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Previous test results have shown that the high- calcium variety 
of hydrated lime is most effective for modifying soil plasticity, 
but at normal curing temperatures the dolomitic monohydrate, 
Ca(OH)2  + MgO, is best for producing strength. The reason 
was not known. 

Three series of samples were prepared, wetted, sealed and 
curedfor various times at several temperatures, andanalyzed 
by X-ray diffraction: Ca(OH)2 + bentonite, C/S variable; Ca(OH)a 
+ MgO + bentonite, C/M variable from 0 to , (C + M)/S being 
0. 892; and Ca(OH)2  + MgO + bentonite, C/M = 1, (C + M)/S 
being variable. To check the resulting hypotheses regarding 
cementation, various lime + sand samples were then molded, 
cured in CO2-free conditions, and tested for unconfined com-
pressive strength. 

Results indicate that the essential role of MgO is to form 
Mg(OH)2  cement. At room temperature this reaction proceeds 
faster than the pozzolanic reactions with Ca(OH)a; hence mono-
hydrate dolomitic lime may be used to advantage in cool climates 
or late in the construction season. Higher temperatures (40 C) 
accelerate pozzolanic reactions and mask cementation effects of 
the MgO. Identified reaction products include the CSH and 
C4AH13  groups and hydrogarnet. Serpentine in both fibrous 
(asbestos) and platy forms was found in mixes of bentonite 
with MgO alone. At high autoclave temperatures appreciable 
MgO appears to enter into pozzolanic reaction. 

SOIL STABILIZATION is any process designed to maintain or improve the perform-
ance of soil as a construction material. Mechanical compaction, for example, may be 
regarded as a method of soil stabilization. 

The two chemicals commonly combined with soil for stabilization are cement and 
lime. Both are closely related to the field of portland cement chemistry. Soil-cement 
may be regarded as a very lean dry-pack concrete (usually 4 to 15 percent cement), 
moistened sufficiently for compaction by a sheepsfoot or other mechanical compactor. 
Because of its low cement content soil-cement has a high water-cement ratio, and 
depending on the soil often contains abundant silt and clay which unfortunately contribute 
immensely to shrinkage (!). 

Soil-lime is a similar product employing hydrated lime instead of portland cement. 
It is more suitable for treatment of clays. 

Because relatively little was known about reactions between lime and clay minerals, 
and because clay-lime reactions probably also play an important and perhaps essential 
role in soil-cement, the simpler soil-lime system was selected for the initial studies 
at Iowa State University. 

CLAY- LIME 

Addition of hydrated lime to clay causes two kinds of beneficial reactions: (a) rapid 
flocculation due to increased calcium adsorption at high pH (2), the amount of lime 
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required for flocculation being dubbed the "lime retention point"; and (b) availability of 
lime added in excess of the lime retention point for a slow setting reaction commonly 
believed to be pozzolanic in nature (3). 

The pozzolanic reaction between lime and clay was not substantiated by X-ray data 
until 1960 (4, 5), when unidentified calcium silicate hydrates and calcium aluminate 
hydrates wi'ç found in various cured clay-lime mixtures. Several specific compounds 
including 10 A tobermorite, C4AH13, and monocarbo-aluminate, were reported in 1962 
(7), and other studies further charaëterized the pozzolanic reaction products from 
lime and clay minerals (8, 9). 

The Dolomitic Lime Problem 

On the basis of compressive strength tests, a minor controversy concerning the 
relative effectiveness of different kinds of lime for soil stabilization has been bubbling 
since about 1956. Papers presented by the Iowa State group indicated that the mono-
hydrate dolomitic variety, containing equal mole fractions MgO + Ca(OH)2, is more 
effective than pure calcium lime, Ca(OH)a, for producing strength (10). This was 
further investigated and reported in a series of papers (listed in 11) which concluded 
that high calcium lime is most effective for lowering plasticity, but dolomitic mono-
hydrate is best for producing strength, in some cases giving long-term strengths as 
high as those obtained with like amounts of portland cement (11). 

These reports received a rather lukewarm reception and, as usual in such matters, 
there were a number of conflicting data from other sources. One group reported 
poorer results with dolomitic lime, but used the dolomitic dihydrate, Ca(OH)2 + 
Mg(OH)2, already shown to be less effective. Several researchers reported equal 
effectiveness of dolomitic and high-calcium limes, based on accelerated curing at 
40 C or hotter. The obvious objection is that entirely different reactions could be 
occurring. 

The major difficulty in all of this expert conjecture was that nobody knew the exact 
role of MgO in reactions of soil and lime. Does it catalyze or otherwise accelerate 
the pozzolanic action? Or does the magnesium substitute in the silicate and aluminate 
reaction product, making a better product? Or do magnesium silicates form? Or 
what? 

The goal of this investigation was to try to answer these questions and evaluate all 
of the whethers or what? Essential groundwork had been completed in the exhaustive 
studies of the Ca(OH)a-clay system by Glenn and by Diamond (8, 9). 

REACTION PRODUCT STUDIES 

Studies were undertaken using X-ray diffraction, electron microscopy, and differ-
ential thermal analysis to identify crystalline reaction products from lime-bentonite-
water mixtures sealed and cured for various times at several temperatures. Three 
test series were initially prepared: Ca(OH)z + bentonite in varying C/S ratios; Ca(OH)2 
+ MgO + bentonite in varying C/M ratios with (C + M)/S being held constant equal to 
0. 892; and Ca(OH)z + MgO + bentonite with variable (C + M)/S, C/M equalling one. 

MATERIAL AND PROCEDURES 

The clay used is a Ca-saturated montmorillonite commercially produced as the 
"Panther Creek Southern Bentonite" from White Spring, Miss., by the American 
Colloid Company. This bentonite contains approximately 56 percent Si02, 20 percent 
AlzOs, 8 percent Fe2O3, and 3 percent MgO as its main constituents. (Data are from 
American Colloid Company; X-ray analysis showed trace amounts of quartz and 
feldspar impurities.) The chemical formula of a similar bentonite from Amory, Miss., 

is (Al1  .4oFeo.s2Mgo.sL) (Al0.12  Si3. 88 ) 010 (OH)2 (Nao.02 
Ca 	(12). 

Limes of different mole ratios of calcium oxide to magnesium oxide (C/M) were 
synthesized from reagent grade Ca(OH)2 and MgO. In some instances, dolomitic 
dihydrate limes were also synthesized, using reagent grade Mg(OH)2. 
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Mixtures prepared in paste form were placed in polypropylene bottles with excess 
CO2-free distilled water. All bottles were sealed to prevent the entry of CO2  and loss 
of moisture throughout the specified curing conditions. 

The curing temperatures used were 23, 40, 110, and 165 C. Mixtures cured at 
165 C were reacted in a pressure reaction apparatus manufactured by.  Parr Instrument 
Co., Moline, ill. Those cured at 110 C were reacted in an American Sterilizer Co. 
hospital autoclave. An electric oven was used for 40 C curing, and a controlled tem-
perature humidity room was used for 23 C (room temperature) curing. 

At the end of each curing period part of the cured mixture was removed from the 
bottle and allowed to equilibrate under vacuum over CaC12  for at least 48 hours 
at room temperature until the sample was visually dried. The dried sample was 
then ground to a size finer than the No. 200 sieve (74 microns) before undergoing 
X-ray examination. Differential thermal analyses (DTA) and electron microscopy 
were often used when the identification by X-ray diffraction alone appeared to be 
insufficient. 

A General Electric XRD- 5 diffractometer with CuKa radiation was used. The 
powder samples were mounted in disc-shaped brass rings with a pressure of 1000 psi 
in order to obtain a dense packing, to avoid effects of preferred orientation, and to 
give good reproducibility (13). 

Samples equilibrated iiia CaC12  desiccator were ground to pass a No. 200 mesh 
sieve before being packed into the DTA apparatus. In this apparatus, an automatic 
controller provides for a heating rate of 10 C per mm. A vertical furnace arrange-
ment was used. The inert sample was powdered alumina passing the No. 325 
sieve. 

A Siemens Elmiskop I operated at 80 kilovolts was used for electron microscope 
and diffraction studies. The sample preparation procedure employed ultra-sonic 
vibration to assist in dispersion, following a brief mulling of the sample in a mortar. 
Nebulizing of a drop of the dispersant onto carbon-filmed grids was accomplished1  by 
ultrasonic means. 

RESULTS 

Results of X-ray investigations of Ca(OH)a-bentonite mixtures are summarized in 
Figure 1. A calcium silicate hydrate sequence was observed. When the mixture is 
not rich in lime and either the curing temperature is low or time short or both, CSH 
(gel) was fqrmed resembling the one synthesized by Kantro et al. (14) which showed 
only the 3 A line. Prolonged curing caused a conversion of this phiie into the CSH 
(gel) that possesses the 3. 05, 2. 79, and 1. 82 A spacings (15). 

The X-ray diffiaction pattern of tobermorite is characterized by a basal spacing in 
the vicinity of 11 A, and a set of strong triple peaks at 3. 07, 2. 96, and 2. 80 A. Its 
identification is relatively easy. In the present study the tobermorite formed through 
the reaction between bentonite and Ca(OH)2  is believed to be one of the Al- and/or Fe-
substituted phase because of the presence of large amounts of Al2.03  and Fe203  in the 
bentomte. This was confirmed by a shift of the basal spacing from 11. 2 A of pure 
synthetic tobermorite to the region of 11. 6-11. 8 A, and a weakening of the 2.80 A 
peak intensity (8, 16). CrKo radiation was sometimes used to spread the basal 
spacings. 

The identification of CSH(I) in the present study was difficult due to the frequent 
formation of the hydrogarnet phase. No CSH(I) basal spacings were observed, and the 
3. 04 and 2. 78 A lines of CSH(1) overlap the strong 3. 07 and 2. 74 A lines of the hy-
drogarnet. Only from the asymmetry of these two hydrogarnet peaks was the identifica-
tion of CSH(I) possible. The 3. 25, 1. 82, and 1. 66 A peaks are relatively weak, but 
the existence of the 1. 66 A peak was usually a helpful feature in distinguishing the 
CSH(I) from CSH(gel). A few relatively weak peaks near 2. 40, 2. 01 and 1. 545 A often 
appeared in the presence of CSH(I). These lines probably indicated the presence of the 
CSH(H) phase since most of the other strong X-ray diffraction lines of CSH(II) were 
overlapped by that of the CSH(I). In Figure 1, as well as Figures 2 and 7 to be pre-
sented later, no special effort is made to distinguish CSH(I) and CSH(I1) because they 



HIGH-CALCIUM LIME+ BENTONITE 

CSH( Gel) 

CSH(I) 

Tobermorite 

CASH ( Hydrogarnet) 

EJ C4AH13 

4.. - - - _4Extropolated data 

" 
04-05 po 

P'A 

7 	Days 
Curing 

478 

2 

Starting C/ mole ratio 

Figure L Reaction products of Ca(OH)-bentonite-water systems with varying lime-silica (C/S) 
ratios, cured for various times at various temperatures; identifications mainly by X-ray diffraction. 

are both intermediate in properties between tobermorite and CSH(gel), and are approxi-
mately equivalent in degree of crystallinity. 

Isometric tricalcium aluminate hexahydrate, C3AH6, one of the well-established 
products of hydration of portland cement, forms complete solid solutions with the 
corresponding ferrite, C3FH6, with grossularite garnet, C3AS3, and with andradite 
garnet, C3FS3. Hydrogarnets are the hydrous members of this solid solution series 
and can be synthesized by hydrothermal means (17). In the present study a product 
having strongest d-spacings at 3. 07, 2. 74, and L635 A was identified as a hydrogarnet 
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TABLE 1 phase similar to the naturally occurring 

X-RAY DIFFRACTION DATA OF 
plazolite, 3CaO 	AlaO3 	2(SiO2CO2 ) . 2H20 

HYDROGARNETS 
(Table 1), and also to a product found by 
Kantro, Copeland and Anderson in hy- 

Plazolite (18) Observed Lines 
drated portland cement pastes (19). 	The 
hydrogarnet reaction product has slightly 

d (A) 1a d la higher d-spacings which may be due to 
substitutions of iron and magnesium into 

4. 96 40 5.01 15 
the plazolite structure; both of these ions 

3.25 40 3:28 20 
have ionic radii substantially larger than 

3.03 80 3.07 65 
those of aluminum and silicon. 	The DTA 

2.71 100 2.74 100 pattern of this product is characterized 

2. 60 20 2. 62 Tr by a medium-strong exothermic peak at 
910 C. 

2. 48 60 2. 50 35 Another product showing sharp peaks 
2. 38 60 2. 40 35 at 2. 667, 1. 77 and 5. 34 A was formed 
2. 21 80 2. 24 40 only in lime-rich mixtures (C/S = 1. 892) 
2.14 20 2.14 Tr under 165 C or 110 C and curing for long 
1.97 80 1.984 45 periods. 	It is believed to be another hy- 

1.92 20 1.932 Tr 
drogarnet phase, but precise identification 

1.76 50 1.767 10 
was not achieved. 

1.68 80 1. 697 35 
The calcium aluminate hydrates found 

1. 62 100 1. 635 
in the present study were the hexagonal 

1. 52 50 1. 529 10 
tetracalcium aluminate phases: 8. 2 A 
a-C4AH13  with essential CO2, 7. 9 A 

aRelative intensities. -C4AH13, and 7. 56 A calcium monocar- 
boaluminate, C3AI111 . CaCO3  (6). 	The 
relative amount of each phase which 

formed appeared to be a matter of chance, and the occurrence can be a mixture of any 
combination of the three phases, as noted previously by Roberts (20). 

Ca(OH)2  + Bentonite 

It is seen in Figure 1 that the very poor-crystalline CSH(gel) phase can be readily 
formed either at relatively low curing temperatures at any composition, or at high 
temperatures when the C/S ratio is extremely low. Better crystalline products, such 
as CSH(I) and finally tobermorite, always replace CSH(gel) when both curing tempera-
ture and starting C/s are high. However, tobermorite was found only in the starting 
mixtures having C/s ratios between 0. 446 and 1. 338 and at or above 110 C, and no 
tobermorite was found in the lime-poor or extremely lime-rich mixtures at any tem-
perature. The exact C/S ratio in thenewly formed tobermorite structures are not 
known because of the complicated analytical process in determining the amounts of 
Al- and Fe- substitution. Normally, without any substitution tobermorites can be 
synthesized with C/S ranging from 0. 80 to 1. 08 (8). 

Hydrogarnet was found in relatively lime-rich mixtures; the lower the curing tem-
perature, the longer it took to form. 

Calcium-aluminate hydrate phases appear only at low curing temperatures with 
lime-rich mixtures. CSH(gel) may be found with these phases in the same mixtures, 
but with prolonged curing at room temperature disappearance of the CSH(gel) phase is 
noticed, the C4A1113  phases being the sole reaction product. 

To summarize, low-temperature (23 and 40 C) stable phases from the Ca(OH)2-
bentonite-water reaction appear to be CSH(gel), hydrogarnet, and C4AH13, the latter 
two mainly in lime-rich mixes. At higher temperature, CSH(gel) still forms at low 
lime concentration, but at intermediate lime concentration the gel gradually changes 
to the better crystallized CSH(I) and tobermorite, and the hydrogarnet phase always 
occurs at high lime concentration. The high temperature stable phases at intermediate 
lime concentration are therefore tobermorite and hydrogarnet. C4AH13  was not detected 
at or above 110 C, in agreement with findings of Glenn (9). 
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Figure 2. Reaction products of Ca(OH)2-MgO-bentonite-water systems with various curing times and 

temperatures; the lime-silica (C+M/S) ratio in all mixes was 0.892. In addition to reaction products 
shown, Mg(011)2 was formed in all mixes containing MgO at the start. 

Ca(OH) + MgO + Bentonite 

In the first of the MgO trial series (Fig. 2) the lime composition was varied from 
pure Ca(OH)z to pure MgO, the (C + M)/S ratio being maintained at 0. 892 to correspond 
to the intermediate lime content range in Figure 1. 

A conversion of MgO to Mg(OH)a was found in all mixes containing MgO and is not 
shown on the graphs. 

In general, to the right in each graph in Figure 2 one can see the effect of increasing 
MgO content Pure dolomitic lime has a C/M mole ratio of one, indicated by the letter 
D on the first graph. 
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Comparison of Figure 2 with Figure 1 indicates that the presence of MgO has little 
or no effect on formation of the calcium silicate hydrates e.xcept as the MgO a.ffects 
the amount of available calcium. The MgO appears to inhibit crystallization of hy-
drogarnet at the dolomitic lime composition, and somewhat inhibits crystallization of 
C4AB13, probably because of shortage of calcium. A C/M mole ratio of one in Figure 2 
corresponds to a C/S ratio of 0. 44, which as may be seen in Figure 1 is too low for 
much C4AH13  until after prolonged curing. 

To summarize, a comparison of Figure 2 with Figure 1 shows that with the same 
C/S ratio, regardless of the amount of MgO, the pozzolanic reaction products in these 
two systems at low temperatures are practically identical. However, in the bentonite-
Ca(OH)a-MgO mixtures cured at and above 110 C, tobermorite appears in mixtures 
with a starting C/S mole ratio as low as 0. 18 while in bentonite- Ca(OH)2  mixtures this 
ratio is 0. 44. A possibility is that large amounts of magnesium ions have entered 
the tobermorite structure and thus made more calcium ions available for further poz-
zolanic reactions. Nevertheless, as far as the low temperature curing conditions are 
concerned, the silicate and aluminate reaction products were all alike in the bentonite-
Ca(OH)z and bentonite-Ca(OH)2-MgO systems. There appears to be no optimum C/M 
ratio in favor of pozzolamc reactions. 

MgO + Bentonite 

Some rather unique products were formed from the reaction of pure MgO and ben-
tonite, shown on the right in the graphs in Figure 2. More or less independent of the 
curing temperature or time, MgO converted to Mg(OH)2; the montmorillonite converted 
from an expanding clay to one with a diffuse 15. 2 A spacing which was stable in water, 
glycol, or glycerol; and a series of diffuse new peaks formed, led by a longest spacing 
in the vicinity of 7 A. 

The 15 A phase is believed to be a chlorite-like mineral, based on the studies of 
Caillere and Henin, who observed such transformation of a montmorillonite after 
treating with MgCla and NH40H solutions (21). Their product showed the characteristics 
of chlorite and vermiculite. Later, they confirmed that the transformation was caused 
by precipitation of at least part of the magnesium hydroxide between the structural 
layers of montmorillonite, and concluded, through data obtained from X-ray, DTA, 
and other tests, that the mineral approximated a chlorite without being completely 
the same (22). The precipitation of magnesium hydroxide between the clay structural 
sheets was found to be very rapid if not almost instantaneous. 

The chlorite and serpentine minerals have often been classified together by miner-
alogists because of similarities in chemical and optical data, though crystallographers 
prefer to keep them separate in view of structural differences (23, 24). The conversion 
between serpentines and chlorites observed by several investigators rather support 
the former view (25, 26, 27). A model has been suggested that some Si atoms are 
displaced and linked to the adjacent brucite-type layer, producing in effect serpentine 
structural units (25). 

The 7 A phase from reaction of bentonite and MgO corresponds to 1-layer ortho 
serpentine, (Mg6_A1)(Si4..Al) 010(OH)8 (x = 3/4) apparently very poorly crystallized 
because only a few broad lines that correspond to the strong lines in serpentine were 
found (18, 23). 

The final product of a reacted bentonite-MgO paste with M/S = 1. 63, cured at 126 C 
for 8 months, was a well-crystallized 1-layer ortho serpentine (Fig. 3), the chlorite 
apparently all being converted into serpentine. For the same mixture cured at 23 c 
up to a year (Fig. 3) and for the mixtures with M/S = 0. 892 cured at different tem-
peratures up to 6 months, the chlorites and serpentines formed were all identical to 
the early stage products of the M/S = 1. 63 mixture. This suggests that the formation 
of well-crystallized serpentine depends on the temperature as well as on the composi-
tion, and only a combination of high M/S mole ratio and hydrothermal curing can cause 
the good crystallization. 

The DTA patterns of reacted bentonite-MgO mixtures further demonstrate the 
transformation of montmorillonite to chlorite, and the eventual formation of serpen- 
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Figure 4. Differential thermal analysis tracings of bentonite-MgO mixtures (M/S = 1.63), cured at 126 
C for different periods. 

tine. Figure 4 shows that after only 1 day curing at 126 C, the characteristic endo-
thermic peak for montmorillonite at approximately 670 C has disappeared. The new 
pattern presents a strong endothermic peak at 410 C due to the dehydration of Mg(OH)a, 
a broad endothermic peak in the 540 C region, and a strong exothermic peak at 840 C 
preceded by a weak endothermic peak at 800 C characterizing the existence of serpen-
tine (24). The peaks corresponding to the chlorite are thought to have been overlapped 
by the serpentine peaks, since a pattern for chlorites prepared from precipitation of 
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Figure 5. Electron micrographs of bentonite-MgO mixture (M/S = 1.63), cured at 126 C for 7 days. 

Figure 6. Electron micrograph of bentonite-MgO mixture (M/S 1.63), cured at 126 C for 8 months. 

Mg(OH)a in montmorillonite by Caillere and Henin showed only a weak endothermic 
peak in the region of 500 to 600 C and another weak exothermic peak at about 850 C 
(21, 22). 

AiInteresting feature in Figure 4 is that the large, low-temperature endothermic 
peak at 110 C signifying the loss of hygroscopic moisture in montmorillonite is absent 
in the cured mixtures where chlorite and serpentines are present, indicating alteration 
of the montmorillonite into a less "water-loving't mineral. 

Also in Figure 4, the broad endothermic peak at 540 C gradually shifts to higher 
temperature with the progress of curing. Well-crystallized serpentine has a large 
endothermic peak at 620 C and a very strong exothermic peak at 800 C. 

Electron microscopic observation of the bentonite-MgO mixture (M/S + 1. 63) cured 
at 126 C for 7 days shows strong formation of a fibrous phase (Fig. 5) believed to be 
a fibrous serpentine. However, the 8-month cured specimen, which showed the for-
mation of well-crystallized 1-layer ortho serpentine under X-ray and DTA examinations, 
exhibits essentially plates and elongated sheets (Fig. 6). This coincides with the fact 
that 1-layer ortho serpentines are platy (23). The change of morphology of serpentines 
from the early fibrous to the final platy forms has been attributed to the gradual sub-
stitution of aluminum ions in the crystal lattice, reducing layer distance discrepancies. 

It should be noted in Figure 2 that as long as calcium hydroxide is present in the 
bentonite-MgO mixtures, there is no conversion of montmorillonite to chlorite, and no 
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new formation of magnesium silicate compounds. The formation of calcium silicate 
and calcium aluminate hydrate appears to have first priority, perhaps because of the 
relative chemical activity of the Ca(OH)2  and MgO. 

Dolomitic Lime + Bentonite 

As a further check on the findings, a third series of mixtures was prepared with the 
C/M mole ratio at a constant value of 1. 0 to simulate the composition of commercial 
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dolomitic lime, and the total amounts of calcium oxide (C) and magnesium oxide (M) 
varied in respect to the amount of silicon dioxide (S) present in the bentonite. Results 
obtained under various curing conditions are shown in Figure 7. 

As far as the formation of pozzolanic reaction products is concerned, MgO shows 
no effect at low curing temperatures. Comparing Figure 7 with Figure 1, with the same 
starting C/S mole ratio the rates of formation of hydrated calcium silicate and calcium 
aluminate hydrates are all alike in the bentonite-Ca(OH)a systems with and without 
MgO. Nevertheless, bentonite-Ca(OH)a-MgO mixtures cured at high temperatures 
again may form tobermorites at a starting C/S ratio as low as 0. 223, as compared 
with 0. 446 in the bentonite-Ca(OH)a mixtures. 

Well crystallized 1-layer ortho serpentines were found in mixtures of high (C + M)/S 
ratios cured at high temperatures, but no magnesium silicate or magnesium aluminate 
hydrate was found in any of the mixtures cured at low temperatures. High Ca(OH) 
content favors the formation of C4AH13  and hydrogarnet phases, but their effect on 
strengths is believed to be small because they are basically weak cements (28). 

To summarize, the pozzolanic reactions between clay and Ca(OH)z at room tem-
perature and 40 C are slow and do not appear to be affected by the presence of mag-
nesium -oxides. At the high curing temperatures, however, the MgO may contribute 
to the pozzolanic reaction, forming a well- crystallized calcium silicate hydrate at very 
low starting C/S ratio but at similar (C + M)/S ratios. This suggests that at 165 C 
substantial amounts of magnesium ions can substitute in the tobermorite structure and 
make more calcium available for pozzolanic reactions. At 110 C the trend is much 
less evident. 

Dihydrate Dolomitic Lime + Bentonite 

Another test series was prepared to detect any differences in reaction products 
when Mg(OH)a is used in place of MgO in dolomitic lime mixes, previous strength data 
already having shown that Mg(OH)a is far less effective. The (C + M)/S mole ratios 
in the starting bentonite-Ca(OH)a-Mg(OH)a mixtures were kept at a constant value of 
1. 63, while the C/M values were at 0 and 0. 6. Results are shown in Figure 8. 

In Figure 2 when C/M = 0 the montmorillonite changed to chlorite and eventually 
became serpentine; with Mg(OH)a and curing at room temperature (23 C), the mont-
morillonite remained expansivç, and no new 7 A peak was found. After one year a 
weak hump was found in the 7 A vicinity, and the montmorillonite still remained some-
what expansive. 

Curing of Mg(OH)a-bentonite mixes at elevated temperatures caused chlorite and 
poorly crystallized serpentine to be formed, and fairly well- crystallized serpentine 
was observed in a mixture cured at 126 -C for 8 months. 

The very low solubility of Mg(OH)a at room temperature is believed to explain these 
results. At elevated temperatures, increased solubility speeds the reaction. 

In comparing the reaction products of the series having C/M = 0. 60 (C/S mole ratio 
also equals 0. 60) with the equivalent series in Figures 1, 2, and 7, the sequence of 
formation of hydrated calcium silicates and calcium aluminates is essentially similar. 
When Mg(OH)2 is present in the bentonite-Ca(OH)a system, there does not appear to be 
any restraint on the pozzolanic reactions between Ca(OH)a and clay. Calcium silicates 
and calcium aluminates form readily, - depending on the temperature and time of curing 
and on the amount of calcium oxide present. 

STRENGTH STUDIES 

At the conclusion of the analytic studies the role of MgO in soil-lime stabilization 
was still uncertain, since at ordinary temperature it did not appear to enter into the 
pozzolanic reaction, but merely hydrated to Mg(OH)z. A study was therefore made 
into contribution of this hydration to strength, and to assess the role of carbonation in 
soil-lime strength. The latter is usually considered to be deleterious. 
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Figure 8. Reaction products of bentonite-Ca(011)-Mg(OH)2 pastes cured atdifferent temperatures and 
periods. 

METHODS 

Compressive Strength 

Small (1 in. high by Ya in. diameter) cylindrical specimens were molded using the 
fraction of Ottawa silica sand passing the U. S. Std. No. 50 sieve and retained on the 
No. 200.. 

Reagent grade Ca(OH)a and Mg(OH)2  were used to represent these respective com-
pounds in hydrated lime, but MgO samples of different degrees of reactivity were 
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prepared by decomposing reagent grade Mg(OH)z in a silicon resistance furnacefor 48 
hours under temperature conditions ranging from 600 to 1350 C. Crystallite sizes of 
all the starting Ca(OH)a, MgO, and Mg(OH)a used for molding strength test specimens 
were determined by X-ray diffraction. 

Specimens were molded with a sand : additive weight ratio of one, and with different 
moisture contents ranging from 20 to 50 percent of the total solids by weight depending 
upon the type of additive used. The molding apparatus has been described in detail 
elsewhere (29). The soil-additive mixture is compressed by hand into a cylindrical 
mold through a lever arrangement, the density and moisture content being controlled. 
The highest moisture content, for molding was the maximum that would allow successful 
molding without squeezing out excess water, and the lowest was the minimum that would 
permit uniform wetting of the mixture. Four moisture contents at intervals of 5 per-
cent were usually found sufficient. 

The specimens were cured at room temperature in a relative humidity above 90 per-
cent. Three different curing atmospheres were used: CO2-free, ordinary (no control 
on CO2), and COa-saturated. At the end of 2 days and 7 days, cured specimens were 
removed from the curing chamber and tested for unconfined compressive strength in 
a proving-ring compression apparatus. Four specimens were used in each testing 
condition, and the average strengths calculated. Comparisons of the unconfined corn-
pressive strengths of various mixtures were always made on the basis of equal dry 
density and the moisture content which gave greatest strength. That is, graphs of 
strength vs moisture content were drawn, and the maximum value on the curve is the 
reported strength of the mixture. The results primarily reflect the cohesive strength 
of the soil-additive system, and are sufficiently valid for comparative studies. 

Reaction Products and Crystallite Size 

After being tested, a representative sample from each group of specimens was 
dried over CaC12 under vacuum. New formation of carbonates or Mg(OH)2 was detected 
by X-ray diffraction, and the results were compared with the strength gains. When 
Mg(OH)z was formed, its crystallite size was determined. 

Average crystallite sizes were calculated by use of the Scherrer equation; details 
are presented elsewhere (13). The method is based on the relation between the breadth 
of an X-ray diffraction pe9F and the hypothesized size of the diffracting crystallites—
more specifically, the mean dimension normal to the diffracting planes of the crystal-
lites. Individual samples were pressed at 1000 psi into disc-shaped sample holders 
which were rotated during analysis to avoid effects of preferred orientation and to in-
crease statistical accuracy. 

The breadth of the MgO (200) line, and (100) and (001) lines for Ca(OH)z were meas-
ured in five repeat tracings. Because the unit cell of MgO is cubic, the dimension 
calculated from the (200) reflection represents the total thickness of the diffracting 
planes. The unit cell of Ca(OH)2 is hexagonal; therefore broadening of the (001) line 
gave the thickness of the average Ca(OH)z crystallite prism, and broadening of the 
(100) line gave the average distance between two opposite faces of the prism. 

The unit cell of Mg(OH)z is also hexagonal and its crystallite size can be determined 
by measuring the broadenings of the lines (001) and (110). The selection of line(110) 
instead of (100) is because of the extreme weakness of the (100) line of Mg(OH)2, which 
does not permit accurate measurement of the line broadening. However, the calculated 
crystallite size from the broadening of line. (110) may be multiplied by cos 30 deg to 
give the size corresponding to the (100). 

RESULTS 

Representative strength data are given in Table 2. Considering first the results 
from curing in CO2-free atmosphere, 7-day strengths with MgO additive varied from 
15 to over 1000 psi, depending on previous MgO heat tratment and the corresponding 
crystallite size. For comparison, strength with a like amount of portland cement was 
about 2500 psi, and strength with Ca(OH)a  was 50 psi. We may conclude that the MgO 
hydration reaction (which was confirmed by X-ray examination of tested specimens) is 
capable of producing considerable strength. 



489 

TABLE 2 

STRENGTH OF COMPACTED SAND-ADDITIVE SPECIMENS CURED AT ROOM TEMPERATURE 

Average 	Unconfined Compressive Strength (psi) 
Calcination Crystallite Additive 	Temperature 	 CO2-free Sizes of MgO Atmospheric CO2-saturated 

(deg C) 	(A) 	Curing Curing Curing 
2-day 	7-day 2-day 	7-day 2-day 7-day 

MgO 	 600 	255.4 ± 1.6 	500 	620 800 	1260 1120 1720 
850 	576.7 ± 	2.7 	820 	1050 820 	1400 3000 3660 

1000 	1278 	±16 	56 	780 157 	730 2500 4300 
1100 	1719 	±22 	20 	170 130 	220 510 1800 
1350 	2438 	±10 	10 	15 15 	40 300 1600 

Mg(OH)s (Reagent) 	 100 	220 290 	310 4640 6070 
Ca(OH)2  (Reagent) 	 50 	55 60 	110 1020 1320 
Portland cement ("Type I") 	 a 	2473 a 	a a a 
Tobermorite (Synthetic) 	 a 	45 a 	70 a 105 

allot  determined. 

TABLE 3 

AVERAGE Mg(OH)z CRYSTALLITE SIZES, A 

MgO 	CO2-free 	Atmospheric CO2- saturated 
Calcining 	Curing 	 Curing Curing 

Temp (deg C) 	(001) 	(100) 	(100)a 	(100) (001) 	(100) 

600 	369.9 	659.7 	347. 2 	515. 2 235.6 	392. 6 
*2. 0b 	*10. 6 	±3. 2 	*11. 9 ±5. 0 	±7. 5 

850 	611.0 	681. 0 	434. 5 	550. 6 _c 
±5. 5 	±2. 7 	A. 6 	±4. 2 

1000 	734.9 	739.8 	429.8 	669.9 -c 
±17.0 	±11. 4 	±6. 2 	*12. 1 

1100 	 _d 	 _d _c 

1350 	 _c 	 _C _c 

°Ihe size measured is normal to the particular crystal plane. 

blhe  range of uncertainty is calculated from 95 percent confidence limits of peak 
broadening from 5 measurements, expressed in ±A. 

CNO  Mg(OH) formed. 

dlhe Mg(011)2  peak is too weak to be measured. 

X-ray data from these samples indicate that hydration of the 600 deg most reactive 
MgO was essentially complete after two days, and hydration in the other specimens 
was relatively less depending on the previous MgO heat treatment. At two days, hy-
dration of the 1100 deg MgO had barely started. The rate of hydration of MgO in com-
mercial limes varies with the degree of calcination during manufacture, the same 
effect being apparent in regard to strength (30). 

Table 2 shows the most reactive MgO did not give the highest strength, almost 
certainly due to the extreme reactivity which caused immediate hydration of the MgO 
when mixed with water and sand. This made the mixture very gluey and it was almost 
impossible to mold a physically sound specimen. The strength obtained was thus 
drastically reduced due to the physical defects in the specimens. 
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TABLE 4 Curing in a CO2- saturated atmosphere 
EFFECTS OF CARBONATION ON allowed extensive carbonation, shown by 

SOIL-LIME STRENGTHS X-ray data and by strength data in Table 2. 

Unconfined Compressive The harder-burned MgO was more re- 
Strength (psi) 

Curing Conditions 
sistant to carbonation. 

The influence of atmospheric CO2  was 
7-day 	28-day much less pronounced, and X-ray ex- 

Vacuum 	 240 	370 amination showed no magnesium carbon- 
Ordinary atmosphere 	 250 	320 ates formed in MgO specimens. 	There 
CO2-saturated atmosphere 	100 	220 was some effect on crystallite size of the 

resulting Mg(OH)a, as shown in Table 3, 
the CO2 perhaps becoming adsorbed and 

blocking crystal growth. 	Trace amounts of CaCO3  were found in Ca(OH)2  samples 
cured under laboratory atmosphere, and presumably contributed to their strength. 

Carbonation vs Pozzolanic Activity 

Hardening of lime mortar for plastering is attributed to carbonation, and as 
can be seen from Table 2, carbonation can contribute significantly to strength. How-. 
ever, in these samples no clay-size material was available for pozzolanic reaction. 
To check the relative strength- producing character of carbonation vs pozzolanic action, 
10 percent Ca(OH)z was added to bentonite and compacted into miniature samples at the 
optimum moisture content. The samples were then cured separately under vacuum, 
ordinary, and CO2-saturated moist atmospheres for 7 and 28 days. X-ray examinations 
followed each curing period. 

Extensive carbonation of the Ca(OH)2  was detected in 10 percent Ca(OH)2-bentonite 
samples cured under CO2-saturated atmosphere. Slight carbonation was found in 
samples cured in the open air, but no carbonates were found in vacuum-cured speci-
mens. 

Table 4 shows the strengths obtained in the various curing environments. Carbona-
tion of Ca(OH)2 apparently yields low strength in clay stabilized by lime, and pozzolanic 
reaction products appear to be much stronger cementing agents than calcium carbonate. 
The strengths of the specimens cured under ordinary atmosphere were comparable 
with strengths of specimens vacuum cured, probably because the relatively low CO2  
content in air was unable to penetrate the compacted, dense mass in a relatively short 
period. X-ray examination of the outer and inner portion of the specimens confirmed 
that there was much more calcium carbonate formed at the outside portion of the speci-
men than at the inside. The detrimental effect of carbonation was more pronounced 
after longer curing, as carbonation penetrated deeper into the specimen. 

Carbonation of MgO or Mg(OH)z also yields high strength in sand cured under CO2-

saturated atmosphere (Table 2). However, since no carbonation was detected when 
the magnesium compounds were cured under ordinary atmospheric conditions, the 
process must be extremely slow. It is thus concluded that carbonation of MgO or 
Mg(OH)2  generally is not a strength- contributing factor in soil-lime stabilization. 

CONCLUSIONS 

The process of hydration of MgO into Mg(OH) is cementitious in nature. The 
hardening of MgO in dolomitic monohydrate lime is relatively fast providing the MgO 
has not been burned at too high a temperature, and is believed to contribute a major 
portion of the early strengths in soil-dolomitic lime stabilization. 

The formation of pozzolanic reaction products between Ca(OH)2  and Ca-ben-
tonite is relatively slow at room temperature. The essential effects of Ca(OH)2  are 
a rapid flocculation of the clay followed by long-term pozzolanic strength gains through 
formation of CSH(gel). 

Pozzolanic Ca(OH)2-bentonite reactions go much faster at elevated curing tem-
peratures (110-165 C) and tend to give different reaction products, i.e., better crystal-
lized calcium silicate hydrates and no detectable hexagonal aluminates. 
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MgO does not show any apparent effect on the rate of pozzolanic reactions at 
room temperature. However, when curing temperature is high, e.g., over 100 C, 
MgO may accelerate the rate of formation of well-crystallized calcium silicate hy-
drates. 

The difference in rates of strength gains with different types of limes suggests 
that high-calcium hydrated lime should be used for soil stabilization in warm regions 
or in the summer season. Dolomitic monohydrate lime may be advantageously used 
in late fall or in a cooler climate. 

Carbonation of Ca(OH)2  contributes to strength in soil-lime stabilization, but is 
undesirable where clay is present, because carbonation gives weaker cementation than 
does pozzolanic reaction. Carbonation of magnesium compounds under ordinary atmos-
phere is very slow, and little or no strength is contributed by magnesium carbonate. 

Magnesium hydroxide is not cementitious, and its presence in lime reduces the 
effective amount of MgO and Ca(OH)2  available for cementitious reactions. Hence, 
dolomitic dihydrate lime generally shows poor strength -gaining properties. 

The addition of active MgO alone to bentonite + water changes the clay into a 
material which is non-expansive in character, and eventually forms hydrated mag-
nesium silicates similar to the serpentine materials. However, in the presence of 
Ca(OH)2, these reactions are hindered by the pozzolanic reactions between the Ca(OH)2  
and the clay. 
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