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tures to render sand or other soils suitable for construction. One such method
.is through the in-situ polymerization of water-soluble monomer. Calcium acrylate

was the best of several monomers tested to stabilize soil. The report describes
the history and characteristics of calcium acrylate. Several requirements must
be met for the construction of a dwelling using chemically stabilized earth. The
monomer system must be a water-soluble solid that can be polymerized in solution.
It has to be non-toxic, inexpensive, and incorporated in small quantities. A
literature survey indicated that the metal salts of acrylic or methacrylic acid
would be the most likely candidates. Five monovalent salts were made and three
divalent salts were produced. These were: potassium methacrylate, sodium
methacrylate, potassium acrylate, socium acrylate, ammonium acrylate, barium
acrylate, calcium acrylate and magnesium acrylate. A decision was reached to

" concentrate on the calcium acrylate because it would readily polymerize, needed

no crosslinking compound and it would probably be the cheapest to manufacture.

The experimental procedures used are outlined. The appendicies include building

specifications, soil properties, and sample calculations. :
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.. ABSTRACI

jﬁtested‘to'stabllize 5011 as a construction material'

foquarter,of a century ago the monomer was investigated asf

;,a suitable road stab:lizer or as a grout. For qonstrug-f

t

san aqueous'volution f:theimonomer was polymeriz“

g,tion,

Ein the soil. Strengthoofdthe product increased with thef

ffamount of water removed reaching a maximum compressive

1strength of about 2000% 51 for 3% ca1c1um acrylat Ain. f%

',soil. Rewetting caused the stabilized 5011 fo\revertt o

its soft state w1th little structural strength;w

the»monomerrusi wolld be bricks whereitwo weeks drying

_H L

for a. two-inch-thick brick gives maximum hardness.
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l.1 Preface _
The Advanced Building?Studies Program at7Carnegie-f'

Mellon University is i Join effort between the fepartments

of Architecture, Civil:Engineering, and the Schoolwof Urban

and Public Affairs : 4f thehresearch Wlthin the

ABS program-addresse he problem of"ltra-low-cost hou51ng 2

for developing countries}; Part of this research is funded
by a ‘contract with the Agency for International Development,

. proposal’ 08143-A., Under the co-principal 1nvestigators,rfi

~h. HartkOpf (Architecture) and Professor

_ Professor Volk%

Gt

“Goodspeed (Civil Engineering), the research has .

pursuedvtopicspin culture, economy, materials technology,

and stru tural!systemsfas7theyj_elate to houSing.

One of the:main‘problems facing low-cost'douse_

construction iszthexavailabilityvof suitable building :

materials.; Oftenihhey are 0

procured the cost is often;prohibitive.:?Of all the‘materials

readily available in any environment, the most universal is
soil. Unless thé soil is of a high clay content, suitable fh
for adobe, it cannot readily be- used for construction. }i ‘.
Similarly, fired bricks are many times not feasible due b

the high energy input. The most unsuitable naturally ;
occurring soil is sand, being neither adequate for agrie

culture nor building.



: 57j_=The purposeﬁof this study was to:hind admixtures to“i

ﬁ~rcnder sand, or other soils ‘suitable for construction.&fi&f

’"one such method is throughgthe in-situ polymerization of a \

H?water-soluble monomer. Therefore, the aid of the Chemical‘_

'Engineering Department was sought, under Dr. stephen L"

Rosen, to develop a functional chemical system for th

;s; bilization,o Asoils i | ot
r;Aﬁmonomer system is not the only means for stabilizin

- soil

: 8011 stabilization has been obtained uSing Portland

cement, asphalt, Oil, bitumen, lime and various reSins(3)

The:purposego ?this investigation is to gain a better under-

standing o_:a monomer system.irif:]?ﬂ]i}17J?

‘f{ﬁISeveral.requirements, as outlined by the pro:ect

coordinators,:have to be met for the construction of a

“dwellingﬁuSing chemically stabilized earth“j The monomer ],”

‘hsystem,musxfbe a water-soluble solid that can be polymerized

’in'sclution.i It has to be non-toxic, inexpenSive, and
incorporated in small quantities., Initial experiments were
conducted with an acrylamide system, which though it reacted
nicely, was exceedingly toxic(ll).- Therefore, it was neces-
sary to find another monomer..’ A literature survey indicated
that the metal salts of acrylic or methacrylic acid would

" be the most likely candidates. Five monovalent salts were
made and three divalent salts were produced. fhese were:
potassium methacrylate, sodium methacrylate, potassium

acrylate, sodium acrylate, ammonium acrylate, barium



1ate. It was chosen because it would readily polymerize,

the cheapest to manufacture. f}:yyn

,nlstory of Calcium Acrylate“ i

Massachusetts Institute of Technology applied ca1c1um acry-‘ |
ilate for the stabilizatlon of unsuitable terraln for road or y;

L e P
N B \

S o
runway applicat1ons. The research was‘done for the Army and :

' he project was headed by Professor John B. wllbur of M I T.,f

Fuxther tests were done by the Elv neer!Reseaﬁkh_and Deyelop-ff

Ment Laboratories at Fort Belvoxr, Vlrglnla(a).,wntji

up to 500 psi (9)

William Lambe of M.I T. initially suggeste’ that the

new-found calcium acrylate could be put to many uses ,l{“


http:stabilization'.of

laboratory qu?ntities from Haven Chemlcal Company‘orf;

'Polysciences,JInc. (1). Concludlng from the library searc

no further work using calcium acrylate as a soil stabilizetiﬁs

has been done since the work was completed at the M.I. T. "\f’i

Soil Stabllizatxon Laboratory in the.mid-1950's.
Since the first chemical grouts appeared in 1939,
bith.the advent of the Joosten process for sodium silicate

(13), engineers have been more interested in their water
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stopping properties than 1n anything else |

tigation of

did anyocne publish a strength comparative._nw'

the available chemical grouts (14) .
The work originally started in the late 1950 s

the Warner Construction Corporation iﬂ,éii'”e ght differenth

grout systems were valuated., These\are;separated into four
different categories.if375fﬁ

1) Acrylamide - AM-S

2) Polyphenol ﬁesin - Terranier

3f.hResin Emulsions f<*" o

o a) ALREM Soil Binder
- gb) Superstruct 22-0 2

4)’]Sod1um Silicate base et

© a) ‘Earthfirm GVS
+b) Modified Earthform
~‘e) SIROC ‘
‘«;ﬂ).,Silicate-Bicarbonate onejsnOt@metnoo‘(iqyﬁ;sm-

compression..

found its basis in this article.: The conclusions were' that o



- BYRENGTH &

~UNCONFINED ‘COMPRESSIVE = ' ' 0

CTMESDAYS b :

otrength Deve10pme t of Varlous Normal Curedl;
: ’Chemlcally Solidxfxed Speclmens S

Results of Warner's testing (14)

A When:calcltm acrylate was diScovereu it was.
‘extensively characterized by Thomas W1111am Lambe of M. I T.,;
onerof the three patent holders. The other two are Vlctor ':
r. B;vde Mello and Ernst A. Hauser, patent number 2,651,6199,
September 8, 1953 (2). The system that was employed in the



discussion of the results Will be given and minor difterence
will be mentioned later in the discu551on section.'i?

X Calcium acrylate is formed by the reaction~o£fac
acid with either calcium carbonate or. calcium hydrorid
resulting monomer is a relatively non-toxic, white\free

f1owing powder (6). It is soluble in water to 44,parts/100 gj

parts water at 75°F., Other soIvents are glycerol, glycols,

}formamide. and diethanolamine._ Aliphatics and aromatics are*?

non-solvents.“ F 4 -ion ‘the
is lqOF, With a dens;ty of 1. 130‘gm/cmviat kpf .
viscosity for the solution is‘bboutgscoéfrom ayBrookfield
viscometer (5). o v;h .

The monomer forms a neutralusolution4(pa 6 5) and
hazs a dispersing effect on clays andisoils. »
late exhibits analogous behavior to calcium acetatenand ,
calcium propionate.vy‘} ) viy¥?d‘“'tw
late has functional Sites‘for polymerization (5).5,3:w

A crosslinked polymer from calcium acrylate can be‘
formed in aqueous solution. Water is necessary for poly- f;f
merization though the monomer need not be in solution. ’Thef;

aonomer ionizes in water (6) and the ‘double bonded carbons

react and link. together with a free radical catalyst.’

crosslinking is ionic (5).



e

)?forﬁing a redox system.v It 1s suggested‘that these two

'\

‘?ﬁ’ﬂThevgel]in solutionlformstln:two stages. The first; e

xeaction with a 230°F”exotherﬁ beiagj he highest atta
Upper gel temperature ls about 110°F., Mlnlmum monomer on-
centrations for a gel are about 5% and air 157
regardless of the acrylate concentratlon (5)
Reaction time is determined Ly two factors; ’Theffffe‘:
first is activator concentration (6). Second is the presence
of certain metal ions, the most notable being copper followed
by iron. .Lead and aluminum have a lesser eftect. These
ions greatly accelerate reaction rate so that small amounts
of these will give the same gel times with only 1/10 to 1/100
of the original activator. Rate of reactlon also increases

with temperature (5).
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Figure.l.z - Gel Time (6)

Poly-calcium acrylate is a true hydroplaetie;
;qel is water insoluble yet water is soluble in 1t-¥;.ﬁu,,?
is a maximum amount of water that can be dissolved in the
polymer. Excess water in gelation will be sweated out (55:
‘Water absorption by immersion can be dramatic but that by_
humidity is less, since calcium is hydrophob:.c (s). o
Increased tempe rature decreases water solubility. Too highf;
a temperature wmll.;rreverszbly degrade the polymer, but

this occurs past the boiling point of water. Alcohol w111 -




+10,

M= monomer

‘Percent Solids

4}"MAGNESIUM CALCIUM

Mbnomer-waterrand polymer-water relatlon-f]g
, -ﬂtships for four acrylate salts
i (After Hopklns)

. ,riguféfiia;- Monomer or Polymer Water Content_

Water Absorbed
Grams/Equiv.
Weight of.Sa}t

L — 135
: - Temperature - Farenheit

"hter Absorptzon Isotherms for Four Acrylate SaltSj

Figure 1.4 - water Absorption (5)
(After Hopkins)




When stabxlizing oil, water plays other roles beSLdes

that of a solvent for chemzcals, and 'ymedium for lonlzatlon

and polymer propagatlon.; It also determine’"the mlxlng effec
tiveness of the soil and monomer, compactlon of the soil and'

shrinkage upon drying. These effects are due mostly to the

added water with clays shQW1ng the greatest change (6) ,liy}i

the excess poly-calcium actylate present to act;asxan’ionic;

crosslinker. Most of the strength comes from the polymer‘ »x

crosslinking, for the soil is held in a polymer net (6)‘

For soil stablllzatlon 1t was advocated that l”‘_
than 4% monomer by dry weight was 1neffective,’while reater{

than 10% was thought to be too costly (6)-¢f‘u
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The preceding sﬁﬁmA£§f6f‘tﬁéfséékéfdund of the chemical .
System involved in the research will facilitate the understanding
Of the nature of the project. To complete the preliminary

discussion the experimental procedures will be outlined.



2. EXPERIMENTAL
" In performing the experiments, equipment and proce—
dure were kept as simple as posszble. This was done s1nce:

the results would have to be duplicated 1n less than 1dea15

conditions common to the field

The chemicalﬁsystem consisted of*the*mi;

vere noticed.: Al: experiments;were don at ambient f

chemicals, itxwaslde ded t,

ffor greates_'accuracy a

vater solution could be pipettede1th the resulting minimum‘

error of _o 05 ml.; This in many cases gave an accurac

in weight of -0 005Agm;; However, such accuracy wasfat
times not reached and the error in chemical dose foﬁvthe
system could be as high as 2%- ;,; t‘ ‘.k

Early experiments involved testing for the‘gelationiﬂ

of the polymer sYstem° The procedurefinvolved* ddin' to agi

heaker the reguired amounts of wat{r. on



e solution, and thiosulfate””oluticn“respectively."

f;ﬁé?order‘as described was»rigidl' ‘adhered: to’ throughou

‘end.; The premixed chemical

‘”, was poured into the tube.

wnixing speed 1S of the essence since oneﬁfsf'llowe from

f;o seconds to two minutes before the sample starts to et

;ﬁhpgﬂfStirring prevents air pockets from being formedg

fthe saturated sand.. The one-inch tubes were conSidered to

;Lbepinadequate.d The cardboard wouldfloakifp the solution‘

Jﬂset-up was sed:

wo-piec mold” were made o cast;brass with the

nold faces machined{smcoth. aThey were'open‘at the top Anc
hottom and produced the standard 2x2x2-ineh block for mortarww
testing. since the chemical system was added first, all |
Potential leaks had to be caulked. Plasticine filled the

role admirably. Modeling clay was ‘added to the clamped brass



mold so as to form a ridge on one surface. The'nold*wasff

set, plasticine facevdown)‘to'the system. Any claydthatf

tripped the whole process had to be repeatedjifkanother :~Tf

'batch was desired. nb”*

The ‘soil to befused was weighed out 'n a pan.balance

~to -0 5 gm, _Oqu%‘i&Next the chemicalfcomponentsﬁwere mixed

1n a glass container 1n the order as described.p Their

c ed the weight of theali_l to be Htabilized,

‘lnd the ater: wasvdependent upon*the ,oid fraction of the

kv:lAs oon:as the chemical solution_was c°mPlete lt was

dumped;intokthe mold.f Chemica; mixing 'awgnot:done 1n the

Iold because copper is a catalyst{i The so;lnwaSzthen added
‘to the mold, stirring as it was poured. For sample w1th:‘
9reater than 80% sand, the correct amount ofisoiv'versus
liquid could be determined when all the soil’was,se 3

there was a thin film of water on the top, ensuring‘an venfd

dlltribution of monomer. Soils cons;sting of clayfor 311t
were a problem. The fine particles absorbed the wa_
it was determined that the best dispersion of the nonome
could be achieved if enough liquid was added to: give the

-804l a toothpaste consistency.
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lfare 1rreparable and become a permanent source ‘of weakness.

The fresh samples were then a1r dried,ﬁsznce_maximumff'

even dryness jﬁ

(or compression fallure.

_ Stabilized soil samp1es were originally tested for
compression on the Instron test machmne. .The results |
vere graphically recorded. Since it had a maximum capeoity‘ii

of 8,000 pounds, its services were discontinued. The

Tinius-0lsen test machine was then employed. This'machine,,’&



ai
150,000 pounds.
The samples wﬁeffi

vas 0.05 in/min., and £ "':‘ce was pp[lied unt:.l samp]‘.e‘ faz.lure.
: o \

It is this'f 1



kry l\‘am:l.ue

zconcentratxoh.< Gels llke th :
4 ‘ . .

still contained“monomer.fJIf theiother extrem Ais approached

vhere the inxtiator was'3 ,aof{the SOlldS then gelation was.,i:ﬂ

almost instantaneous anjfthe result was a viscous liquid.;s:t”3p

In all cases except the last,fthe rigld crossllnked gel

vould only deform sllghtly under pressure before fracturlng.fgfd
Upon drying the gel would shrink to less than a fifth of itsf;hE

former volume and it would be hard and very strong. Its


http:order.to

8011 samples were stab:.llzed w:.th thxs ..ytem._
xnovledge was gained in sample preparation along. wit; ‘bas )
guidelines for producing a superior stabilized block'vﬁblf_'.t"_f".'f-“_"; :

the tests used the one-:.nch-d:.ameter cardboard tubes '

Components in gfams

Monomer (10:1,AM:MBA) T Lo 0 - L0
Arsmonium persulfate o 0. 0.05

$odium bisulfite SR 0.1 0405
Ferrous sulfate i - tra race
Kater

¥hite sand

Compressive strength (psi)?:‘
Orying time (days)

stirred in when the sand "is added, lfor oxygen ‘.is an 1nhib1tor.
Even though reduced m:.tiator increased the strength a practical
Unit was reached. Samples that contained less initiator than
P vould contain pockets of unreacted material. ‘The increased

Strength was probably due to increased chain length.
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| Thus it wa‘gconcluded that a gel time of about two

Vt thre Km1nutes{as exhlbited‘ln sample F was the best and

V_ing‘occa51onal cooling.

~



hour.- Bei“g 1ess than sat

e

" The metal acrylates can be'distingﬁiéhéd By £&6 m£in 
Categories. The first is the monovalent group. The other
is divalent, meaﬁing that they can form ionic crosslinks.

Bach has only one carbon-carbon double bond in the carbon
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chain that can underqo polymerization. The monovalent
scrylates were first investiqgated.
Three salts were made in this category. They were

tﬁc potassium, .ammonium and sodium salts. To form a gel

s copolymer with methylenebisacrylamide was used.

potassium Acrylate L -
The potassium salt 6f'ééry1i¢ acid was formed B§ the
noutralization of the acid with an aqueous solution of
potassium hydroxide. The reaction, like that of all the
mctal acrylates, was exothermic. 1If sufficiéntly strong
solutions were used a temperature rise of 65°C could be
obtained. Potassium acrylate monomervwas extremely water
soluble and the white crystals were nygroscopic.
Polymerization would occur at room temperature in
solutions of 50% or greater if two to three'days elapéed.v
This formed a gooey crumb. It would also polymerize with
hoat, and dilute solutions would polymerize with a free-
tldlca} initiator, either the persulfate-thiosulfate
System, or the persulfate-bisulfite system. Heat would be
evolved in polymerization, which at times would be dramatic
(Pigure 3.1, page 23). The resulting polymer would be a
Yiscous solution, which was hydrophilic. Even after three
®onths the Polymér crumb that formed from a concentrated
®lution was still rubbery. | . .



TEMP RISE ©C
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Figure 3. 1 Heat rise in polymerlzatlon based
on initiator concentration. Mr=~' -
weight of potassium acrylate monomer.
. I = combined weight of persulfate
and bisulfite. ‘ .
- Water ¢ Monomer = 5:1

A crdssiinked gel (Table 3.2) waS‘ﬁéa  ff6u“thejfl°if}

Table 3.2

Chemical Composxtlon of Crossllnked Gel
of Potassium Acrylate

Potassium acrylate 2.0 grams
Methylenebisaczylamide 0.2 A
Ammonium persulfate ' . 0.2

Sodium thiosulfate 0.2

Water ' - 11.0

Ferrous sulfate , trace

‘Gel time o 20 minutes

~ composition was used to try to stabilize brown éand, but

reaction never occurred. Because of the polymer's



j’bydrophilic nature, p or reaction'xn sand, and”eed’f.oz:'*"'f“"'“w

“cgossllnker, investlgatlon waSydlscontlnued

;Of\al :the‘monomers’tested, ammonlum acrylate 1a

.fthe on1y'non-meta111c salt.; Monomer formatlon was b

g;neutralizing acryllc ac1d w1th ammonia water.;,,.l

j'u'as very water soluble, and when monomer 1solatlon was

nattempted, ammonla gas evolved, leaV1ng behlnd acryllo acld,;

N iy

’temperature rlse of 24°C.\_,f=gfm5,t

5Arcrossllnked gel was formed, u31ng methylenebls,

fiFof;a s1m11ar solutzon, the gel formed fro

famnnnzum”acrylate 1n about a thlrd of the tlme as on did

_'lfxom‘rpotassium acrylate. .kj

Both gels were of equal quallty

Ammonium acrylate .
Hethyleneblsacrylamide
Potassium persulfate -
fodium meta blsulflte
Water

Perrous sulfate

Brown sand ‘ ,55 ‘ -

Gel time T 10 minutes
Drying time (1" dla) 9 days
'¢ompres51on strength 66 psi



b1llzed SO1lL Was QeeMeW @ . op . .

The strength of the:sta
grossly inadequate and‘w; c
of separating a solid‘monomer al 1nquiry,1nt0gammoniumgo,_,g

acrylate ceased,fiﬂl

SOdium Acrylate

Results obtained’froi"thefpreVious{acrylates were,f{*}

fdiscouraging. Sodium acrylate was'made by reacting the 53”if

hydroxide with"acry\i a' d butdthe monomer s:solubility

was limited to about 80gm/100gm water. The mo'omer could :'

.monomer,

‘Qsolution containing water,- persulfate, thisulfate,fi

1iend Fe++ in the_ratio off45 4 l 1 by weight, reactionftime~¥?

;for polymerization,‘as severalihours,.w1th a\vxscous liquidff

resulting.‘ With this ended aJl experi entation w1th the

monovalent salts.,_

‘Divalent Acrylates

 From the monovalfhd7w¢”"i*téefit*ﬁéé?leéfnédfthétf‘ﬁ?

monomers.
Three divale

calcium and magnesion;f”fhe'maénesinﬁ;eor“



;in obtaining thei'olid and the probablihhigher cost than

~the ca1c1um acrylate very little research was pursued.v;

lBarium Acrylate

'7JWBarium aCIYLate was mucn: ilxe magnesium acryiate.

; i 1
fThe monomer, produced from barium hydrox1de and acrylic

acid, readily formel‘a water-insoluble polymer:gel, v1a

,free-radicaliinitiation. TThis‘gel 1s”characterist1c of allﬁ;

torn. The tear is non-men.i'

3 Ayone-inch diameter soil sample was made from

fbarium acrylate.} CompOSition is given in Table 3. 4.
; | The system had a Spotty gel and yielded a very
POOI sample.‘ This was repeated with the ~same results

and due to the poor reacti

?"for sand, stabilization

‘xperiments with the barium system were terminated._,
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HTable 3.4

" composition of Barium Acrylate

“Mixture for Stabilizing Sand

Barium acrylate 2.
Potassium persulfate 0.
Sodium thiosulfate L 0.
Fett Lt
Water o T,
Brown sand oL 60



4. cacioM acRvaTE

|1 Reasons for Cholce

lWhen calcxum acrylate was chosen*all research“l"t”*

ther monomers ceased Lead acrylate, z ncfacrylate and

'i‘alumlnum acrylate were never 1nvestlgated Calciumvacryuxpf&f

.ngflate seemed to be the best overall cho;ce.; The,raw materlalsj

(cay: Bcooﬂi7£iéﬁi6ﬁiz‘*féc£(¢33=cncoo)z~+*2hz°>~*f'

The first method evolves a gas wh:ch causes foamlng
,s h -method fxrst used to obtaln the monomer in thc

early art: of the ekperzments. To produce the monomer,




will yield a pésfev.of; fine crystals which can' be dissolved

in water.

sIurry._ The solutxon_’mmediately starts t:ifoam and ample '

foj the foam., The ratedof reactlon :’ »

space must bexallowe

was slow,ﬂso about an hour was allowed afterwthe acld was -

,When done, the

added o 'the reactlon"to_gojto completlon‘

te}was flltered off, 1eav1ng a clear, color-

less solutlon that contalned the monomer., If the hlghest

quality of}calcium carbonate,was us,d there was no trace of
color in theasolution and the monomer was very reactlve.wy‘s

This was used for the flrst half of the experiment unt11

larger quantitles of monomer were demanded

The other method for produc1ng the monome°‘1s from

the hydroxlde.ﬁ Hereh‘he\reactxon 1s almost 1nstantaneous"

and ‘a. great dealfofEheay cakebeievolved, such‘tha"aa 0%‘) e



Maxlmumtieact1v1ty would occu w1th a neutral or a

varY-a

lrom the carbonate smnce the carbonate was 1nsolub1e, a
the carbon ledee always gave an ac1d1c solutlon., Poor‘
rcactlvity of the monomer was notlced most 1n the sandv

Th;s would be manlfest in the sample s strength which:wouldlﬁf

be farﬁlower than expected. Therefore, eacr test set was

.run wzth the same batch of monomer, but with careful monomer

‘preparation.the results from dlfferent solutlons would oe

near constant. lg;- lé?j_\f'vfn-3f~g;f;,}o'“?“"‘

1

latter method ih;mostwapplicable to monomerfformed rom~th§

bYdroxide. Dry chlcium:acrylate monomer was: a hard.white

solid. - Crystals werenopaque whlte and werejin the form:o

‘A-— [ N "".‘?-:-’
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'y Geol TGStS S , P Tl
Early experimentatlon w1th“calcium acrylate involved}V

.‘,p1e gel tests. These wer hdon

ouiearn“more about the ;h

.ygtem.; Origznally ammonlum persulfatefwas,used;asﬁthe

porsu1fate initlator sxnce 1t readzly went'lnto solutlon.]f

Later thls was discarded 1n favor of pota531um persulfate.

the reasonlng behlnd thls W1ll be dealt with later. AT

It was inltlally dlscovered that Fe**fconcentratlon

drastically affected feactlon rate.u wlthout 1t, gel time

:ould be several hours, and‘with 1t, gelllng could occur 1n

(§ few seconds. eTherefore,.the‘ferrous sulfate amount was

The firs ~item<of;1nterest was how much xnltlator was

nceded to producela gel in a reasonable amountf;f tlme ~dff‘*

rosts 1-3 (Table 4 1, page 32) show that reactlon for varylng

Inounts of initlators produce gels equally fast; It?Should

be noted that.all gels fllled the contalnerj*n that number

To determlne how grossly "e++ altered;the react1on

fate, tests 4-7 were conducted:f;It showed that gelvtlmer‘

as more dependent on the e++ concentratlon than thei

lnitiator concentratlon ‘The szgniflcance of th;s 18 that
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 Chemical - Grams o R Gel Time

=9 | §& - R SR S
. - ER T U RS e Y o
" ~ord vl a9 g |0 @ R~ B R
. S S - T oun - L PO B R QO :
" e g « g 3*5 =1 '3* -y 5-10 B R
:- slo< A R - y - S e |
‘ wf:ﬁf'g A I = sec. 1 min. | 10 min. 16-hr.|
NIERSRS 0.15 0.15 1 0.005 11.5 cloudy ‘| gel complete SmsE
I 1l 0.1 0.01 0.005 11.5 cloudy gel complete
30 L 0.05 0.05 ] 0.005 11.5 cloudy gel complete
c 4 .671 0.05 0.05 0.01 10 cloudy gel complete '
D " .67 ] 0.05 0.05 ¢.001 ‘10 ——— - cloudy gel |Jcomplete
-6 .67 1 0.05 | 0.05 0.0001 10 ——— — ——— —-—— tcloudy gel
7 .67 1 0.05 0.05 0.000 10 - - —— —— —— gel
8 .67 0.1 0.05 0.002 10.3 cloudy cloudy | cloudy
9 .67 1 0.05 0.05 0.002 10.3 cloudy | gel complete
10 .67 ] 0.01 0.05 0.002 10.3 -——— cloudy | gel
11 0.67]10.0 1 0.005/f 0.004 6.5 ——— - -
13 0.67 ] 0.005] 0.0 0.004 6.5 cloudy - goo
Table 4.1

-Various Gel Times
With Calcium Acrylate




put the general formulas used in'this research have'enouc

rcsults occurred where they‘were equal_in weight. Excess persu

!nte gave a poorer gel.thanwexcg swth:‘sulfate.l A total 1ack o

persulfate causes no reaction, th'ugh a:lack of thiosulfate doe

not prevent reaction. ,Equal'massesmof the two are consequently
the best since the‘proportionsfare£81mple and the results are

oxcellent.g_ijﬁ;w

One of the idea for therchemical system was that 1t

could be all premixed'and%packaged dry, later being added to a :

given amount of waterﬁ} This was doim:and 1t was discovered‘

hat ammonium persulfate preventedfcalcium acrylatetfrom‘g01ng :

to solution.” Powdered monomer would not go 1nto solution 1f _

t was placed in a}yeaker‘containingia 10% aqueous solutionnof‘

persulfate.; If the m nomer solution was"mix"?3w1t persu1-7

te solution no- precipitate was formed. The monomer dissolvedf

the 10% thiosulfate solution as readily as it dissolve"i‘

tilled water.

Then it was thought that the 1nitiato“

ipitated out. The reaction was}undesirableu



There are only two other persulfates readily available.

The latter was 7<%}

flead persulfate and potassium persulfateb

The main disadvantage of

ffredﬁto‘beythe less toxic.

fchemical is its poor solubility.ﬁ A saturated"}olution occursi

fat‘aboutJS% at room temperature.; However, this was,‘ustifiablei

fsince the potassium persulfate did not inhibi ith_hcalc_f“

facrylate dissolution, and it did not form the 'ulfu prec‘

:pitate when mixed With the thiosulfate. A fewﬁquick tests

5indicated that thegmonomer reacted as well withkthe;potassium,

‘persulfate as wit“wtne”ammonium persulfate. The after, a .

potassium persul at e-sodium persulfate‘initiator system,wasii

‘used exclusively in ajlél ratio by weight.

Soil Stabilization

| V'Soils are;composed of_three types of inorganic“*
Jparticles- and, 8 1.

‘200 sieve, and a sieve anaIYSis can be found in the’Appendix;g
The color was a tan due to. the iron, and it has been | s
prev. ously referred to as brown sand. Sand, when wet, has ;f
some cohesive strength due to the presence of water. When7i
dry, it has no coheSive strength. Fine particles, the "‘A
silts and the clays, increase the cohesive strength. ThusQ;;f

sand, by itself, is unsuited for building, and it was -
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desired to spend much of'the:timerimorovinglthe cohééiQéVQ?
properties of the material. | o e
For making the 2x2x2-inch cubes of stabilized soil,
50 ml of liquid was needed for 225 gm (150 ml) of sand.
The sand had enough iron in it so- that ferrous sulfate was
not needed. When the talcium acrylate made from the pure i

f,.‘

bicarbonate was used, the ratio was 16 l 1 of monomer,,f_fi

‘ J

persulfate and thiosulfate respectively.h This ratio was

used throughout for all monomers. Normally, the system

would start to gel two minutes after mixing had started, and ,

oopper. The last part to"

Testing for gelation was Slmply‘ one«by ‘otingfhow mucl

resistanoe itftook to insert a,matohstick inthﬁthe wet' sand

Before reaction, any amouni'of pi,ssure would plung \the
stick into the soupy sand, but after gelation, considerable
resistance was. met., To}bury the stick ‘in the sand would
be foolish for a slight indentation on the surface.consti-‘
tutes a sufficient test. Polymerization was exothermic,:.
but the effect could only be noticed rfor 1arge monomer.
concentrations or large stabilized structures.

( Fresh sampies have all the voids filled with the
polYmer gel. After the stabilized soil has dried, the

polymer shrinks, due to water loss, and the pores are


http:samj,3.es
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opened up again (Figure 4.1, page 37). The soil particles
are surrounded by a polymer film. It is the thickness |
ard the coverage of the film that determines the
strength.

The strength ofAthe polymer when dry was outstanding.
It compares favorably'with other plastics (Figure 4.2,
page 38), but the strength is a function of moisture
content.

When dry, the stabilized soil exhibits sudden
failure (Figure 4.3, page 38). A wet sample not onlv

being weaker gives a gradual failure.

calcium Acrylate Concentration

The ﬁost costly component in stabilized soil construc-
tion is the monomer, which could probably comprise 80-90%
of the chemical costs. Therefore, it is imperaﬁive to
determine the amount of monomer necessary. Increased monémer
does ircrease compressive strength, and after a sufficient
drying'time the effect is linear. This was also the case
for relatively fresh samples still holding a large amount of
water (Figure 4.4, page 39). For specimens in between a
few hours and a few weeks the drying is erratic and thus

strength is erratic.



SOIL PARTICLE

POLYMER -

Pigure 4.1. Magnified illustrationsof stabilized soil. .
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 STRENGTH PSI

fFigur““4 4. 'Compressive strengths of various.
- concentrations of monomer in sand
7after 14 hours drylng

With;n afl—G% monomericoncentratlon range, based on

‘fragile when wet, though they are qulte strong when cured.;f

A two-inch-thick block of sand was cons;dered cured after o

Ahy incomplete reactlons.? Usuall
air was the poorest.v '

material loss by abrasron.:'



40,

Cweto o DERCENT MONOMER | - R
- Figure 4.5. Compressive Strengths for sand stabilized

wi varying amounts of calszium sc late.
D.ying t}:’i.megwas 13 days. ryial




well bonded and exhibited no loss of material w;th normal ‘
handling.' Their main problem was that they react too fast
in the mold for the 16:1:1 chemical mix._ Mixing was some-fff

times incomplete when gelation setwin and this led to. a’ s

| .poor sample and irrecoverable loss ‘f,chemicals.,flfﬁ
S 0ptimum results came from sand/ptabilized With |
between 2.75-3. 25% calcium acrylate by dry weight. Poly- f'f”.
merization is very reliable giving a rather sturdy block of;*
gelled -sand. Curing givewya compress1ve strength of 1900-,fi

2000 psi for a two-inch-thick block.with two weeks drying.q"

To stabilize a cubicf;ard ofFSandfit would takei757pounds

Of monome ;to give approximate1y a 3% concentration /. rhis

amount{should give thekbest results both economically and

struc urally. i77€¢

5 'Drying Time of Stabilized Soil‘

' Strength of stabilized ‘soil. dependsfon'man para o

meters, including moleculaﬁ:siye vpol 'errwoncentration andt

drying time._ When fresh, and to lly wet,

the}s abilized ;f

soil shows little compressive strength “f f”]”f‘i mono
'lample the strength would be about 6 psi.t Brief drying
does not greatly improve this -as depicted in Figure 4:4 A
(page 39). Maximum strength only comes with complete.p*:'”v%

from curing. ,


http:2.75-3.25

They were air drled andftheir‘strdngths with the;tlme

were‘noted;(Flgure 4 6 page;43ﬂ~

The’ resulting plot.is

an S curve?: The first three days showedvall th
exhibitlng about th‘;same strengths. on th

only the flrst quarter-lnch of the sample wasmdry whil

‘the interlor was st111 gummy.”lkﬂ;;““‘

‘ “",The slope of the curve starts to increase after

the thzrd day and 1t was‘her"ﬁth"t the effectsfof”the -

monomer concentratlon 'become ev1den“h” Evenwthough thereyt

was no welght loss after the nlnth day, sample compressrve

strength st111 1ncreased W1th t1me. Maxlmum strength 'as

obtalned after 14 days. A test after twofmonths ylelded

‘no: change‘ln strength._ﬁg .fﬁ

' An;:nterestlng observatlon was made‘concernlng

3the proximity of'jhe%sample s nelghbors.. The ‘5

S o bd-\necn
rectangular arrangementva1th an 1nch spacing,blocks.‘i«

Because of:this an average welghlfloss"a ploted.;
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’Initiator COncentration

foiEStabilized soil strength:was also ‘dependent .upon

fchemical ratios of 8 1: 1, 16 1 :1',',\ 32: 1 1, and 64:1; 1.M The

'material s abilized was and. Monomer concentrations_wer'””‘

72, 3, and 4%. For thevsamples with the least initiatou,
~64 l 1, reaction was very poor.‘ The 2% sample never :

‘reacted and the 3-4% samples were too crumbly to derive‘any}

meaningful results. The rest of the samples 1n the other =

ratios gave good specimens. The exception was 2% for5th

32:1: 1 mix, whioh gave a marginal sample."

.the gel time for thefa l 1 mixture was shorted by l-2
ninutes.» Both of these gave a very sharp reaction timell

where in a l-2-minute time span the soil woulu appear

oompletely“*elled“{ The high initiatorflevels_held the

;danger of premature’gellation beforeﬁthe s‘il;was totallyn%!fg
‘mixed with the chemical. PR f | " £ S

- For the 32:1:1 and 64 1:1 chemical mixtures one did'-.'f'?:—f"
not get a sharp gel time where beginning and termination

could be estimated.’ The change”waﬂjgradual and it took

Place over a 20-40 minute period Zhis slower reaction

allowed longer chains to'herlormed,r hioh gave a strongerf“'s



though chain length waslslightlyqsacrificed, it was

compensated by a more complete‘polymerization, leading to

uniform samples. Monomer concentrations below 3% 1n sand

were very sensitive to initiator concentration.fiEven w1th

the 16: l 1 ratio a 2% sample had an inferior polymerization."

Increased initiator showed aniincreased strength due to a

more complete reaction, which negated any losses from”“"

chain shortening. When an 8 1 l ratio‘was used it removed =

all problems of reaction,uand then the strength become :

dependent upon chain length?

lnsuring a complete reaction which_gave uniform and consistent
results, CGnsideration of chain length should be secondary,
and it should only be taken into account if large amounts of X

initiator are used. It is better to err with initiator

excess than in the other direction.



i,l?igure_vd 7.., Compress:we strength of stalgilized“’
N L . sand with a chemical mix of“32'~"'17-1f
Dry:.ng time was 63 days.‘;_




i.8 ‘Effects Upon Compactlng a Fresh Sample :

4

~ STRENGTH PS!

?riguiés4;a. The effect of initiator concentratloni]d
S AR on soil strength. Samples. tested:for . -
. -compression after 5 days drylng.f;jﬂf

VT e

riz :

: Because water content 1nf1uenced the strength so

gmeatly, an 1mproved product could be had 1f the water

could be quickly removed.. An observatzon was made that,ﬂfr*

uhen fresh,,water could be.;queezed_outf;f_ he gel,;;"'

this could be done{ thi

produced.f To dobthzs,

r

8pplied, and it tock about a. thlrd of a‘mlnute:to compres

it. Maximum pressure was malntalned fornls seconds while

the excess water was sponged up;‘ ’e,compressed blcck



vas then removed £rom the mold, and 1t was allowed b aiz

T‘l‘ % v u*vbnﬂ "Gbg uluuv lel bu&ll‘ll” o J L] *J_U lllvllvll|Gﬁ ux
: 3 L :

Lo fjx,;: oL

?!he last block was the control.wivh,*“'

& Drying of the blocks was rapld (Figure 4 10, page 49),

{and;even the onehw1th the greatest amount of water removed

‘heldconly a 12-hour lead over the control.ﬁ After ten days

they were tested’for”compres51on and they all had virtually B

x«§51170?t 35
. 1270 t 38
\ . 1170 135 .

........

Etabilized with 3% Monomer
Drying time was 9 days.




ogagga’d wg wvé Lo

———————
Pty Yoy
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LChange in: varlousVsample _
fparameters when,compacted.

4‘-;10.

'DRYING TIME DAYS

Water loss, as manifest by weight “w¢ ];

- loss, of the samples.
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,9 Soaking Stabilized Soil in Water
Water has a marked effect upon the strength of the
stabilized soil. The reabsorption of water weakens ‘the " .
stabilized soil, though the soil will never dissolve.
To maineain the strength of the stabilized soil, it is
imperative to waterproof it. Absorption of water occurs
in two steps. First, the water enters the soil through the
pores and fills the voids. This is relatively quick and
occurs in a matter of seconds. Second, the water plasticize
and softens the polymer film. Since this is controlled by
diffusion the rate is slower, taking many minutes. |
Therefore, the best way to waterproof the stabilized
soil is to pfevent water from entefing the structure. 'To do
this one can either decrease the number and/or the size of
‘the pores, or coat the outside to make an inpenetréble
barrier to moisture. The werst possible case’would be
blocks made of coarse sand which has a large pore structure.
Two cured cubes of sand stabilized with 3% calcium
acrylate were chosen. They had a volume of 7.9 cubic inches
and a surface area of 23.9 square inches. It was §uggested*
that o0il would be a good waterproofing agent, so one block
-weighing 225.8 grams was coated with 15.6 grams of 30-welght

motor oil. The other block was the control. The blocks

*Dennis Mialki, undergraduate student, Department of
Civil Engineering, Carnegie-Mellon University.
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were immersed in water, removed and drained at various’ i
intervals, and weighed to determine how much weight was,jifij
gained over the treated weight (Fiqure 4.11, page 52) Tnej{
o0il definitely retarded water absorption, for the untreatediﬁ
block gained 17.3% of its weight in water in. the first 15 .M“
'geconds. Within four minutes the block was notloeably softer
The treated block absorbed water at a slower rate by :
displacing some of the oil. After about 30 mlnutes the top
of the block, i.e., the only exposed surface 1n formation, ‘
started to slough off while the sides remalned intact. Thls
loss could not be prevented from contlnulng, and no explana-

Ofmlvutes

tion for this phenomenon could be glven.{ Afte
the block was forcibly broken in half and 1t was moist a11
the way through, though it was far stronger than the control.
Another solution to the water problem was to reduce ‘
the pore size to slow down water absorptlon. Thls was |
accomplished by mixing 5% silt and 5% clay w1th the sand.f-n
To further seal the blocks they were subjected to a pressure
of 1000 psi to compact the block while fresh, g1v1ng lt a}
smooth face very free from external pores. These blocks
were made smaller in hopes of accelerating the process-ofvv;f
water intake. Their volumes were 1.06 cubic inches with'aiif
total surface area of 7.2 square inches. They were A
stabilized with 3% calcium acrylate. Four samples were |
tested. The control, one coaﬁ?with pump oil, which is a f;;ﬁ

light o0il, one coated with motor oil, and one coated withs;5f



 PERGENT WEIGHT GAINED'

PERCENT WEIGHT GAINED |

52

4

A

TIME MINUTES |

Figure 4 ll.v Water intake of large’ cubes of sand5
o stablllzed w1th 3% monomer AN

R

v

o2 . 3 40 50

e TNEMWUES : SR
" Pigure 4.12. WELth gain in sample of Just water'*“
and water and oil combined




de in abou't a 10% SOlutJ-Ou

Aliquat . The Aliq t was

and warmed to 50°C untwh a about the consistency of

paint. One coatiwas applied to the block surfaces and it

was allowed to dry;24 hours.; The coating was white and waxy.
The motor oil block weighed 36 0 gm and gained 1 2 gm of 011.
Upon immerSion 1n water the clayey control block had
,a slower absorption rate of water than the sand block |
(Figure 4 13,wpage 54) This contrasted With what was ji ‘
expected since the clay—silt-sand block had a greater area
to volume ratio. As with the sand block, the clay-sxlt-sand
block had the greatest intake in the first minute when 1t
acquired almost half its total water intake. The Aliquat‘a
| slowed down the initial water intake, but since all the

pores were ev1dent1y not'se'led the total water absorbed _.

became nearly that of the control.; The only blocks that f;

w

showed any slowing and stoppage of water absorption were

the ones coated with_oil;"Not only was the 1nitial water

intake less, but'to al'amount afte ﬁa‘great time was less.r.

The two types of Oil behavedfnearly»the same., Plots of

these tests go to 16 hours (Figure 4 14, page 54), but ‘r“i




TME MNUTES

z_f-Figure 4 13. Water J.ntake for small compacted samples
i after hav1ng been treated in several’ ways

A R ) N ) g

3 llme MiNUT &9
; P:lgure 4.14. An extended graph of Figure 4.13 showing
the twd treatments and the control.



the weight gain of the dry block with oilﬂmnd water ombined
(rigure 4. 12, page 52) was still less than,ghe:plot of a

block with just water, indicatlng that the oll dld reduce .

the water intake.ﬁf

B e

Frcm the results 1t can be seen that water absorptlon

can be reduced by elther reducing the ‘ore s1ze of the 5011

<d

or by coating the bloc” thh101l. A compacted block w111

svell when wet but oil inhlbltltthls swelllhg., Even so, -:
the oil treatment 1s not perfect, but 1t does dramatlcally

1fThis 1s 1mportant

since once water gets 1n itlls'harder to remove 1t and the

polymer begins to softenfﬁ

) z!tects of Humidlty Upon Stabilized4801l.

‘so0il may be spectacular,qthe acqulsltlon“of water from the

ltﬂosphere is almost negllglble. Sozl blocks were made from

5% clay, 5% s:.lt and 90% sand bonided w:.th 3% poly-calc:.um'
acrylate. These were cured for three weeks at about 50% humi

dity. one °x2x2-inch block was subjected to. drying at 87°C E

4nd another was placed in a closed envzronment of 100%'humld1

at 25%, 1n both cases weight change was small (Figure__.ls,
Page 5¢), and,there was no notzceable change in the sample

*Ppearance. It was evident that humldzty had a small effect
UDan an. _ . . !
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25 c AMBIENT .

PERGENT WEIGHT CHANGE

- TIME HOURS

Fzgure 4 15. . Welght change due': to moisture
: e from,O-lOO%‘humldl Yo o

3 Reatlng“'f;Stablllzed 5011

'32Due towthe%monomer s problems w1thiwater, the‘idealux

'tzlocale for constructxon would?be_an areaﬁwith low pre: p__a-ffﬁ'

‘ggclevatedytemperatures.‘ To test thls, samplei were'placed

‘monomer Wlth a soi

| ‘containedmas‘" ‘

and 5% clay. The small size permitted:a'rapid and complete
heating of the sample. After 15 hours at 71°L, ‘the stabil*zed
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gain small samples.were used and also there was a 2x2x27inch;

cube of the sameymiklfAAnother cube of sand With about 3%

monomer was. also tested“‘.All samples;were well cured before l

testing., They were placed in a closed oven and heated for

26 hours at 87°C.f Once the baked samples had cooled they

were examineduand'they appeared to be unaltered by the heat.

gIt was{notedg hat”wh n struck, the soml blocks gave a ;"

'sharper note than comparable unheated blocks.; The cube of
90% sand, 5% silt, and 5% clay, stabilized wmth 3% ca1c1um =

acrylate had a compressmve strength of 558+ 16 psi. This

'failed at 1505—-45 ps;.

"fg:i To examine what happens"to the‘polymer,“aione inch-aﬁ*

vdiameter piece of poly-calciumﬁacrylate havzng a;thickness of?

'*At‘71 °C, there were a‘u”

.'a quarterﬁof an inch'was heated.

den th *temperature wasw'ncreased ‘

"cxterior was unaltered and what wasﬂonce a very hard object

was now easily broken.i Replastization would not repair the 3

damage. Thus it appears that the damage from. elevated

temneratures is 1rrever31b1e, causing a permanent structural'



‘ weakness 1n,thejstabilized s°ll'fyl“‘**“v”

tromiheat can generally be ignored.n The exception would

be where stabilized SOll was used to line a place f;*hfy:;ff

polymer could burn.;f
2 Effect of Sodium Chloride Upon Polymerization '
e One scmeximes encounters in the field either saline
water or saline 5011. The polymer system is 1on1cally cross
linked and there should be some change associated 1f other ?

ions are introduced.5 To 1nvestigate thlS 90331b111ty, _f”’

| various sand samples were made., These contained 225 gm 0

sand and were 2 7% calcium acrylate by dry weight.; Sodium -

chloride was added to the 50 m1 calcium acrylate solq_:_

a

aAr
%naci/' g
"0

wate'ri; .1:?‘
an
C

gm SOgm 225qm '
gm
gm

e

50" .,».rzzsh r~'4
o 50, 225

AATYO
. e

11»_9‘!"",‘.1,\‘???1‘31:34‘
Bldvadl -

B o ol =k
St

RN N
e e
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compr88810n._ The results for the sample w1th 4%m€a1t_1n

water gave a strength of 750 psr.‘,This was about’75% of

the strength;of a‘salt-free sample. Thefdecrease 1n strength

‘was linear:atfseven‘daysdryzng(Flgure 4 16), so one must

determlne how much strength reductlon can be acceptable.;

Since sea water 1s 3 5%;salt, 1t would appear that thls would

be a suitable 11qu1d to use ln oil'stablllzatlon.a Because

"only a small amount of salt 1n‘sorl‘does decrease the strength
‘jfit may make many 50115 unsultable for bulldlng materlals.f"
?behe effect of other minerals was not tested 31nce the comblna-

s _tions can be mflnlte, but sod:.um chlor:.de be:l.ng very common ,

«;rdoes alter the strength of th' soil., Prellmlldryﬂtests

-should be run W1th any dubious 8011 before constructlon.vnif;

"+ PERCENT NaCl IN WATER
Figure 4.16. Reduction of compressive strength due
to increased NaCl concentration. |
_ Drvina time was 6 _davs for 2.7% monomar._



fSOilﬂComposition

:fnost of the experiments have been run with pure sand

ior nearly pure sand._ Therefore, tests were run to determinet

v;whatpeffect sand, Silt, and‘clay concentrations had upon theﬁ

:fstrength‘of the;”tabilized soil. Samples were made, being

'}approximately two-inch cubes. Sand content was varied;from}i

'20% to 100%, Wlth the calcium acrylate concentration being

‘kheld ;t‘a constant 3%.1 It was felt that tests With less

'}than 20%“fand were useless, Since in. nature it is difficultk

to obtain either pure Sllt or clay.‘_f7f7i’ o
S In sample preparation the Sllts and clays were reduce<

._to a fine dry powder and these were mixed in corr~ct,;

‘with the sand. Normal sample preparation was followeffif?f{

.gattention was paid to the water content. Clays‘an”‘silts

5fdemandkmore water than does sand, and for a given weightmiaj

;;water be used there is inadequate chemical mixture ‘giving ?5

{ia permanently inferior sample.f An excess of water'gives

ﬁjvery soft sample and a. longetydryinfftime,iﬁ

ifexperimentation an optimum’amount of water was achieved

f}based on. the percent sand presenvi(Figure 4117 ipage 61



"'T*Qﬂdbff* ffébffffoép7fﬁefidogﬁ
PERCENT SAND ﬁ“eftff} :7ng

?Fiéﬁreﬁ§:i7;ifAmount of water needed to make a.

S . good soil mlx.; Water/dry 5011 x 100

. % water. ‘
Sand/5011 x. 100 % sand ‘,3**

f%packability of the 5011 caused the"sample to shrlnk upon

~._,E3:“]* o Table 4.4

 Volume and welght Changes in Various Soil
" Mixtures using 150 gm Soil and 3% Monomer

=“35hd Volume, in.3 Weight, grams
e Dry . Wet bry
80 - 4.88 4.88 179.2 L e;54;55l




’Soil strength after curing wasiplotted on.

;diagram:f(mgure 4. 13 ' pag 53)

.’mall locxl axlmum is a puzzle since_it:canfbe,

”““d'Orlglnalle,lt was thought ‘the.

'large max1mum could be due

'of;gheﬁhlgher 1ron content

;explanatlon would be the maxlmum was caused by 5011 packlh_lﬁ

valumetrlc measurements were made along a llne?of constant

521 and the data as presented in Table 4.5 seem to support
fthe packlng theory.; Regrettably, measurements weremnot e
taken at every poxnt.. One could questlon whether the
packlng was due to soil 51ze or a mlxlng artlfact.r When

broken open the samples contalned alr bubles about l mm 1n :

diameter.' The a1r 1s probably a constant 51nceui)
manifest 1n the wet volumes.. Bec Athe wet volumes

were constant and the dry volumes were not, 1t can be

¢1nfthe final strength. The smaller flnal

- :t_ Volume in3+5% ,"ﬂStrength'psi
L Wet Dry 43w

' 564 478 1666

- 5.64.  5.42 . 1245


http:150grams.of

Figure 4.18.
o _ - on soil composition for mﬁpw&
cured samples containing 3%
calcium acrylate. Lines of -
constant strength are in vocu&m
per square inch. S

,wnoawummmw<m strength based

fonzas -
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It should be noted that when resoaked with water
the samples will pick up 20% of their weight in water; .They
will also swell' to their former volume or slightly‘beyond,
However, they are, as a whole, slightly stronger when wet |

than a wet sand sample.

i

Comparison of Calcium Acrylate to Acrylamide
Most of the discussion has beén about one monomer,

calcium acrylate. Prev1ously mentioned was another chemlcalt
system, the tOch AM-9. Belng the only commercially avail- - t
able, water-soluble monomex system, it should bé briefly
tested as a comparison to the calciumvacryléte. This was .
_done in only one test situation,vthat of strength based on
concentratidn. The system consisted of acrylamide, methy- ;&t
leneblsacrylamlde, potassium persulfate, and sodium | » ‘
thiosulfate in the ratios 14:6:1.6:1:1, respectlvely. ’ThiSiﬁi
reflects the initiator doncentrations used fqr the acrylate.

| Sand was stabilized in the cubic molds and the biocﬁs
when fresh felt softer and.tore easier than the corresponding
acrylate block. When dry, the strength of the acrylamide
was inferior (Figure 4.19, page 65) It should be noted
that in Warner's article, AM-9 did not begln to show strength
until after 30 days drying (Figure 1.1, page 6), for a 2.5-
inch-diameter sand sample. Maximum strength was reached
after four months, being 900 psi fdr 2.17% monomer. The

Previous test run in Section 3.1 gave the acrylamide
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;h’dAcrylamlde copolymer, AM-9, :
~*. compared to calcium: acrylate 1n
v'sand stablllzatlon‘«> C
copolymer a strength of 1121 p51, whlch was comparabre;tu -
cured calcmum acrylate whlch falled at 1143 psx.. For largef
samples it takes the AM-9 type 1onger to cure.;awﬁ”"" -

The last item of interest concerning - the acrylamlde.“_'
copolymer was that a 4-mm-th1ck sample of dry polymer wouldhu

'totally plasticize to a rubbery gel after belng mmersed 1n5fE

water for a day. Dry calcium acrylate polymer <e1":

equally thlck would only soften at the edges and after three

days under water it would still be,substantlally‘unplastxcmzed



,igti

:.}ﬁfwas readily polymerized by a free-radicaliinitiator.

Calcium acrylate wa ‘the best monomer tested for g;

dfstabilizing soxl. It was a water-soluble solid that

d*monomer had a maximum compre551ve strength of 20004p51.

concwsms

Product strength met speclfications. So_l containing 3%@5

~iHowever, a ‘more common . strength was 1n the range of e

"{M1300-1soo psi.

4 . ¢

_The effect of monomer concentration on’ strength was

‘glinear down to about l% calcium acrylate. Below that L?:

react:l.on was very pOOI.' ~

A monomer concentration of 3% was optimum This gave a

-fisufficiently reactive mixture that would gel 1n five to “

tten minutes and 1t was strong enough to handle when wet;f:

nghe chemical mix used was 16 parts ca1c1um acrylate and:_;
vfldkone part each of potassmum persulfate and sodium thio-\;le
"";sulfate.

7}Increasrng the initlator concentration shortened reaction

'iﬁftime. Salts of copper and?iron also acted as accelerators

"i_ldiumichloride reduced the'stabilized soil_strength.




i‘??

»B;V'Stabrlized SOll strengthens wmth water‘removal.'gnftwof"fJ

_inch-thick sampledalr drled at:25°Cffnd normal humidlty

. ._would reach maxlmum strength 1n;a~fortnlght. Half“strength
. was reached 1n about flve days drylng.~ 8011 comp051t10n

[Qhad no effect upon the ultlmate drYLng tlme.iiﬁ”'h::’”lﬂ

drastlcally reduving

T_9;lfWater repﬁwdtlcizes the polymer,_

,“*its strength. Stablllzed sorl would plck up 18 20% of
vlffits welght ln water when 1mmersed.’ Half of the weight
(f?;;gained occurred 1n the first flve mlnutes.i 80115

?'*5containing a large amount of clay and/or sxlt would

swell to thelr fresh volumes or sllghtly larger., When
f;dry, these soxls would shrlnk and the change 1n volume

4'wVfwas up to 15%. Sand dld not change 81ze but 1t was the

l*weakest when wet.;f'??:

*An oil coating on the dry stabxlized soil retarded water

i f@penetratlon. The maxlmumfa:nuntzof water acqulred was

f;}:}about 12%.,,7"’
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Al ABS Bulldlng Specification'““

STABHJ/. o "‘ARTH ;,,,_‘Aaqan‘eaa_;-"m,;na;gg ‘Studies g

f'QPElications.jf‘Wﬂ“"

r}Stabi]iacd earth is to be used in the construction of buildings;:vj.mf.V
f”(primarily housing) whose héight will not. exceed two stories.. -~ .=
jth may be used in the floor, walls, and. roof of' ‘the" building.‘g 1 e
- ‘The sketches belows indicate a few of the: building forms which SR A
vfmay be achieved out of stabilized earth. I LR R

;In addition to stabilized earth the buildings may also utilize
. wood, grasses, corrugated iron, and organic fibers for various
{jcomponents.- : _ T .

,'It may ‘be necessary to use some type of reinforcenent in- conjunctic
. with the stabilized carth 4in locations where earthquake or high
'wind cond:tions prevaii.~¢..- o

'Construction techniques fall into two main categorieS° 1) block
-masonry, and 2) continuous forming, or "rammed earth”. In the

- case of block masonry there are several ways to form the blocks
(a complete description of conventional methods is given in the

'Handbook for Building Homes of Earth A.I.D., chapters 8 11)

~In both construction methods the stabilizing compound is added ,
to the soil before it is formed necessitating that it remain
workable long enough to be loaded into the molds. However, -
‘consideration should be given tg the possibility of - using
stabilizers or waterproofing compounds which could be applied v
“after the material has been formed initially (possibly brushed ﬁV
onto selected surfaces) : R R ‘ :

A third construction possibility would be the continuous extrusion
of a highly cohesive and quickly curing earth-based material from:
~Some gort of apparatus. This may*not be feasible at. the present

¢tim0 however. S chEa ol gl

inroperties. L
;COmpreﬂsive strength 600 1000 psi

r_tensile strength' C 0 50°psit
A(approx. same as low grade brick)

"Stabilizer must not danage organi fibers.

‘Stabilized earth mixture must remain workableflonguenoug to
be formed. RPR L LT e ‘ 5

Stabilizer mast be ncutoxic and nonpolluting.

~4TABILIZED 401

ON HTRETCHEPR

‘f’)KTStz;lc:‘;‘



A.2 SoilfProperties

Three basrc types of 50113 were used for the calcium &

_'acrylate experiments.i These were sand, Silt. and‘claY.’*'

\’Various mixtures of these three elements producedrihe sorl
‘for experimentation. The 8011 was dev01d of organicﬁ'atter“fﬁ

The sand was mainly quartz. and had a tan color due

”to iron. There was a broad distribution of particle srzegi

The largest particles were rounded. A sieve analysrs uSingfi7
U. S. Standard Sieves can be found in Table A l.;,~ 'vh
Silt came in large lumps and the color was yellow ;R
aiochre. These lumps were ground and passed through a #60 |
jsieve. About 5% of the s;lt consrsted of fine angular gravel
i:or sand, which was discarded.' ‘The' powdered form allowedtfor
‘,superior mixing.:" o | | -

The clay was a powdered commercial product used for ‘

apottery. Its color was brick red.;ff‘n ol 4
| Sand was the densest of the three, being 1 5 gm/cm :

;lt had a vomd fraction of a third.L The other two 3011

'components were more difficult to get adcurate" easurements”?;

?fdue to soil packing.f Their densities‘ranged from 1 1 gm/cm;?J

ftto l 4 gm/cm dependlng upon hOWnylghtly ackedﬁthebpowde
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For a sample of dry silt compr9551ve Tailure vstusow av

133*4 psi., Clay falled at?izs+4 ps;._

ieve Ana1151s of sand Used in Exgerlment
i "q: U S. Standard Sieves Used B

ﬂ;ﬁieveféize; S0il Percent

19 2}1‘
9.9 -

N
sl
L]

NSNS

R R INTER



Ll- , ,Monomer manufacture

t;The productlon of all the monomers follow a‘51m11ar

Qiset of calculatlons. Detalled analysxs for_the produ

‘fﬂjfocha1c1um acrylate from the hydroxlde Wlll be glven.”

-‘T-A¢£§11¢}5ciqf§”,f*ﬂ7éip =1.05. gm/cm
T T = 72.06

. water f”17f.p =1 gm/cm

1fi393;,ﬁ; : *Mw:;‘zlsy

Table A 2
Chem1ca1 Data

'*2(C3ozn5)f+,caonz " Ca(C302H4)2 + 2320

| ﬁquaSiséf 500 gm Acryllc ac1d ‘f\;‘“*

‘=y%6g94ﬁﬁb1é3ja¢t&iié acid’

°f6'94 moles/2 3 47 moles Ca(OH)z




6. 94::'“‘@:1_95 . ;‘,"’l'f

G 72 2 moles
7 +13.9 moles

Lﬁ’fal’.§7.I;moles

‘monomer. |

MfFord4 2‘e Monomer

A fixed amount of

;calcium acrylate solutlonrwas weighed andf;

Actual Chemical Amounts vsed .

fWater 1n the solutlon ls equal to the amount added plus the[
;amount evolved.lA;-i ’ e R A N .
;Water evolved.fnfd;&

f2 moles/mole of Ar x 6 94 moles Ar 13 9 moles water

nTotal moles of water-

added

evolved

total °rx15§8}935

concentratlon

the water evaporated.‘m his
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;'vDish L L

3 ml soln & dlshi R R

Dish & mono
HJ‘Monomer\

©1.3654 gm .

4.7701 gm

3.4047 gm -
2.5933 gm
1.2229 gm

ED! RIS
P S A (

_Table’A 4

Data for Determlnlng Monomer Concentratlon

‘Den51ty of solutlon-:
3 4047 gm .

Fractio'aliwelght of monomer in solutlon-ﬁ .

1.2229 ““f“”“’,yg - | 0
,3._04‘ gm soln'“'“ _ 359 mono/soln

amouht?of;ﬁbﬁéﬁér;périml'soiutioasf

M_O 359 mono/soln x 1 135 soln/cm

Because of the uncertalntyﬁof‘theivolumetric“measurement

361 mon/soln_

.This is close enough to 0 359 mol/soln which:was determined

experimentally. .jfgfg,



potasslum persulfate were half the strength due to the lowf”;.

solubillty of that salt;7

.3.4 For 4 3.3 Gel'Tests

"1 Test #1 from Table 4.1 Wlll be. ca;cu;aceu.¢ :

‘1Soln:$ohc Amt. Used Calc Mers

“Calcium acrylate
Ammonium persulfate
Sodium thiosulfate

" Ferrous sulfate
Water

Jeele e e s
ocuununo:
HOOOK .-
o e lle el
VOKHKO:

Table A 5

‘_f' Data for Test #1’1n Table 4 1

mono mass =’ 3m1x 0339m/m1 2 1Ogm

n3.$ ‘For 4 4. Chemical}Dose in- Soil

'*The molds took 150 ml of sand which welghed 22“7+ 0_5 gm.

* Monomer amount

Rt . m . : 100 .' i
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nono

mono + 225
\' N

mono = 6.96 gm‘AT*

The 1n1t1ator amounts were not’ included ‘due to their:smal
amounts. Lo

persulfate ’

thiosulfate

7.0 gh mono
0.4 gm/ml

Watér_%,isbrmi?sahd'

Actual Soln

. SRR m

Calcium Acrylate © = 7.0 0.4 17. 5—0.2

Persulfate - . 0.44 0.05 9. 0_0 1

Thiosulfate = 0.44 0.1 4. 5-0 1

Water , 50 1.0 20.0 O 2

Sand . : 225 1.5 150 Xo.s
Table A.6

Calculatéd and Actual Chemical Doses

‘The pipette had a 10 ml capacity and was calibrated in 0.1 ml
increments. The sand was weighed to the nearest half gram."’
With leakage and/or spillage in sample preparation the monome:

concentration in the soil would be accurate to about 2%.



3,6 For 4.5: Compressidn Strength |
The Tinius-Olson test machine gave thgﬁﬁﬁff

the sample to .the nearest ten pounds. Measq:gm

units.

Area

Area = ‘ |
- Total load at failﬁféifdrga 5513%0caiéiuﬁ §cf91§£éfé5ﬁélé 

in Figure 4.5 was 7530 pounds.

3.7 ",

_ ' 267.8 o =081
s 248.5 - =7.96
45 L 245.5 e s9,07
62 239.0 L =11.48
134 230.1 S =14.78
206 229.6 i =14.96
230 229.6 . =14.96

P

: Table A.7 = '

"7ff‘fﬁ}nata for Drying a Single 3% Sample.

v b
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(225 3 - 270)100 B an e R

\

. These calculatlons are 81m11ar to the ones for
’compactlng in Seotlon 4. 8. S R R : :

FotyéfS:A Reductlon of Various Parameters Upon Compression

96 reduction = 100 (Param ((Pres—O)) - Param ((Press=P))
\ , Param (Pres-O) Sy

0 psi) 275 gm

weight (p

 wéi§h£(p“f 938 psﬂ“‘ 267 gm

(267 27 )100 : R PR T J e Ry I
s i?B" - = 7 - 2.9%reduction of wt.© .

£l

Welght HZO(p 0 psﬂ-— 50 gm | B S
Weight HZO(p = 933 p51\= 50 - (275-267) igéﬁgﬁffgf”“”"?

:';_"{'F°r 4 o Waterﬂ‘»l.;mmers;on for Figure 4:13 - '

?’;'f'Dry S e 3640
4~Dry and 011 e

e _ Table A.8
' Data for Stabilized Soil Immersed in Waterf
- as Presented 1n Figure 4.13 o




Wt ( t-—o)

.quount of Mlxlng_”

.'Water Needed as.
Seen in Flgure 4 1

:fEISﬁf} L

i;'watat-gm-
P I
_;‘ };5i'A

T N R : T
K o " . B

S Data ‘for‘* son- édﬁﬁéé‘i’ﬁibﬁ’s and Mixing Water .

t aand B(Wt.

t water = (Wt. water) 100

s01l

[ X TS

—

sand) 100_fff

.

22
V{s.?“2§?"
T2
‘ ‘}_  ;29gi

("t ‘t’ ) - e (t-o)loo ol

¢ Water



val mx 60 gm sand, 45 gm sn.lt, 45 gm clay
Tsoxl so +. 45 + 45 150 gm o

(60. gg) 100 29%
150 gm

lj‘Sandl

Kt uaterf"(43 5 gm) 160"#12537

180 rrm



