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INTRODUCTION

Because of the increased highway construction in the past two decadgs,
the demand for.suitable aggregates for base courses has exceeded the sup-
ply in many parts of:the country. To compensate for this shortage of ag-
gregates there has been an increased use of stabilized soil. '

Addipg lime or portland cement to the soil zre two means of stabili-~
zation thet have been widely used. Both of these aaditives have been
tested extensively in a practical way to determine their efficiency in
the stabilization of various soils, Portland cement pastes have alsd been
thoroughl& investigated to determine the mechanisms by which cementation
occurs. Less investigation has been made of‘the soil-lime reaction, but
whet has been done indicates that the reaction products are similar to
those formed during the hydrétion of portland cement. Hovever, most of
the work that has been done in determining the mechanism o the soil-lime
reaction has been cbncerned with the effect of time on the strength of
the soil-lime mixture, and the effect of-time and/or temperature on the
reaction products formed. Little attention has been given to the inter-
relation of time, temperature, and strength of lime stabilized soil.

The objectivé of this inveétigation is to study this interrelation
- of curing time, curing temperature, strangth, and reactions in lime-clay
mixtures. If will be noted that previocus time~temperature-strength
studies were done before lime-clay reaction products were known or identi-
fiable, so it seemed appropriate to try and draw tdgether these two paths

of research, using one to explain or shcw the significance of the other.



REVIEW OF LITERATURE

Soil-Lime Stebilization

Lime is effective in stabilizing heavy clays, a fact well establish-
ed by many investigators. Herrin snd Mitckell (24) have cozpiled an ex-
cellent summary of the published knowledge of soil-lime mixtures to 1960.
Up to thet time it was recognized that lime improved the strength charac-—
teristicé of the soil by a mechanism that was not fully understsod, but
it eppeered that the lime reacted with the clay size portion of the soil
.to form reaction products that cement the soil particles together (24).
Since then several infestigators have established that the reaction pro-
ducts formed in the soil-lime reaction are similar to those formed during

the hydration of portland cement (7,12,14,15,17,30,45,66).

Lime-Bentonite Reaction

The production of hydrates by a iime-clay reaction has been termed a
"pozzolanic" reaction. A pozzolan is a siliceous or siliceous aluminous
material which has little or no cementitious valﬁe, but will react with
.calcium hydroxide in the presence of moisture to form cementitious com~
pounds (1,41). A pozzolan can be either a naturel or artificial material,

The beneficial effect of lime on the workability and strength of
clayey soils has long been recognized. However, it is only in the past
few decades that the mechanisms bj which this improved strength and worka-
bility are obtained have gradually become understood.

It nov appears that the lime-clay reaction f?kes place in two steps.

Davidson and Handy (11) suggest three basic reactions: first, the celcium



ions cause a reduction in the plasticity of the clay; second, the lime
may bé carbonated by the carbon dioxide of the air resulting in the forma-
tion of a weak cement; and third, a cementitious reaction takes place
between the lime and clay mineral. According to Hilit and Davidson (26)
before any pozzolanic reaction takes place, the lime content of the limé-
clay mixture must exceed the amount needed to modify the clay,

. Studies made on the products of lime-cla& systems have shown that
calcium silicate and calcium aluminate hydrates are formed in various
forms at temperatures ranging from room temperature up (17,18,25,45,66).

Several investigators have studied the strength characteristiecs of
the calcium silicate hydrates and have characterized all the products as
cementitious (33,%2,48,55,62). Fﬁrthermore, the formation of calciuﬁ
alumiﬁate and calcium silicate hydfates during the bydration of portland
cement is believed to be responsible for the strength and.cementiné
ability of portland cement concrete (6,10,40), although the aluminates
play a less significant role (6). The calcium silicate hydrate known as
tobermofite gel, a poorly crystalline colloiaal substance, has been called
the "heart of_goncrefe" (7). Jeambor (30) found that the kind and micro-
structure of calcium silicate hydrate as well as the amount formed has an
effect on the strength developed by hardened lime~pozzolana pastes.
Studies have also been made comparing the amount of combined silica to

the compressive strengths of sand-lime bricks, but no conclusions were

reached (5).

Rezaction Products

The major reaction products now recognized to be formed during the



lime-clay reaction are tobermorite, CSH(I)l, CSH(II), CSH(gel), calcium
aluminate hydrates, and hydrogasrnet (17,25,30,66).

The first four cf these compounds are members of what is known as
the tobermorite groﬁp of calcium silicate hydrates (57). The structure
of tobermorite is éimilar to that of some c;ay minerals, particularly
vermiculite (43,61). All members of the tobermorite group, however, do
not have precisely tne same structure. The;e calcium silicete hydrates,
in addition to the structural similarities, also have the small particle
‘size, large surface area, and a number of other propertiesvanalogous to

clay minerals {(12,58).

fobermorite

‘Tobermorite is a platy calcium siliczte hydrate with a composition
approximating 0586H0_9(57). There are several kﬁown discontinuous hydra-
tion states of tébermorite, each with a characteristic c-axis spacing.
The minerzl exists normally with a'c-axis spacing of il.3 K which may be
collapsed to 9.3 X by heating. A 14 Z variety, presumably having an extra
layer of water molecules between adjacent layers, has:been found naturally
' and has been synthesized. Crystalliné 10 Z and 12.6 Z varieties have also
been found but these phases have not been fully investigated {57). The
11 K tobermorite has been shown to be the major comnstituent of the binding

materizl in most autoclaved cement-silice or lime-silica products {17,33,

o]
34,45). A typical X-ray diffraction pattern of the 11 A tobermorite (3k%)

lIt is customary in cement chemistry to denote the following compounds
by short symbols; Ca0 = C; SiO S; Al 0 A3 Fe O, = F; Mg0 = M

320 = H, Thus nCaO-pSmOQ-qHzo is represenéed by csﬁ 3



is shown in Table 1.

Table 1. Representative X-ray diffractometer d-spacings for the tober-
morite group of calcium silicate hydrates

Synthetic CSH(I) - CSH(II) CSH(gel)
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bRelative intensities on an arbitrary numerical scale: 10 being
the strongest. '

CRelative intensity: s, strong; m, medium; w, weak; v, verys;

b, broad; 4, diffuse.

Kelousek (32) and Diamond (12) have studied isomorphous substitutions
in tobermorite. It was found that no significant change in the X-ray
diffraction pattern of syuthetic tobermorite was caused by the incorpora-

tion of considerable amounts of aluminum, magnesium or iron ions into the



lattice of the meterial. It was presumed that these.ions substituted for
silicon in thé tetrahedral coordination, father than for celcium in the
structure, although this violates Pauling’s rules.

A shift of basal spacing from 11.2 K to 11.5 Z was shown in the X-rzy
diffraction pattern of Al-substituted tobermorite in a samplg having 15
rercent replacement of SiO2 by A1203. Except for this, there was no defi-
nite proof that the ions actually substituted in the silica chains.
Kalousek first repbrted the appearance of a hydrogarnet phase (C3ASHh) in
his compositions prepared with more than 11 percent nominal Al-substitution.

Diemond observed that some disorder in the c~axis direction resulted
from substitution of megnesium and iron (the ionic radii of both being
substantially larger than aluminum), because the basal intersities of the
(002) and the (222) peaks are approximately halved, while the stroug peaks
due to reflecting planes entirely within the unit lsyer, i‘e. the (220)
and the (400), are essentially unchanged in intensity.

Diamond also observed that certain new peaks (2.7 X, 4.2 X) appeared
with all the substituents including aluminum, while others (1.95 Z, 7.9 Z)

appeared only with the substitution of the larger ions, iron and magnesium,

CSH(I)

Calcium silicate hydrate (I) has been called "CSH(B)", the "fitrous
phasé", or "C/S 0.80 - 1.33 hydrate", etc. by different investigators.
The designation "CSH(I)" is now most generally used. This phase, while
not known to occur naturally, may be produced in a variety of ways, either
hydrothermally or by reaction at room temperature, through the reacticn of

silica or silica sol with calcium hydroxide solution or reaction of sodium
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silicate solution with calcium salts (3%,58,59).

Recent studies by Diamond (12}, Glenn (17), and Wang (66) have shoﬁn
that CSH(I) can be readily formed by reaction between lime and clay
minerals at both room and elevated temperatures.

CSH(I) is a poorly crystallized gelatinous precipitate which is re-
lated structurslly to tobermorite, but the exact structuzre is not known.
Its composition varies, the C/S ratio is probably between 0.8 and 1.33
(35); the lower limit is well established but the upper one is less defi-
nite, and higher values up to 1.5 or even farther, have been suggested
(59). Taylor {57) arbitrarily sets 1.5 as the upper limit and regards the
semi-crystalline tobermorites prepared at room temperatures having a
higher C/S ratio as CSH(II). Furthermore, this product is metasiable and
eventually transforms to tobefmorite or other phases depending on the
composition (34).

Regardless of C/S ratio, the X-ray diffraction pattern resembles that
of tobermorite except that only a few of the strongest reflections can be
observed. These are mainly ones with (hk0) indices. "Typical" data ob-
tained by Taylor (58) are given in Table 1; similar results have been ob-
tained by éther investigators (12,21,34,47). A basal spacing is sometimes
present in the region 10-13 K; some investigators réport‘this line as
"very strong", while some list it as "very weak, very brecad", and in a few
cases it i§ absent entirely. Thié disagreement is caused by the fact_thai
this basal spacing is often not observable on diffractometer equipment,
but can be observed by film camera diffrgction technique, which permits

long~time exposure and hence more certain recognition of peaks of overall



weak intensity (66). Diamond (12) recently reported a CSH(I) X-ray pat-
tern which exhibits only 3.25 2 (w), 3.02 2 (w), 2.78 A (w), 1.8 2 (),
and 1.66 K (vw) peakg.

Aluminum mey also substitute in the CSH(I) structure. The evidence
for this was found by Diamcnd (12) in his differential thermal énalysis

pattern of CSH{I).

CSH(II)

Calcium silic .e hydraté (II) is commonly abbreviated CSH(II), but
"CQSHQ", "hydrate II", "1.8 C/S hydrate', "CTSth"’ etc. have also been
" used as designatibns. It denotes a lime rich phase, having a C/S ratio
of at least 1.5 and probably up to 2.0, and a low degree of crystallinity,
comparable with that of CSH(I) (16,35,57,58).

CSH(II) is formed as an intermediate product by hydrothermal reac-
tions, usually beiow 200°C, between lime and silica (34,35). It appears
that this is true even when the overall C/S ratio of the mixture is low;
in that case CSH(II) is formed first and later reacts with more silica to
give lower C/S ratio products. Evidence,of the formation of CSH(II) by
reactions of lime with clay minerals have been reported recently (17,66).

The X-ray ciffraction pattern resembles that of CSH(I) except that
the basal spacing of CSH(II) appears to be comparatively strong and fairly
consistent between 9.8 and 10.5 X, and the (060) line at 1.67 Z, present
in CSH(I) is not found in CSH(II), while a new 1.56 Z line characterizes
the.presence of CsH(II) (16,35,47,59). A representative pattern given
by Heller and Teylor (23) is given in Table 1.

No data has been reported on lattice substitution of CSH(II).



CSH(gel)
Calcium silicate hydrate (gel) is commonly abbreviated CSH{gel) but

it has sometimes been called "tobermorite (G)" (G for gel) to imply its
structurai resemblance to natural or symthetic tobermorite, even though’
the crystal structure of this phase is unknown., It is a relatively high-
lime phase.having a C/S ratio usually at 1.5 or higher (7,58).

CSH(gel) is very poorly crystéllized, heving an X-rey diffraction
pattern normally consisting of three lines; a very strong and very broad
reflection, with a maximm st 3.05 Z, and two much weaker broad lines at
2.79 end 1.82 Z (Table 1) { 7). These three lines correspond to three
strongést (hkO) lines of tobermorite. Recently, however, only two lines
at 3.03 and 1;82 A were observed by Diamond (12). Kantro et al. (36)
observed only a single broad difffaction band with the maximum in the

o
vicinity of 3 A.

Calcium aluminate hydrates

Compared‘with the calcium silicate hydrétes, the calcium aluminateb
hydrates are relatively well crystallized. They occur frequently as pro-
ducts of-portiand cement hydration, and of the reaction between lime and
aluminum bearing clay minerals.

Table 2 gives a few selected X-ray diffraction lines for the calcium
~aluminate hydrates that have been found in lime-clay reactions.

CSAH6 is usually formed at temperatures slightly ébove S0°C and is
thermodynamically stable at room temperature (58,67). Iis structure may
be related to that of garpet, Ca3A12(Si0h)3, by replacement of each

.=k = ..
(sloh) by 4 (0H) , giving Ca.3A12(OH)12 (58).
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ChAH13’ CZAH8’ and CAHIO are formed easily under appropriate condi-
tions at room temperatures. It has been found that when ChAH13 is in con-
tact with aqueous solution it is actually in the form of ChAHl9° ChAng
dehydrates readily witn moderate drying at room temperature to give a
mixture of o and 8 forms of a 13 H,0 hydrate. Drying over CaCl, results

in the formetion of a phase of C)AH ., (52).

Table 2. Selected calcium aluminate hydrates

[=]

' Composition Crystal = =~~~ ‘d=spacing, A Source
. system. Longest .. ... .Strongest three. =~ .. of data
C Al Cubic 5.i4 2,30 (10)% 5,14 (9) 2.0 (9) (47)
ChAH19 Hexagonal 10.6 P (52)
oC)AH Hexagonal 8.2 8.2 (vs)® 4.1 (s) 2.9 (m) (52,67)
BC),AE, Hexagonal 7.92 T.92 (vs) 3.99 (vs) 2.87 (s) (8,52)
C)AH, 4 Hexagonal Tk P (52)
ChAH7 Hexagonal T4 P (52)
aC AHg Hexagonal 10.7 10.7 (10) 5.6 (8) 2.86 (1) (47,52,67)
BCAHg Hexagonal 10.4 P (52)
CohE Hexagonal 8.7 P (52)
CjAH),+CaCO, Hexagonal — T.57 T.57 (20) = 3.78 (&) 2.86 (3) (9)
Ao Hexagonal  1h.3 1k.3 (10)  7.16 (10) 3.56 (7) (A7)

®Relative intensities on an arbitrary nuwerical scale; 10 being
the strongest.

bData not obtained.

c . . . .
Relative intensity: v, very; s, strong; m, medium.

Several phases iso-structural with CAAH13 have some of the hydroxyls
replaced by a different anion. The dimension of the structural element

and essential features of the structure are unaffected. A wide range of
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anions can be incorporated but the ones most‘impo;bant to cement chemistry
are (003)"2 and (SOLL)_-2 (58). Two phases in which'the anion is carborate
are knownj; a natural mineral, hydrocalumite, and calcium monocarboalumi- |
nate, C3A-Ca003°ll H20. The latter is formed very reédily from aqueous
suspensions or supersaturated solutioms at or below room temperatures’when
small amounts of 002, such as normally exist in the atmosphere, are pre-
sent (58).

C,AHg iz structually rela%ed to C\AE, ; with certain Al(dH)3 substitu-

tion for H,0 in the latter (31). On drying over CaCl,., C,AH; is formed.

{(s52).

The structure of CAHlo and its relation to the calcium aluminate

bydrate is not clear (31). It occurs primarily at temperatures below room

temperature (47).

Hydrogarnet
Hydrogarnets are solid solutions within the area
Csfg C3TSB
C3Ah6 ——— C3AS3 (63).

They occur as natural minerals and have been prepared hydrothermally froé
mixtures of C3A and C3S,.C3AH6 aﬁ@ calcium silicate hydrates, and lime
and clay minerals (63,66). .

The threg strongest lines of the diffraction pattern of a typical

-hydrogarnet are given in Table 3 (3).
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Table 3. X-ray data for a typical hydrogarnet (3).

° 4 a
d=-spacing, A . .. ... ... ... .. .. I oo
2.68 100
3.00 80
........ 1.61 80 L o

®Reletive intensities om an arbitrary numerical scale, 100
being the strongest.

Time, Temperature, Strength Interrelationship

As long ago as 1886 it was recognized that there was some relation-
ship between curing temperature, curing time aqd strength of portland
cement and lime-sand cement (6L4). Since that time other investigators
have studied the interrelation of strength, time and temperature of con~
crete (4,49,50,51,56). Three principai approaches to the problem have
been made. Bergstrdm (4) suggested 2 "meturity" rule such that any given
concrete would attain the same strength if A(T - ©) were constant. In

this expression,’

A = time of curing
T = curing temperature (°C)
© = the temperature at which no increase in strength occurs.

Plowman (50) modified this to the form:
UCS = Constant + log A(T - 6).
Rastrup (51), after studying the hydration process based his "maturity"

rule on the form: Ucs = f(Ta)



where

p = f o(T = 6)/10
a

aa,

O “ai>

Ta is the "maturity” at curing temperature T, after a curing tiﬁe A,

The effect of curing temperature on the strength of soil-lime mix-
tures has also been studied (13,46). It was found in these studies that
the effect of increased curing temperature was to increase the strength
of the soil-lime mixtures at the same age. Metcalf (46) 2iso showed that
although none of the "maturity"™ rules above hold exactly for soil-lime
mixtures, his results most nearly follow the rule proposed by Rastrup.

Metcalf (46) assumed that the reaction between lime or cement and

clay coulcd be represented by the Arrhepnius equation:

k=B e”E/RT
where
k = the reaction rate |
E = the activation eneréy
R = the gas constant
T = the temperature (in °Absolute) and
B = constant

then‘plotted,his results on the basis:

log (UCS) = B*' - B"/T(°Absolute)
where

B' and B" are consﬁaﬁts.-
He found that the results of cement-stabilized soils plot a consfant

slope over the range 0-65°C, indicating that the hardening action in
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that temperature range is essentially similar and independent of the type
of soil.

For lime-stabilized clays, however, Metcalf found that nct only was
the slope of the curves different for the different clays but that there
was an abrupt change of slope ir the vicinity of 45°C. He made no comment
concerning the change of slope at 45°C but did conclude that the lime-clay
reaction responsible for the strength of the lime-clay mixture'is not the

same for all clay minerals,



i5
MATERIALS

Bentonite is a clay formed by decomposition of volcaniec glass. The
predominate clay mineral is usually montmorillonite (44), The clay used
in this investigation was a Ca~saturated montmorillonitic clay commercially
produced as the "Panther Creek Southern Bentonite" from White Spring,
Mississippi by the American Colloid Company. This bentonite contains
approximately 56% $10,, 20% A1203, 8% Fe 05, 2nd 3% Mgo a§ its mein con-
st:’.‘l;uer_"cs.:L The S/A ratio is approximately 4.75. The chemical formula
of a similar bentonite from Amoy, Mississippi is listed in AAPG Reference
Clay Hinerals (37) as (A1) )oFeq 3oMBy 51)(A1, 40535 gg) 014(0E),
(25 02 2 0,280

Montmorillonite is composed of units made up of two silica tetrahedral
sheets with a central aluminum hydroxyl octahedral sheet. All the tips of
the tetrahedrons point toward the center of the unit. The tetrahedral
and octshedral sheets combine so that the tetrahedrons of each silica sheet
and one of the hydroxyl layers of the octahedral sheet form a common layer.
The atoms common to both the tetrahedral and octahedral layer are O instead
of OH. The layers are continuous in the a and b directions and are stack-
ed above one another in the c¢ direction. |

The units are stacked with the O layers of each unit adjacent result-
ing in a very weak bond and excellent cleavage. The outstandipg feature

of this structure is that water and other polar molecules can enter between

the unit layers causing the lattice to éxpand in the ¢ direction (20).

lInformation furnished by the American Colloicd Company.



Isomorphous substitution of Al for Si in the tetrahedral sheets and/or-
Mg, Fe, Zn, Ni, Li, etc., for alumirum in the octahedral sheets is quite
common. As can be seen by the chemical formula of the material used in this
investigation, there is indeed isomorphous substitution in both the tetra-
hedral and octehedral sheets. ‘

bThe lime used in the investigation was a powdered analytical reagent
grade calecium hydroxide.

All water used in the preparation ¢f specimens and in teéting proce-—

dures was distilled by a Barnstead Automatic Water Still, No. SLH-2,
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METHCDS COF STUDY

In order to reduce the variables to a minimum, only one ratio of lime
to clay was examined, and the amount of water was held constant. A C/S
ratio of approximately 1.0 was chosen for the study because Wang {66) had
established that this C/S ratio produced é variety of reaction products
over the curing vimes and temperghures to be studied. The clay used in
the investigation wes chosen because some irformation concerning its reac-
tion with lime had already been developed by Wang (66).

In general, the procedure followed in the investigation was to pre-
pare 1 in. high by 1/2 in. diameter samples of the lime-clay mixture, cure
them at the selected temperature for the selected times, ther test tnem °
for unconfined compressive strength. Following the.strength testing, all
the broken samples of the same curing time 2nd temperature were placed in
a container and vacuum dryed over a mixture of Ca012 and Ascarite for a
period of at least forty-eight hours. Following the vacmm drvizg the
samples were ground by hand until the powder passed the No. 200 sieve.
Representative samples of each mixture cured under different conditions
_were then scanned by X-ray diffraction for evidence of reaction product
formation. Other representative samples were teéted to determine the
' amount of calcium hydroxide, silica, and aluﬁina present iﬁ the cured
samples. The techniques used are explained in greater detail in subsequent

paregraphs.

Molding znd Testing of Specimens
The utilization of 1 ir. high by 1/2 in. diemeter ~* _-ength test speci-

mens results in considerable savings of time and materials. The results

EEtS
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obtained reflect the cohesive strength of the lime-clay system, and are
sufficiently valid for comparative studies. The molding apparatus has
been described iz detail by Roderick (53); the lime—clay.mixture is com~
pressed. by hand into a cylindrical mold through a lever arranzement, and
density and moisture contént are controlled in the molded specimens.

In the present investigation, the specimens were molded to constant
denéity at optimum moisture content for maximum density. This optimum
moisture content and maximum density were determined by use of the Harvard
Miniature Mold. The procedure used is described in detail by Wilson (68).
The procedure is similex» to that described by ASTM Designation: D 658-58 T .
(2) for the moisture-density relation of soils.

Proper emounts of lime, clay and water were lhand mixed until & unifornm
mixture was obtained, then the amount of material required to attain the
maximum density was weighed out and placed in the mold. Five specimens
were used in each testing condition. After completion of specified curing,
the spécimens were tested by a proving ring type of compression apparatus,
accurate to + 25 psi, and the average of the five specimens was reported

as the unconfined compressive strength.

Curing
After molding, the samples were placed on a rack inside an airtight
hard plastic Lustro-ware bowl in which distilled weter had been placed
such that the water was not allowed to come in contact with the specimens,
The tops of the bowls, although very tight fitting, were further sealed
with cellophsne tépe to prevent the entry of carbon dioxide and the loss

of moisture, before being placed in the appropriate curing chambers.

-



‘Electric ovens were used as chambers for the L0°C, 50°C, and 60°C curing.
The 23°C curing was performed irn a temperature-controlled humidity room.

The 5°C curing was done im a small laboratory refrigerator.

X-ray Diffraction

A General Electric XRD-5 diffractometer was used for general investi-
getion of powder samples for the presence of crystal;ine products and for
the determinatior of the calcium hydroiide content of the cured mixture.
Nickel filtered copper Xoa radiation was used. The powder samples were
mounted in disc-shaped btrass rings with a pressure of 100C psi in order to
obtain a dense packing, avoid effects of preferred orientation, and give
good reproducibility (54). To Pfurther avoid the effects of preferred

orientation the discs were continually rotated while in the X-ray beanm

(22) .

Determination of Caleium Hydroxide Conter:

The quantitative determination of the calcium hydroxide content of
the cured mixture was made using the internal standard methbnd cutlined by
Klug and Alexander (39).

Quartz powder was used as the internal standard. Thae s;andard series
of mixtures for use in preparation of the calibration curve was made up
from finely ground quartz powder, caicium.hydroxide, calcium cartonate and
the clay. The mixtures were pluced irn four-dram élass vials with small
vieces of rubber énd mixed in a Spex Model 8000 vibratory mixer/mili for
five minutes to assure thorough mixing. Five samples of each mixture were

o
then examined by X-ray analysis and the intensities of the d = 2.62 A
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(calcium hydroxide) and 4@ = 2,45 Z (quartz) reflections were comparad.
Beceause éf the linearity of the curves and the reproducibility of the data,
it was believed unnecessery to use addiiional mixtures.,

In the determination of the intensities, allowances werz made for the
background intensity. Figufe 1 shows a composite chart of tke X-ray traces
of quartz, calcium hydroxide, montmorillonite, and tobermorite for copper
Ko radiation from 32° to L40° 203 tke béckground under the calecium hydroxide
peak at approximately 34.1° was assumed tc be equal to the background at
around 39°. Similarly, the background under the quartz peak at 36.8° was
taken as a straigh®% line connecting the background at 38.2° and 35.9°.
These observations were used in the caiculation of fhe intensities of the
quartz and calcium hydroxide peaks as showm in Figure 2. A line was drawn
connecting the intemsity at 38.2° to the intensity at 35.9° and the dis-
tance from the guartz oezk to this line was_considered the peak intensity
of the quartz. Another line was drawn parallel to the intensity ét 38.2°
and the distance from the calcium hydroxide peak to this line was consider-
ed the peak intensity of the calcium hydroxide. The heights were measured
rather than areas because observations showed that there was no appreciable
differences in line broadening. The resulting calibration curve is shown
as Figure 3.

The guantitative analysis of the cured mixtures was carried ovt under
the same conditicns as the preparation of the calibration curves. In this
case, 0.5 grams of gr;und quartz was mixéd with 2.5 grams of tﬁe ground
cured sample and the calcium hydroxide content found by comparison of the

ratios of the intensities of the lines indicated zbove with those of the
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Calcium hydroyide, percent

1/14

Calibration curve for determination of czlecium tydroxige
content of cured specimens by X-ray analysis
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standard curve. The hygroscopic moisture content of the sample was deter-
mined and the calcium hydroxide content was reported as grams per 100

grams oven-dry mixture,
L]

Determinztion of Silica and Alumina Content
The amounts of silicates and aluminates contained in the reaction
vroducts msy be determined by chemical means because the reaction products
are soluble in dilute HC1l whereas the solubility of the clay mineral is
negligible under certain conditions (%0).

Preliminary tests for optimum conditions for extraction

Time of extraction The procedure is designed to extract the maxi-

mum amount of Ca-silicates and aluminates formed but to cause the minimum

dissolution of clay structure. Preliminary tests had shown that‘pure

tobermorite prepared at 175°C ;n a saturated steam autoclave can be dis-

solved completely in a sufficient amount of O.i N HC1l within 30 minutes by

continuous shaking. It also has been shoﬁn that clay or soil samples are
1

not subjected to any extensive breakdown under this condition.

Proper Normality of HCl The sample must be dissolved in HC1l of

such strength as to give a final supernatant pH of between 1 and 2. Thé
pH is eritical for two reasons. First, the rate of polymerization of

silicic acid dissolved is a minimum in this pH range (29). Second, the
aluminum ion i1s stable at this pH range, but slowly pol;merizes and pre-

cipitates as Al(OH)3 at a pE greater than 4. In addition, the strength

-

lHo, C., Soil Research Laboratory, lowa Engr. Exp. Sta., Iowa State
University of Science and Technology, Ames, Iowa. Solubility of Tober-
morite in dilute HCl. Private communication. 196k,
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of the HC1 must be such that all the calcium silicates and aluminates are
dissolved and at the same time 2 minimum amoﬁnt of clay is dissolved. The
optimum strengtli of the HC1 used for extractiéﬁ varies depending on the
clay and the lime content of the lime-clay mixture. To defermine the op=~
timum acid strength for the lime-clay mixture used in the present investi-
gation, a series of tests was made by sheking 0.5 grems of the sample in
50 ml HC1l for 30 minutes. The results are shown iu Table 4. The cured
lime~clay mixture chosen for the determination had previcusiy been deter-

mined to contain the least unreacted calcium hydroxide.

Table 4. Results of optimum HCl normality determination

Sample HC1 pH SiO2 dissolved A1203 dissolved

I\? o .. .gnf100 gn sample gm/100 gm sample
Clay 0.00 6.0 0.018 0.000
Cley 0.10 1.5 0.018 0.094
Clay 0.15 1.k 0.220 ' 0.189
Clay 0.20 1.1 0.180 . 0.265
Clay 0.25 1.1 0.200 - 0.h472
Clay 0.30 1.0 0.250 0.510
.Cured Lime-clay 0,00 11.7 0.200 1.965
Cured Lime=-clay (.10 3.7 T.T0 3.2590
Cured Lime-clay 0.15 2.0 12,70 5.442
Cured Lime-clay 0.20 1.6 12.20 5.4k
Cured Lime-clay 0.25 1.45 12,00 5.Thk
Cured Lime-clay . 0.30 1.3 12.70 o  5.Thy

From these data, after making allowapces for possible experimental
error, it was decided that an acid concentration of 0,20 N and a 30 minute
shaking time best met all the criteria.

Sample extraction

A suspension of 0.5 grams of vacuum~dryed cured sample in 50 ml of
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0.2 X HCl wes placéd in a 125 ml Erlenmeyer flask., The flask was placgd
on a vibratory shaker operated at approximately 400 rpm for 30 minutes.
The residue was then immediately washed into a centrifuge tube and centri-
fuged at 16,000 rpm for 10 minutes to obtain a clear supernatant, which
was then diluted to 100 ml with distilled water in a 100 ml volumetric
flask.

Adumina determination

Modifying the procedure for determination of aluminum outlined by
Vogel (65), a quantity of extract containing between 0.0l and 0.10 mg of
aluminum in 2 25 ml rolumetric ”lask'was diiuted with 5 ml of a buffer
solution. This buffer solution is made up of approximately 77 grams NHhAC
and 57 ml concentrated HAC per litér to give a pH of 4.5 (the amounts are
given as approximate because they vary depending on the strength of the
concentrated HAC). One ml of 0.2 percent Aluminon reagent was added and
the mixture made up to 25 ml with distilled water and allowed to stand for
30 minutes before the cclor intensity was measured at 520 my on a Beckman
Model B spectrophotometer. A calibration curve was prepared in exactly
the same manner by using a standard solution made up of AIK(SOh)2’12 H20
to contain 0.61 mg/ml of aluminuﬁ. The aluminum content ih.each sample
was determined from the calibration cur%e. The test gave the amount of
dissolved aluminum but for ease in reporting and coméaring the results
fhis was converted to dissolved alumina. Correction for the hygroscopic
m01sture content of the sample was made and the results expressed in grams
per lOO grams oven-dry mixture.

Silica determination

Following the procedure outlined by Govett {19), an aliquot of
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extract containing betweer 0.2 mg and 0.7 mg SiO2 was added to a 25 ml
volumetric flask, acidified with 5 ml of 1 N stoh and further diluted
with 5 ml of 0.3 M (with respect to (Mooh)fe) ammonium molybdate. The
sample was then diluted to 25 ml with distilled water. The color inten-~
sity was measured at 400 mp on a Beckman Model B spectrophotometer not
sooner than two minutes nor later than ten minutes after the addition.bf
vammonium molybdate., Calculation of the silica content was made by refer-
ence to a standard curve. The standard silica solution was prepared by
dissolving sodium metasilicate (N328i03°9 H20) in distilled water égidified
with Hgsoh so thet the final pH‘is about 1l.5. Aliquots of the standard
solution were used to pfepare a standard curve up to about 1.0 mg SiO2
per 25 tml., The silica content.as determined from the standard curve was
then corrected for the Lydroscopic moisture content of the sample and the

silica content reported in grams per 100 grams oven-dry mixture.

-
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RESULTS AND DISCUSSION

Strength vs. Time and femperature
Results

No significant loss of moisture was found in any of the samples cured
at 5°C, $3°C ang L0°C up to 56 days, 50°C up to 28 days and 60°C up to 1k
days. Samples cured at 50°C for 56 deys end at 60°C for 28 and 56 days
seemed excessively dry and the conteiners were completely dry. This lack
of excess water is believed to have critical effects on the strengths'ob-
tained and the formation of reacticn products; therefére, data on the f
samples cured at those temperatures for those times vere{ignored.

Figure U4 shows the average and extreme unconfined compressive strengths
as a function of curing time for the’ various curing temperatures. Except
for the 3 day curve at 5°C, the figure shows an increase of strength with
time at all temperatures with the greater rate of increase at the highér
temperatures. This was as expected. The drop in strength for 3 day curing
at 5°C appears to be due to experimental error.

Figure 5 shows the unconfined compressive strength as 2 function of

log Ta; with Ta = Q‘T + 11.7)/10

A, where T = curing temperature in °C znd
A = curing time in days. This function of time and temperature was chosen
because Metcalf (46) showed that of all the "maturity" laws, this one gave
the closest fit to the results of lime-caly stebilization. The Taiused in
this expression is merely a simplification of Rastrup's (51) "maturity"
rule, Ta = ? Q(T - O)/lOdA, when the temperature at'which the reaction

o}

ceases is considered to be - 11.7°C and the curing takes place at a con=-

stant temperature during the entire curing time. The temperature - 11.7°C
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was chosen becezuse Plowman (50) determined this temperature to be the
datum temperature for concrete maturity calculations. Saul (565‘had
earlier chosen - 10°C for the datum on the basis of curve fitting. Plow-
man made his modification on the basis of direct measurements. A plot of
the unconfined compressive strengths of the present investigation was
made using - 10°C as the datum temperature and it was found that there
was a great deal more scattering of points than when the - 11.7°C datum
temperature was used. However, even with the increased scatter, th?‘- 10
datum temperature piot had all the characteristics of Figure 5.
Discussicz

Examination of Figure 5 shows a grouping of points along two different
lines. The lower line is formed by the unconfined compressive strengths of
samplgs cured at 5°C and 23°C; the upper liﬁe by the unconfined compressive
strengths of the samples cured at 40°C, 50°C, and 60°C. Plotting the
avérage unconfined compressive strength as log (UCS) = B! - B"/T (°Absolute)
in the fashion of Metcalf (46), Figure 6 shows a similar trend. If equal
slopes are taken to indicate thet the strength is due to a similar reaction,
the»following results: all curing times except 1 day curing produce the
same reaction over the temperature range 5-23°C. For the 1 and 3 day cur-
ing this temperature range is extended to 40°C. In the ranmge 40-60°C, 1
and 3 day curing produce another reaction. For the other curing periods a
third reaction is responsible for strength development over the range L0O-
60°C. In the range 23-40°C either the second reaction or a combination of
the first and third reactions is responsible for the strength development.

One tentative explanation is that a.different reaction product is

formed at different curing temperatures and that the cut-off temperature
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lies between 23°C and 40°C. Wang (66) found with the seme materials used
in this investigation and C/S = 0,892, mixtures produced CSH(gel), CSH(I),
hydrogarnet, and ChAHIB when cured at 40°C for periods of T to 180 days,
the products formed being dependent on the curing time., The same mixture
composition cured at 23°C for periods of from 28 to 180 days produced only
CSE(gel) and chAHB. Glenn (17) alsc found, when investigating a similar
bentonite-lime mixture with C/S = 0.69, that mixtures cured at roor temper-
ature for long periods produced C, AH 3 CSH{I), CSH{gei), and possibly
CSH(II). Mixtures of the same composition cured hydrothermally for short
periods yielded; CSH{gel}), CSE{I), and ChAHlB at 40°C, and CSH(I), and
possibly CSH(II) or aluminum substituted tobermofite at 80°c.

Another explanation is that a complex reaction is taking place. In
support of)giis, Taylor (58) in discussion of lime-quartz paste reéctions
says that although many details of the reaction are obscure and others
depend on.the conditions of the investigation, the general picture seems
to be clear: Reactiorns on the quartz surface initially give a lime-rich
substance similar to CSH{(II). When the overall C/S ratio is low, this
reaction proceeds until all the lime is depleted; the CSH(II) then reacts
“'with more quartz giving CSH(I), the C/S ratio of which eventuélly drops
‘to 0.8. If the temperature and time are sufficient, the CSH(I) then re-
crystallizes to tobermorite. If the overall C/S ratio is below 0.8, the
CSH(I) or tobermorite also reacts slowly with the unused quartz to give
gyrolite.

If the lime-clay reaction is similar to the lime-quartz reaction, and

on the basis of reaction products it appears that it is, then it would
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appear that a complex reaction is taking place. It also appears that this
complex reacticn is = conse;utive reaction.of the form A + B §C %D, in
which k is the rate constant for the first step and 1 is the rate constant
for the sscond step (38). With 1 Z k no C will be formed, and if.l<<k a
negligible amount of D will be formed. Since k and 1 are temperature 3Je~
pendent, at some temperaturé where k is slightly larger than k, botkh C and
D will be present. As time progresses the amount of D will build up where-
as the smount of C will increase slower., Now if D coniributes more to the
strength of the mixture than does C, at some tiﬁe when the amount of D in
the mixture is greal enough, the mixture wiil behave as though all of its
strength was coming from D. At temperatures around room temperature and
below only the first reaction would be taking place; at temperatures of
40°C and higher the second reaction will be taking place at relatively the
same rate as the first, so that essentially there is very little‘if any of
the first procduct formed.

In general, this consecutive reacticn theory may be substantiated by
data from Wang (66), who showed that CSH(gel) formed at low curing times
and temperatures, and converted tc another CSH phase with prolonged curing.

Figure 4 also confirms that even though it appears that the strength
gain of the lime-clay mixtures cured at different temperatures is due to
different phases of the complex reaction, it is possible to‘utilize accel-
erated curing methods to approximate the strengtkz of soil-lime mixtures
cured at lower temperatures—for longer times. However, the results of
this investigation also point out that because of the differing reactions
with lime and different soils, care must be exercised in the use of accel-

zrated curing tests. Each soil that is to be subjected to accelexated

P S—r— e
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curing shouid.be investigated thoroughly to assure that disproportionate

strengths are not achieved by accelerated curing.

Reaction Products

The analysis of the reaction products formed will be made on the basis
of X«ray diffraction curves and data obtained from the spectrophotometer
analysis of leachates. The results will be discussed accordigg <o the
curing times.,

Figure T shows the acid-soluble alumina after curing at various temper-
atures for various times, corrected for the 0.13 grams alumina per 100
grams oven-dry mixture found to dissolve from the natural claf. The
alumina is expressed in grams AJ.203 per 100 grams oven-dry mixture.

Figure 8 shows the acid-soluble silica after curing at the various
temperatures for various times, corrected for the 0.06 grams silica per
100 grams cven-~dry mixture dissolved from the natural clay. The silica is

expressed in grams Si0 per 100 grems oven-dry mixture.

2
One day curing '

The thay diffraction curves for éne day curing confirm that reaction
products in the tobermorite hydrate group are formed at all temperatures,
indicatéd by peaké at 3.07 and 1.82 Z. All curing temperatures also pro-
duce a sligﬁt amount of ChAHn’ indicated by peaks in the regions of 7.5,

o}
L,1, 3.99, and 2.88 A. However, the mixture cured at 23°C gives the most

° [ 4

cefinite peak in the region of 7.5 A. The mixture cured at 60°C also has
o] o

broad weak peaks at 3,03 and 1.97 A. The additional peak at 3.03 A prob-

ably indicates that there are two phases of the tobermorite group present

. o
in the cured mixture, i.e., CSH(II) and CSH(gel). The 1.97 A peak
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corresponds to a peak found by Diamond (12) in iron or magneéium substitu~ -
ted tobermorite; since no data are available on lattice substitution in
CSH(II) or CSH{gel), this may indicate that some substitution is taking *
place in one or both of these.

At one day curing there isilittle difference in the amount of acid-
soluble silica ard alumina found after curing at 5°C and thai found aiter
curing at 60°C (Figures T and 8).

"Three day curing

The X-ray diffraction curves for three day curing are essentially the
same as those for one day curing, except that mixtures cured 2t all temper-
atures have weak peaks in the region of 10;5 - 9.8 Z, indicating the pre-
sence of CSH(II). The diagrostic T.5 Z peak is missing from 8ll curves but
the cother chAHn pegks are still weakly present, The 1.97 R peak does not ,
appear in any of the curves but there is a broad hump in the region of
3.03 Z on all curves. The rate of increase of acid-solﬁble alumina and
silica with respect to teumperature is slightly greater for this curing

time than it was for one day curing (Figures 7 and 8).

Seven day curing

The X-ray diffraction curves of this curing time are the same as
those for three day curing, however, the 7.5 Z peek of chAHn is quite
evident at 50°C and 60°C curing temperature, but not at the lower temper-
atures. At these same curing temperatures the 1.98 Z peek indicating
possible ifon or magnesium substitution in the calcium siliéate hydrate
reappears. The rate of increase'of acid=-soluble alumina with féspegﬁ to

temperature is approximastely constant between 23°C and 50°C but increases
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between 50°C and ¢0°C (Figure 7). Tie rate of inerease of acid-sciuble
silica 1= coustent from $°C £o 40°C but increases from 4%C°C to 50°C end
then decreases sliéhtiy between 50°C and €0°C (Figure 8). The latter may
bz aumother indicetion of iattice substitutisna,

14 day curing

The X-ray diffraction curves.again ere the szme &s those for seven
day curing. A noticeable featurce thengh, is the change in shape of the
crrves for 50°C and 60°C curing teﬁperatures at 3.07 Z. At shorter cur-
ing times tals peak was relatively sharp, tut now it has become very
broad. At 60°C curiung tempsrature additicnal peaxs st 2.74 and 2.23 K
occur, The 2,74 Z peak is betwecen a 2.78 E peak r.noxrted Tty Diamond (12)
for CSH(I) and a 2.7 Z peak also reported Ty iaim for aluminum substituted
tobermorite, The 2,23 Z peak csnrnot be accounted for.

28 day curing

The diffraction curves for SC°C curing is the same as that of 60°C
curing for 1U4 days, but the other curing temper;tures do not exhibit any
change from the lu4 day curves. It should be noted that there is a great
increase in thke rate of increase of acid-soluble silica and alumina
between 40°C and 50°C (Figures T and 8).

5¢ day curing

The X-ray diffraction curves for 56 day curing are the came as thouse

for 26 day curing except that very distinct peaks appear on all curves in

)
Q

the region of T.5 A, indicating the definite formation of crystallire

ChAHn' i

Sumpary of X-ray data

No evidence of formetion of hydrogarnet, ordirarily shown by jeaks
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in the region of 2.68, 3.00, and 1.61 A, was found in any of the X-ray

diffraction curves.
A summary of the crystalline products diagnosed from X-ray diffraction
are shown in Taﬁle Se 'ChAHn is reported as present only where there are
o )

peeks in the region of T.5 A; at other times it is reported as probsable,

on tkhe basis of other peaks.

Tatle 5. Summary of crystalline products observed from X-ray analysis

Curing Temp. S o .. Cuxring Time

o]

C .

162y 3 days T days.....1h days . . 28 days.. 56 days

5 A?,G A?,G,IT A?,G,IT  A?,G,II A?,G,II A,G,II
23 AG A?,G,IT A?,G,IT  A?,G,IT A?,G,II A,G,TI
4o A?,G A?,G,IT A?,G,IT  A?,G,II A?,G,II A,G,II
50 A?,G A?,G,II A,Ga,IIa A,Ga,IIa  A,Ga,Iz,ITa N.D.
60 A?,Ga,IIa 4,6,7I 4,Ge,IIa A,Ge,Ia,IIz .. N.D.. . N.D.

II - CSE(II)

)
|

probable

2 - probable lattice substitution

N.D. - not determined

At 5°C, 23°C and %Q0°C curing temperatures C)\AH , CSH(gel) and CSH(II)

appear to be the stable phases. The same products appear at 50°C and 60°C
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curing temperatures, with probable lattice substitutions and CSH(I) appear-

ing after several days of curing.

Examination of Table 5 also reveals that the X-ray diffraction curves
gave supporting evidence to the theory advanced earlier, that the lime-

clay reaction 1s a consecutive reacticn:

lime + clay + CSH(gel) » CSH(II) » CSH(I),
as evidenced by the trend indicated in the 50°C and 60°C curing; and that
at any given time there may be more than one phase of the reaction present,

depending upon the curing time and temperature;

C/S ratic cf reasction products

Table 6 shows.the apparent C/S ratio of the reaction products at the
'fferent curing‘times and temperature, based on the re;ults ofithe X-ray
diffraction détermination of calcium hjdroxide in the cured mixture, and
the épectrqphotometer determination of acid-soluble éilica and alumina.
These C/S.ratios were computed after making these assumptions:
1. All the calcium hydroxide that disappears during cﬁring is
assumed to enter into the pozzolanic.reaction.
2. All acid-soluble alumina is assumed to come from chAHn
reaction products.
The first assumption may be incorrect because as Hilt and Davidson
(26) have shown, some of the lime is utilized in the modification of clay
and hence does not enter into the pozzolanic reaction. Ho and Handy
(27,28) have further shown that this lime does not show up on DTA curves,
suggesting that the 1lime is adsorbed onto the clay structure. Since the

exact amount of lime utilized in this manner could not be determined, the



k2

assumption was made to make a rough comparison rather then an exact deter-

mination of the reaction products' C/S ratio.

Table 6. C/S ratio of dissolved reaction products after assuming all
acid-soluble elumine comes from CyAH products and all cal-
cium hydroxide that disappears is utlligzed in calcium sili-
cate and calcium aluminate products

Curing Temp. . I . . .Curing Time . .
[+]
C
lday . . 3dsys . T.days. . 1b days = 28 days 56 days

5 6.0 6.2 6.6 LT 5.8 3.8
23 3.k 3.8 2.6 3.6 3.2 2.7
40 2.6 1.9 1.7 1.7 1.8 1.5
50 2.7 1.7 1.7 1.6 .9 -
60 2.9 1.8 1.2 1.3 - -

The second assumption may also be in error because of the indication
of lattice substitution in the reaction products. However, since the
amount and type of substitutions that do occur cannot be accurately de-
termined, the assumption was considered valid enough for comparison pur-
poses,” The assumption of formati§n of only ChAHn products seems valid on
the basis of X-ray analysis and the fact that in this temperafure range
the tetracalcium sluminate hydrates are most likely to bé_formed (63).

The C/S ratios of the reaction products of the mixtures cured at 40°C,
50°C, and 60°C are all in the same range. Those of the mixtures cured at
5°C and 23°C are in an altogether different range. At this point it should
be recalled that the C/S ratio of the tobermorite group of calcium silicate
hydrates is in the range of 0.8 to 2.0 (60).

The velidity of the first assumption is indeed questionable at low

curing temperatures and short curing times, as the apparent C/S ratio is
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much higher than is believed possible for the tohermorite groupr (Table 6).
Indeed, it is so mﬁch higher that it seems reasonable tc take this as
additional evidence that an appreciable amount of calcium is adsorbed onto
the clay structure as suggested by Ho and Handy (27,28). At higher temper-

atures and longer curing times the effect of this erroneous éssumption is

‘reduced because of the dissolution of the clay and the accompanying release

of the adsorbed calcium. It appears, however, that if allowances are made
for error§ due to lattice substitution end adsorbed calcium, that the
appargnt C/S ratios of the reaction products generally correspond to those
expected from the X-rey analysis, i.e., of the order of 0.8 to 2.0.

S/A ratio of reaction products

Tablé 7 gives the ratio of acid-soluble silica to acid-soluble alumina
at the different curing times and temperatures. Plots of these data
against time, temperature, and unconfined compressive strength showed no
consistent relationship except that all values of S/A are between 3.6 and
5.9 (Figure 9). The average is 4.T6, or sbout identical with the S/A ratio
of the ciay, which is 4.75. This would suggest that at all temperatures
the lime is reacting with the clay along edges of the sheets rather than
on the flat surfaces, since if the reaction were taking place on the sur-
face of the tetrahedral sheets thé S/A ratio would be higher than L.T5.

The close agreement of the S/A ratio‘of the dissolved reaction products to
the S/A ratio of the clay also indicates that the chemical determinetion

of the acid-soluble silics and acid-soluble alumina is wveligd.
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Table T.: S/A ratio of dissoved reaction products at various curing time
and temperatures '

Curigg Temp. S . ... .. .. Curing .Time. .. . ... .. ... .. )

C

1 dey 3 days. .T.days. 1% deys = 28 deys 56 days.. Avg.

5 5.0 k.0 b.s 5.4 5.3 5.9 5.02

23 5.0 b7 5.6 Lok k.6 b1 k.73

ko 4.9 5.1 k.9 L7 5.0 L, 4,82

50 4.k 4.8 5.5 4.3 3.6 - L.52

60 5.5 k.2 by 4.7 - - k.70

Avg, 4,96 k.56 Lk, 08 }.70 k.62 4,77 L.76

Relation of Strength to Reaction Products

Jambor (30) has shown that the compreésive‘strength of & mixture is
affected by the volume and by the kind and micro-structure of the cementi-
tious hydration products developed. With this in mind let us examine the
relaﬁionships, if any, of the vaéious factors that have been determined in
the investigation to the unconfined compressive strength of the cured
mixtures.

As can be seen from Figure 9, the'S/A ratio of dissolved reaction pro-
ducts has little or no effect on the strength of the cured- mixture.

Figure 10 shows the unconfined compressive strength of the mixture as
a function of the calcium hydroxide present in the cured samples. It is
- evident that the strength of the mixture is not a function of the calcium
hydroxide alone, but that thé temperature of curing has an effect on the
strength of the mixture developed by the reaction of a given amount of
calcium hydroxide. It is also evident that in the samples ;ured at 5°C

and 23°C, the difference in temperature has little effect on the strength
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'developed by the smount of disappearing calcium Hydréxide. The csame fea-
ture is roted in tﬁe samples cureé at L0°C, 50°C, and 60°C., However,
there is a noticeable difference in the sirength deveioped by the 2isap-
pearance ¢f a given amount of calciumr hydroxide betwgen camples curesd at
23°C ard 40°C.

Figure 11 shews the unconfined compressive strength as a function of
acid-soluble silica. Here again it appears that temperature plays a role
in determining the strerngth developed by a given amount of silica. The
samples cured at 5°C and 23°C foliow one curve, the samples cured at 5C°C
and 60°C follow snother, and the samples cured at Y0°C #ollow still
another.

Figure 12 shows the unconfired compressive strength as a function of
acid-sélﬁble zlumina. The figure displays the seme characteristics as
Figure 11,

On the basis of these figures it can only be concluded that at a given
curing temperature the cured sample that has the largest amount of acid-
soluble silica or alumina, or the smallest amount of unreacted calcium
hydroxide, will have the highest unconfined compressive strength. These
figures also conifirm thet there is a different phassof the reaction re-
sponsible for strength development at 50°C and 60°C curing temperatures
than at the 5°C and 23°C curing temperatures, but they do.not explain the
more efficient strength develépment in terms of acid-soluble silica and
alumina with the intermediate L40°C curing tempersture.

The average uncorfined compressive strength as a funétion of apparent
C/S ratio is shown in Figure 13. Although there is a large amount of

scatter it is evident that for the production of high strengths it is
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necessar& to have an apparent C/S ratio less than two.

These low C/S ratios are produced at curing temperstures of 40°C and
higher (Teble 6). This probably accounts for the two distinet groupings
cf points in Figure 5.

It elso appeafs that the farther the consecutive reaction proceeds
the lower the C/S ratio becomes and the higher goés the unconfined com-
pressive strength (Tables 5 and 6, Figure 4).

To summarize, the compressive strength of the mixture is affected by

the crystalline structure as well as the amount of reaction products form-

ed in the lime-cley reection. This was evident from the more efficient
strength development in térms of acid-soluble silica and alumina, and
disappearing calcium hydroxide at the higher curing temperatures. This
increased strength development was accompanied by a change in the number
of crystalline reaction products detected by X-rey analysis. It appears
that the S/A‘ratio of the reaction products has no apparent effect cn
strength develgging potential of tﬁe reaction products, but the C/S ratio

does.
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CONCLUSIONS

Based on this investigation the following conclusions were reached:
g &

1.

3-

9.

The strength gain of lime-clay mixtures cured at differeat
temperatures is due to different phases ¢f a cuomplex reaction.
Tuis complex reactica is: lime + clay + CSH{gel) - CSH(II)~»
CSH{I) "> tobermorite. The farther the reaction proceeds,

the higher the strength,

At curing temperatures of 50°C and higher, lattice substitu;
tions take place in the structure of the calcium silicate
hydrates.

There is no ccnsistent relationship between time, temperature,
strength, and the S/A ratio of the reaction products.

The curing temperature has an efféct on the strength developed
by & given amount of silica in 2 cured iime-clay mixture.

At a given curing temperature the cured samwnle that has the
largest amount of écid—soluble silica or alwrira, will give
the highest strength.

To achieve high strengths the apparent C/S ratio must be less
thar two. ”

Suvne calcium is adsorbed onto the clay structure rather than
entering into a pczzolanic reaction as evidenced by abnormally
high appereant C/S ratios at low curing temperatures.

The total S/A ratio of the lime-clay reaction préducts equals
that of the clay mineral., This suggests that lime reacts with

the clay along cedges of the clay sheets rather than on the
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flat surfaces.

Alumina in the reacﬁion products occurs mainly in chAHn at
21l curing temperatures; at curipg temperatures of 50°C or
higher, some alumina may substitute iscmorphously in the
calcium silicate hydrate structures.

It

is possible to determine the.aﬁoynt of silica and alumina

in lime-clay reaction products by Spectrophotometer analysis

with sufficient accuracy for comparison purposes.
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