferric salts: the percentage decrease
in strength caused by the ferric chloride is greatest in the case of
phosphoric acid and smallest for hydrochloric acid and, in fact, the
solubility of the ferric salts increases in the order FePO, > Fe »(S0,)s
> FeCly,

The waterproofing effect of FeCly on the wet strength has been
discussed previously (Ref, 2).

The low cost of sulfuric acid relative to that of phosphoric acid
makes the possibility of using the former worthy of further investiga~-
tion,

¢, Two Organic Waterproofers

Attempts were made to waterproof VBC stabilized with 2%
phosphoric acid through the use of 0,1% and (% rosin amine D acetate
and 1% melamine, No resistance to immersion was obtained {see
Table II-5),

5, Stabilization of VBC with Phosphate Rock and Sulfuric Acid

With this stabilizer system at the equivalent of 2% phosphoric
acid quite good humid cure strengths can be obtained but the samples
disintegrate upon immersion, Neither 1, 0% octylamine nor 1, 6%
FeCly improved significantly the wet strength (se Table II-5),

- IO

1. Sodium fluosilicate interferes with the defloccu lating effect
on M-21 of trace amounts of orthorhombic phosphoric anhydride
{(0-Py04), thus decreasing the high rompacted density oblained with
the use of the latter additive,

2, With M-21 stabilized with acidic phosphorus systems, octyl-
amine does not increase significa ntiy the soaked strength after humid
cure, although it improves the resistance to immediate immet gion,
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3. Sodium fluosilicate accelerates the reaction of 0-P;0s with
M-21. An increase of at least 40% in the one day humid cure strength
is observed.

4. The degree of stabilization of M-21 with phosphoric acid (in
the presence of 0,5% sodium fluosilicate) increases regularly with
increasing concentration of phosphoric acid in the range 0, 5% to 3%,
Soaked strengths after seven days cure of 150 psi and 300 psi can be
obtained with somewhat less than 1% and 2% phosphoric acid respectively,

5. While only very low soaked strengths can be obtained with VBC
stabilized with 1, 25% o-P,05 and waterproofed with 1% octylamine, excel-
lent results can be obtained with VBC using 3, 1% 0-P;0;5, 1, 6% FeCl and
0.5% NasSiFs. Soaked strengths of up to 140 psi after one day humid
cure were obtained with this latter system,

6. Contrary to what was reported previously, sodium fluosilicate
improves considerably the phosphoric acid stabilization of VBC in the
presence of 1% octylamine, The effect is not noticeable in humid cure
strength but very obvious in wet strength,

7. Hydrochloric acid, sulfuric acid and ferric chloride aj}
improve the wet strength of VBC + 2% HyPO, + 1% Na,SiFs. For
example the addition of 2% H,SO, and 1. 6% FeCly improvee the wet
strength after 7 days humid cure from 0 to 135 psi. If instead of these
two additives an additional 2% HyPO, is used, the strengths are similar.

8, Stabilization of VBC with phosphate rock and sulfuric acid
has not been successful,

E. Recommendations

1. Investigate the stabilization of VBC with phosphoric acid,
sulfuric acid, ferric chloride, and sodium fluosilicate, attempting
to find the optimum relative proportions of these additives,

2, Study the effect of sulfuric acid on the phosphoric acid
stabilization of M-21,

3, Examine the stabilization of other 50118 with the awidic
phosphorus systems,




F‘
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Table II-5

STABILIZATION OF VBC

1 Day Humid Cure 1 Day Immersion After
ADDITIVES c.8.'  voL? p,p.? 1 7 14
psl % pef Days Humid Cure, C.S,, psi

1.75% 0-P;0;¢ 1% CoHpNHy© 3355 16,9 1118 o 0:20 1548
1,75% 0-P404 I%CyHyyNH, 280410 18,6 109.7 10 30 20
1, 75% o-Py0s 1% CyHy;NH,  -- 22,1 104,64 25 6510 55410
1. 25% o~PyOy 0.75% HyPOS 1% CyHyyNH,  270:5 17,2 109, 2 0 0 0
3,6% o~P0¢ 1% C4Hy;yNH,  -- 22,0 108,0* 70810 188 180420
3.1% o-P0, 1.6% FeCly  230£20 18,3 111.2 2045 20048 235210
3. 1% o-P,04 1. 6% FeCl, 190430 20,6 107.5 3045 16045 230410
3,1% o-P0y 0. 5% Na,SiF; 1.6% FeCly 29010  21.4 1066 13525 280820 290
3.1% o-P;0y 2. 0% Na,SiF; 1.6% FeCly  350:10 21,1 107.3 10535 420820 415410

2,76% HyPO*
2,76% HyPO,
2,76% HyPO,’
2.16% HyPO,
2,76% HyPO,

2% HyPO,
270 HJPO‘

2% HyPO,
2% HyPO,
2% HyPO,
2% HyPO,
Zh HyPO,

2% HyPO,
2% HyPO,
2% HyPO,

3, 8% Ph. Rock
3.8 Ph. Rock
3, 8% Ph, Rock

1%CeHysNH; 190410 21,4 104, 4 1o 30410
1%CeH; NH; 215215 21,6  104.3 4515

0. 5% Na,SiF, 1% CyHyyNH;  290£20 15,1  113.5 11040
0, 5% Nu,SiF; 1% CyHyyNH, 20545 2.3 1040 4525 50
2. 0% Na,SiF, 1%CyH1NHy 21525 23,9 101,7 135825 140£10
11. 5% HCl{aq. ) 8015 26,9 99,6 20+5%
2% HCl{aq, ) 2555 21,2 106.9 0 4545 9045
1% Na,SiFg 2% H,yPO, 33020 21,0 107,2 5545 10545
1% Na,SiF 2% HCl{aq.) 28545 19.6 108,8 1045 6545 ‘
1% Na SiF, 2% H,80, 42545 19.3  108.8 0 0
1% Na SiF; % HyPO, 1. 6% FeCl, 24045 2.1 107.6  T5%10 215410 23545
1% Na,StFg 2% HCl{aq.) 1, 6% FeCl, 25085 22,7 1057 25410 6045
1% NagSiF, 2% HyS0, 1, 6% FeCly 34545 22,0 106,0 5545 135310
0.1% RADA?  375:15 18,2 11l1.4 0 0 0
1. 0% RADA 33010 18.6 110.1 0 2045 2545
1.0% Melamins 315458 17.8  110.0 0 20420 0
2.6% H,S0, 310£20 17,1 110.6 0 0
2, 6% H,S0, 1% C¢HyjyNHy 325410 20,3 106.6 10810 25425
2. 6% H,80, 1, 6% FeCl, 325215 22,5 104.9 0 0 0

All prrcentages of additives are Yaned on dry soil

Actual compressive strength

s Volatiles ut test, {0, weigh'. lost upon drying as a percentage of dry solids weight
Diry dunsity at rest, Lw., paunds of dey solide par cuble foot

40, T6% HyPOYy or 0, 5% 0~ Py are nesded to neutralize 1% oetyluming

The v~ Py wan dry mixed with the soll
These data are "at rmolding” for the samples cared 14 dayn

" Date from Rel. (1)

Humid care strength after 7 duys: 2525 pad

' Romin wmine I weetite

Cxeety L e
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Ill, SOIL STABILIZATION WITH CEMENT

A, Introduction

During the period September 1959 to June 1960 experiments were
conducted to evaluate the effectiveness of various organic and inorganic
additives as waterproofing agents for cement-stabilized Vicksburg
Buckshot Clay (VBC), In view of the lack of reproducibility of some
of these results, an effort was made to correlate the measured com-
pressive strengths (following seven days cure and one day immersion),
water absorption on immersion, and density at molding, with the
independent variables of compactive effort and molding water content,
The stabilizer system used for this study was 5% cement plus IN‘'NaOH
in the molding water. In addition, tests were run with VBC where the
cement content and the normality of the sodium hydroxide in the pore
fluid were varied,

B. Experimental

1. Materials

The soil used in this investigation was Vicksburg Buckshot Clay
(VBC). A description of this soil can be found in Table II-1,

The reagent grade chemicals used were sodium hydroxide,
ferrous chloride, zinc nitrate, stannic chloride, ferric chloride,
aniline and melamine, Rosin Amine D Acetate was supplied as a
70% solution in water by the Hercules Powder Company.,

2. Procedure

The testing procedures were similar to those previously described,
There was, however, one major change,

Air dried soil was equilibrated for 24 hours with half of the
molding water and with the secondary additive when used. The
secondary additives were incorporated as either suspensions or
solutions except in the case of melamine which was mixed in as a dry
powder, In some cases, where noted, the soil was not equilibrated
overnight: the secondary additive was incorporated with half the mold-
ing water just prior to mixing and molding. After equilibration,
cement and sodium hydroxide were added in that order and mixing
was completed in a finger-blade mechanical mixer for 5 minutes,
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The major change mentioned above is in the molding procedure.
Samples were molded by two-end static compaction in a Harvard
Miniature-size mold to a constant pressure of 1000 psi. In previous
work samples were molded to constant density, It was felt that changing
the procedure was justified and advisable because:

a. It is now possible to compare soil-cement results with the
results of other systems studied in this laboratory. With this change,
the procedure is standardized,

b. It is more practical and realistic to let the density be the
dependent variable and the compactive effort the independent variable
since this is what is done in the field,

¢, Keeping compactive effort the Same, we can observe the
effect of various additives on the density of the sample. Since there
appears to be, in general, a correlation between compacted density
and strength, additives which increase the density of, as well as
waterproof the soil are desirable,

All samples were cured under approximately 100% relative
humidity at room temperature for various periods of time. Samples
were then immersed in distilled water for one day prior to testing to
failure in unconfined compression. Weights and dimensions of the
samples were measured both after curing and after immersion,

C. Results and Discussion

1. Effect of Changing Procedure

Strengths obtained using constant pressure are generally higher
than those compacted to constant density because higher densities are being
- obtained , From Reference 2, the one day strength for 5% cement
is 45 + 5 psi and the dry density is 96,3 pcf. In this report the one day
cure,” one day immersed dtrength for 5% ceément is 66 + § pdi and the
dry, density 15 105, 2 pcf.

2. Secondary Additives

The results with secondary additives showed that none of those
tested effected any significani increase in the strength obtained with
VBC, 5% cement, and 1N NaOH {See Table II1-1), This conclusion super -
sedes a conclusion 1n an earlhier repori that these waterproofers were
effective, which was found to be 10 o rrect because the blank for 5%
cement and 1 N 17aO® was in error.

“Sept. '59-Jan. "0 Periodi. Re port
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3. Effect of Cement Content

In order to determine the amount of cement needed to achieve a
given strength with VBC a series of experiments were made with
varying cement concentrations,

It had been found previously* that at the higher concentrations
of cement (10%) the improvement obtained by the addition of 0.5N
NaOH was better than that obtained with 1N NaOH, It was therefore
decided to vary the cement content at the two levels of caustic.
Table III-2 and Figure III-1 show the results,

It can be seen that the strength increases with cement content
first rapidly and then more slowly, Contrary to the previous results,
the samples with 1IN NaOH are consistently stronger over the whole
range of cement concentration,

However, the advantage of using IN NaOH rather than 0, 5N
decreases as the length of the curing period increases, The difference
is considerable after one day cure but not significant after 28 days
cure, Nevertheless the addition of 0, 5N NaOH improves the strength
of VBC~cement for all curing periods, although, again, the per-
centage increase decreases with time, The effect of 0, 5N and
IN NaOH on VBC and 5% cement can be seen in the following table,

5% Cement 5% Cement
5% Cement 0.5 N NaOH 1.0 N NaOH
1 day 60+ 10 135+ 15 190+ 10
7 day 195 ¢ 5 255 + § 280+ 10
28 day 310+ 20 400 + 20 425 4+ 5

4. Relations Between Density, Water Absorption on Immersion,
and Compressive Strength of Cement -Stabilized VBC

The effect of varying molding water content at constant compactive
effort (1000 psi) is shown in Table II-3 and Figure 1lI-2. Ag the
molding water content increases in the range of 19, 5% to 27. 2% on :
solids weight, the as-molded density decreases. However, soaked
compressive strenglh first increases, passes Thr“ﬂugh & maximum in
the vicinity of 22% water content, and then de: reases, Density at

* Soil Solidification by Chemical Met hods, Final Report Phase XI,
November, 1959
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test for the given water content values, vary between 98. 2 and 105, 8

c. The per cent water uptake upon immersion decreases with
increasing molding water content. For the soil-stabilizer system
studied, the minimum molding water content corresponding to maxi-
mum void saturation is estimated to be about 24%.

Table III-4 and Figure III-3 show the results obtained when
as-molded density is controlled by adjusting the compactive effort
at a constant molding water content of 22%. As-molded density
increases with compactive effort in the range of 700 to 1000 psi;
greater compactive effort has little further influence on density.
Soaked compressive strength and density at test similarly increase
with compactive effort, and show a corresponding leveling off in the
vicinity of 1000 psi compaction pressure (see Figure III-3), (At
the selected water content, the calculated density corresponding to
maximum void saturation is approximately 108. 2 ptf. This is greater
than the measured as-molded density at 1000 psi compaction. )
Water absorption on immersion (at constant molding water content)
is observed to decrease as density at molding increases (see Figure
I11-3),

The above observations can, it is believed, be satisfactorily
explained in terms of effects of density and water content at
molding on:

a. The efficiency of interparticie cementation by the stabilizer,
and

b. The capillary stresses imposed upon the stabilized soil
structure upon immersion.

If a stabilizer such as cement is homogeneously distributed
through soil, the degree of stabliization developed should increase
with an increase in volume concentration of interparticie contacts;
that is to say, the strength of the stabiliced structrure should increase
monotonically with the as-molded density. It is, however, well
established that maximum density at compaction can be achieved

m—————— -

saturation of the compacted soils. Since stabilizers such as cement
appear to perform their interparticle . >menting function only in the
presence of water, it follows that, in any part of a consolidated soil
mass where the voids are occupied by air, cementation cannot take

.................

stabilizer such as cement will not be uniformiy distributed through
a soil which is below void saturation in waler, and the lower the
water-saturation of the soil ag compacted [irrespective of density),

the poorer will be the stabilizer distribution. Hence, it would be
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predicted that, at constant as-molded density, the lower the water
content below saturation, the lower the strength of the cured stabilized
soil. Thus, as a soil at constant molding water content is subjected
to greater and greater compaction, both the density (which controls
interparticle contacts) and the degree of saturation by water (which
controls stabilizer distribution) increase (see Fig, III-3); both of
these variables cooperate to yield a rapid increase in stabilized
strength, Once complete void saturation by water is achieved,
however, any further increase in water content will result in a reduc-
tion in as-molded density and a dilution of the stabilizer ; hence an
increase of water content in excess of that corresponding to satura-
tion (at a specified compactive effort) can be expecied to yield
reduced strength (see Fig, III-2), It is, of course, entirely possible
that a water content slightly below saturation may prove optimal

with respect to strength, since the corresponding density increase
may more than compensate for the loss in uniformity of stabilizer
distribution,

When a compacted soil mass is totally immersed in water,
absorption of water will take place by capillary imbibition, if the
voids are not completely water-filied, and/or by interlaminar sweil-
ing of montmorillonoid minerals, if they are not at osmotic equili-
brium with the immersion solution. With VBC, both of these
imbibition mechanisms are likely tc be operative, This imbibition
produces rather large expansive siresses in the bonded soil skeleton,
and if the magnitude of these siresses exceeds the inierparticle bond-
strength, the bonds will rupture, and the mass wiii undergo substantial
expansion with a major loss in stre ngth,

In all likelihood, those strosses produced on immersion of
cement slabilized VBC whict. are attributable to interiaminar swelling
are controlled primarily by the 10nic ¢ omposition of the pore fluid:
for the series of experiments performed here, this contribution to
expansion on immersion is probably nearly constant for all samples,
Capillary stresses, however, are su bject to control during molding,
since both the void ratio and degree ol saturation are dependent on
compaction and molding water content, The magnitude of the tapiilary
pressure developed on immersion will increase as:

a. Thre degre: of water saturation at molding decreases, and
b. The molded de nsity increases,
Since the lower the void ratio, the smalier 1s the mean pore size

and the higher the imbilmtion pressure, of twu 801l sampies of the
same compacied densily, the one of higher ininal water ¢ ontent will

L]
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be subjected to less capillary stress on immersion, depending upon
how close to saturation it is prior to immersion,

It will be noted that, as the molding water content is reduced
below that corresponding to void saturation, the capillary stresses
developed on immersion increase, and the efficiency of interparticle
bonds by the stabilizer decreases, Both of these factors cooperate
to cause a major reduction in soaked strength with decreasing molding
water content, and a corresponding increase in water absorption
and swelling on immersion, These trends appear to be confirmed by
the experimental observations (see Fig, II-2). Inspection of the
data obtained at constant molding water content indicates that, as
density at molding is increased, strength on immersion is increased,
and water absorption decreased; this indicates that the increase in
interparticle bonding efficiency, and/ or the increase in void satura-
tion resulting from greater densification, more than compensates
for the increase in capillary pressure on immersion resulting from
a reduction in pore size,

In summary, it appears that the immersed strengths of cement
stabilized VBC are controlled by the compacted density, and the
degree of saturation at compaction, and that these two variables

affect strength in the opposite directions, Optimum immersed strength

is developed at the highest density attainable at virtually complete
void saturation rather than at the highest density attainable at the
normal "optimum water content", Similar observations have been
made with this soil stabilized with phosphoric acid; it appears likely
that this may be a general characteristic of heavy clay soils stabilized
with reactive, inorganic stabilizers,

D. Conclusions

1. A number of secondary organic and inorganic additives were
tested, but no significant benefit was obtained over the VBC, cement,
and NaOH system from them.

2. The ultimate wet strength of VBC-5% cement is improved as
much by 0.5N NaOH as by 1,0 N NaOH, Strength development,
however, is faster with 1, ON NaOH. The improvement made by 0, 5N
NaOH over soil cement is significant but the uge of 1. ON NaOH does
not seem to be justified,

3. As the amount of cement is varied in the range of 3 to 10%
with 0. 5N NaOH strength increases first rapidly and then more
slowly, After seven day cure wet st rengths of 150 psi and 300 psi
can be achieved with 4 and 6 %cement respectively,
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4. The immersed strength of cement stabilized VBC is
controlled by the compacted density and the degree of saturation,
These two variables affect strength in opposite directions, Optimum
immersed strength is developed at the highest density attainable
at virtually complete void saturation rather than at the highest
density attainable at the normal "optimum water content",

E. Recommendations

Continue to investigate the effect of field variables on the
strength of soil-cement,

1. Run a series of VBC samples with varying water content
but no NaOH. Compare these to the results obtained with varying
cement content and 0, 5N and 1N NaOH,

2. Rur a series of tests at different compactive efforts for
samples having different water contents,

3. Investigate the relation between NaOH content and strength
in VBC,

4. Investigate the effect of adverse curing conditions on the
strength of soil-cement,




Table HI-1

Cement Contant » 5%on Dry Soll Weight; IN NaOH in Pore Water

At Moiding—__ ARer Curing At Tewilng
oin- Mols- ole~ Wet Com~
Cur~ ture! Dry'  ture? Dry? ture! B pressive
Secondary Equill- ing  Content Dennity Costent Density  Content Density  Strenpth
AMadgtive % brated Days % pef % pet L pef pal
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28 21,8 103, 4 22,5 103,1 2.0 103,38 368 4 &
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W 0.7 1044 20,8 14,7 22,4 104.8 425 1 5%
1 2.6 104, 2 21,0 105,3 M4 102.3 15240
Aniline 1.0 Yes 7 214 104, 6 21,2 108,13 22,3 102,8 255 %1%
28 21,6 104, 4 21,5 104, 4 22,0 103,58 400 2 8
[} 22,3 104, 0 22,0 104,2 23,6 103,0 2202 1%
Zn{NOyly 0.5 Yeu 7 22,4 104,1 22,3 104,0 1 108, % b LYR]
28 22,1 104, 1 22,2 104, 0 22,8 103,13 410 ¢ 30
§ 1051 21,4 10%. 2 M2 103,3 158 £ 35
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Table III-2

EFFECT OF VARYING CEMENT AND NaOH CONTENT

- ___ At MoldIng After Curing At Testing
Mois~ Mois- Wet Com-
Cur- ture Dry Dry ture Dry pressive
Compoaition ing Content Denslty Density  Content Density  Strength
Soll: VBC Days % pef pef % pet psi
3% Cement 1 - - “- - - Disintegrated
0.5N NaOH 7 21.8 104,9 105, 0 23,1 104,3 100+ 5
28 21.4 105, 6 105, 8 22,8 105, 0 165 & 25
3% Cement 1 -- -- .- - - 30+ 10
IN NaOH 7 - -- - - .- 90 £ 20
_ 28 23,5 103, 4 103.5 24,2 103.4 170+ 5
5% Cement | 23,0 103,9 104,3 25, 102, 0 135115
0.5N NaOH 7 21,8 105,0 104, 2 22, 105, 0 255+ 5
_____ 28 211 105, 2 105, 5 21, 105. 5 400
5% Cement 1 21,4 106.0 106, 2 23,5 104,3 1904 10
IN NaOH 7 22,0 105, 2 105, 3 23, 105.0 28010
o 28 21,3 105,5 1057 22,2 105, 5 42515
6 1/ 2% Cement 1 22,6 104.1 104,3 24.7 103,3 175 % 25
0. 5N NaOH 7 22, 104.3 104, 4 23,1 104,3 290 £ 30
o 28 21,0 105.6 105, 7 22,2 105.5 43545
6 1/ 2% Cement 1 22,2 104,8 104.9 22,0 104,1 245 % 15
IN NaOH 7 21.8 105.4 105, 4 22,2 105, 4 43545
28 21,5 105,0 105, 2 22,7 105, 0 50010
8% Cement 1 21,4 105,13 105,9 22,5 105,0 260 £ 20
0. 5N NaOH 7 21.8 105,0 105,1 22,8 105, 0 330+10
_ 28 20.4 105,7 106, 4 _21,5 106, 0 530+ 10
8% Cement 1 21,6 105, 4 105, 6 23,3 104.0 175 1+ 15
IN NaOH 20,9 106,3 106, 8 21.6 106, 7 44545
,,,,, ) 28 20.5  160.0 _106.1 21,7 160. 0 540 2 10
10% Cement | 20,8 106,3 106, 8 22,1 106.0 295 & 28
0. 5N NaOH 1 20,1 106.7 106, 8 2l. 4 106.5 495+ 5
— 28 20.4 1067 107, 8 21,5 106, 4 695435
10% Cement 1 22,9 103, 8 104,2 23,8 103,7 a5 % 18
IN NaOH 1 23,0 104, 0 104.1 23,5 104, 0 495 & 28
— 28 22,9 103,9 103, 9 23,8 103,5 66034 -




Table III-3

EFFECTS OF VARYING WATER CONTENT AT
A CONSTANT COMPACTIVE EFFORT OF 1000 psi
FOR VBC, 5% CEMENT, AND 1IN NaOH

| Dry Ty % Water
| % Density = Density Wet Uptake Degree
| Days  Volatiles at . at Comp. upon Satura-
of at Molding  Testing Strength Immer- tion at
Cure _ Molding pef pcf psi  sion Molding
1 19.8° 107, 4 100,3 50 6.0 93.6
l 20, 2 107,1 101.0 50 4,2 94.4
! 20,1 106. 8 103.1 85 4,0 93,3
1 22,0 104.9 103, 6 190 1.9 97.2
1 23,5 103,1 102, 4 200 1.8 99.4
1 26,7 98.0 97.1 190 1.3 100
7 19.5 106, 8 105,3 210 2,7 90.3
7 20,0 106.8 105, 8 285 1.6 92,8
7 22,0 105,2 105,0 315 1.3 98.2
7 22,2 104.1 104, 2 350 0.9 96.1
7 27,2 97.6 98.2 250 0.4 100

lote: A soil-cement density of 2. 72 was used for degree-of -saturation
calculations. A density of 2. 7t wouid give more reasonable
values for high water content. i.e. less than 100%,




Table III-4

EFFECTS OF VARYING COMPACTIVE EFFORT AT CONSTANT
WATER CONTENT OF 22% FOR VBC, 5% CEMENT, AND IN NaOH

"% Water
Compactive Density Density Wet Uptake  Degree

Days Effort at at Comp. upon Satura-
of in Molding Testing Strength Immer- tion at
Cure psi pcf pcf psi sion Molding
1 700 -- - 56+ 5 -~ --

1 850 103, 0 101, 6 110+ 10 3,2 93,2

1 1000 104.9 104,9 190+ 10 1,9 97.2

1 1150 104, 8 103,7 19525 1,9 97.2

1 1250 104,3 103,0 17¢5 1,9 96. 1

7 700 96. 6 96. 4 130+ 20 3,0 79.3

7 850 103, 0 102, 0 160+ 10 3,0 92.8

7 1000 104.9 104, 8 280+ 30 1,3 97.2

7 1150 105, 3 105, 3 3155 0,9 98.2

7 1250 105, 2 105, 2 310£10 0,8 98.2

Note: A soil-cement deneity of 2,72 was used for degree of -suiuration
calculations,




FIGURE II-I % CEMENT vs WET COMPRESSIVE
STRENGTH FOR VBC
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IV, SOIL STABILIZATION WITH LIME

A. INTRODUCTION

Much of the work done in the M,I, T, Soil Stabilization Laboratory
has been directed toward the use of Portland cement, asphalt, phosphoric
acid and various other chemicals as additives, During 1959-60 the stabi-
lization of Massachusetts Clayey Silt (M-21) and Vicksburg Buckshot Clay
(VBC) with clacium hydroxide, Ca(OH),, and calcium oxide, CaQ, was
investigated,

Soil-lime stabilization is thought to proceed by a mechanism simi-
lar in some respects to that of soil-cement, The high pH caused by the
lime solubilizes part of the alumino-silicates in the soil, which in turn
react with the calcium ions giving a cementitious calcium silicate gel,
This is in contrast with cement stabilization, where the silicates are pro-
vided in part from the cement and in part from the soil itself,

Soil-lime stabilization is thus attractive both because lime (slaked
and quicklime) is relatively inexpensive and because the total material
requirements may be reduced below those required with cement. Soils
were stabilized using calcium hydroxide (slaked lime) and calcium oxide
(both reagent and commercial grades) with and without various inorganic
salts, principally magnesium sulfate (MgSO4* 7 H,0).

B. EXPERIMENTAL
1. Materials

The soils used in this investigation were Massachusetts Clayey
Silt (M-21) and Vicksburg Buckshot Clay (VBC). The properties of these
soils are given in Table I1I-1,

The following reagent grade chemicals were used: Calcium oxide
(Ca0), sodium hydroxide (NaOH), slaked lime (Ca(OH), ), magnesium sul-
fate (MgSO,* 7 H;0), potassium sulfate (K3SO,), and magnesium chloride
(MgCla). A commercial grade CaO {quicklime) was also used., Rosin
amine D acetate was a 70% solution in water supplied by the Hercules
Powder Company,

2. Procedure

-

The testing procedures were the same as those used for soil-
cement, The preparation of samples was as follows:
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The soils were equilibrated for 24 hours with approximately half
of the molding water content (8% in the case of M-21 and 12% for VBC).
Mechanical mixing of the soils with the calcium oxide and calcium hy-
droxide, addit ives and the remaining water was accomplished in a finger
prong mixer for about 10 minutes, The lime when used alone was mixed-
in first, in powder form, and the water added subsequently, When used
in con<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>