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The bond which develops during curing between soil particles in the presence of time and 
moisture is a result of the growth and the development of a newly formed cementitious phase 
(or phases). For the particular soil studied, appreciable reaction occurs between soil particles 
and lime only at elevated temperature, in a moist environment. The growth and development 
of the new phase is accompanied by an increase in compressive strength of the soil-lime 
composites. Scanning electron microscopy (SEM) studies show the phase to consist of an 
interlocking network of fine platelets and fibres, and although no direct determination of com- 
position was possible, evidence from X-ray analysis and thermal analysis shows that the new 
phase is poorly crystalline and probably consists of a hydrate of calcium silicate or calcium 
aluminate. 

1. In t roduct ion 
The use of lime in the stabilization of normally unsuit- 
able soil, for roads, airfields, and other hard-wearing 
surfaces and also its use in upgrading existing material 
for building foundations and for building com- 
ponents, has been widely reported. The purpose of the 
present study is to achieve a better understanding of 
the mechanism of the soil-lime reaction and of the 
development of microstructure and strength in cured 
soil-lime composites at elevated temperature. This 
should lead to a wider and more effective use of the 
technique, particularly in areas of the world with high 
ambient temperatures. The physico-chemical changes 
in soil particles on reaction with lime, and the forma- 
tion of new phases in such systems, is very complex 
and is not very well understood. However, there is 
quite clearly substantial evidence in the literature to 
indicate that the reaction of lime with clays and other 
finely divided alumina-silicates, results in the forma- 
tion of calcium silicate hydrates and calcium alumi- 
nate hydrates, and that this is normally accompanied 
by the formation of some calcium carbonate due to 
the presence of atmospheric carbon dioxide. The 
hydrates formed are generally amorphous or poorly 
crystalline, although X-ray diffraction work has 
shown the formation of crystalline hydrate phases in 
some cases [1-8]. 

However, the characterization of these phases is 
normally based on very limited X-ray data and is often 
not well substantiated. The reactions between 
hydrated lime and different clays from the main 
groups such as kaolinite, montmorillonite and illite 
have been studied by a number of workers [1-7]. 
Investigations have also been made of the reaction of 
lime with other vozzolanic material such as pfa and 
amorphous silica [8]. Under various conditions, the 
formation of a whole range of poorly crystalline cal- 
cium silicate hydrate and calcium aluminate hydrate 
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phases has been reported [1-8]. In some cases the 
formation of specific calcimn aluminiurn silicate 
hydrate (CASH) phases has also been observed. For 
examples, the initial reaction products from pure 
kaolinite reacted with lime in solution results in the 
formation of crystalline calcium aluminium silicate 
hydrate [Ca2AI2S130~0(OH)2] together with non- 
crystalline particles [2]. When burnt (650°C for 2 h) 
kaolin is reacted with lime at 20 ° C for 400 days, CSHI 
and Stratling's compound (C2ASH,) are observed [8]. 
Also the formation of hydrogarnets (C3AS,,H6_2~) in 
soil-lime-water systems has been reported by Croft 
[4], Vail and Wet [6] and Lees et aL [7]. 

Because all of these different phases are made up 
from a relatively small group of elements which are 
common to most of them, and also certain of the 
elements i.e. aluminium and silicon have markedly 
similar characteristics, then interatomic distances will 
be similar within the structures of the different phases 
and the phases themselves will possess similar struc- 
tural features. Therefore some of the major inter- 
atomic spacings will be common to a number of these 
structures. For example, the strongest X-ray reflection 
in gehlenite hydrate C2ASH~(0.287 nm) is also one of 
the strongest reflections in C~AH~3(0.286nm) and in 
C2AHs(0.286nm). A second prominent reflection at 
0.166 nm is also common to these three phases. Simi- 
larly prominent reflections at about 0.31, 0.28 and 
0.183 nm are common to a number of calcium silicate 
hydrates such as CSHI, CSHII and tobermorite. Also 
many of these compounds are produced in extremely 
finely divided states. This results in very diffuse 
X-ray reflections which disappear altogether in 
the directions where crystallite dimensions became 
very small. Therefore it can be very misleading to 
characterize phases in these systems, solely on the 
basis of a small number of diffuse weak X-ray 
reflections. 
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2. Mater ia ls  and exper imenta l  methods 
2.1. Ma te r i a l s  
The soil used (Red Marl) was obtained from a par- 
ticular location in South Wales. X-ray powder diffrac- 
tion and scanning electron microscopy were employed 
for identification of the soil minerals. The major com- 
ponents of the soil are quartz, feldspar and a member 
of the mica group itlite. Minor components identified 
are chlorite and haematite. The lime used was a 
hydrated lime and its characteristics were based on BS 
890 (1972). The soil was dried to constant weight at 
.100°C to remove any free moisture prior to mixing 
with lime. 

2.2. Experimental me thods  
Specimens of soil-lime containing various concen- 
trations of lime (2, 6, 10 and 14%) were mixed with 
"fixed" quantities of water and were compacted into 
cylinders (100ram long, 50ram diameter) of a con- 
stant density. All the specimens were prepared to BS 
1924 (1975) specifications and were cured in a moist 
environment at various temperatures (25, 50 and 
75°C) and for different times (3, 6, 12 and 24 weeks). 
The moist environment was maintained by wrapping 
the specimens in two layers of cling-film and sealing in 
polythene boxes. For the long curing times any water 
loss was made up by holding the specimens in moist 
sand at periodic intervals until their original weight 
was achieved and then continuing with the curing 
process. Thus the original moisture content of the 
specimens was maintained constant during the curing 
process. Initially three and sometimes four specimens 
were made up for each test. However, in view of the 
consistency of the results achieved for these initial 
specimens the number of specimens was reduced to 
two per test throughout the work. After measuring 
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unconfined compressive strength, samples were taken 
for SEM investigations, X-ray analysis and thermo- 
gravimetric analysis. A Cambridge S 150 SEM was 
employed for the microstructural investigations. 
Fragments of the specimens were taken and the free 
water in the samples was removed by vacuum drying. 
The samples were covered with a thin layer of 
evaporated gold and the fracture surface was exam- 
ined in the SEM. X-ray diffraction analysis was car- 
ried out using a HS_gg-Guinier focusing camera 
employing monochromatic CrKc~ radiation, and a 
Perkin-Elmer thermal analyser (model TGS-2) was 
employed for the thermogravimetric analysis. 

About 10 to 11 mg of finely powdered sample was 
used for thermogravimetric analysis. To ensure 
reproducibility of the sampling technique and to 
check that each sample was representative of the 
whole, a number of samples were taken from the same 
batch in the initial stages. Subsequently periodic 
checks were made for consistency during the thermo- 
gravimetric work. The heating rate was 20°Cmin -~ 
and the sensitivity used for the DTG was 
0.1 mg min -~ . All tests were carried out in a dry, CO2 
free, nitrogen atmosphere. 

3. Results 
3.1. Soi l  ana lys is  
X-ray powder diffraction data are given in Table I and 
TG and DTG traces of the soil are presented in 
Fig. 1. Fig. 2 shows a scanning electron micrograph 
of the soil particles. It can be seen in Table I, that the 
soil consists of illite, together with quartz, feldspar, 
chlorite and haematite. The DTG results are charac- 
teristic of illite (see [10, 11]) which shows two main 
distinctive features. These are: (a) a medium-sized low 
temperature peak at 100 to 150 ° C; and (b) a medium- 
sized dehydroxylation peak at about 550 to 600°C, 
which is very broad, beginning at about 400°C and 
continuing up to about 900 ° C. 
These peaks are clearly visible in Fig. 1. 

Scanning electron micrographs of the soil particles 
show that a large proportion of the soil consists of 
plate-like particles of typical illite morphology (see 
[12, 13]). As the X-ray and thermogravimetric results 
show illite to be a major component of the clay 
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Figure 1 Thermogravimetric  results for soil and  cured soil-lime 
samples, cured for 24 weeks at 50 ° C. (a) soil, (b) soil and 6wt  % 
lime; (c) soil and 10 wt % lime; (d) soil and 14 wt % lime. Figure 2 Scanning electron micrograph of  the soil, x 3500. 
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fraction of the soil, these plate-like particles are con- 
sidered to consist predominantly of illite. 

3.2. Analys is  of cu red  s amp le s  
Fig. 3 shows the variation in unconfined compressive 
strength with lime content for the 24 week cured sam- 
ples. Clearly strength development is negligible at 
ambient temperatures but increases rapidly with 
increasing temperature. Table I! gives mass balance 
data obtained from TG traces for soil-lime samples 
containing 2, 6, 10 and 14wt % lime, cured in a moist 
environment for various times (3, 8, 12 and 24 weeks) 
at 50 ° C. 

The results show that the initial free lime is gradu- 
ally used up as the curing time is increased. This is 
apparent from a general decrease with curing time in 
the observed weight loss corresponding to the dehy- 
droxylation of calcuim hydroxide at about 400 to 
550°C (see column H). 

Thermogravimetric analysis of the initial lime itself 
showed the expected large dehydroxylation peak at 
480°C together with a very small peak at 750°C 
resulting from carbonate contamination. This was 
accounted for in the mass balance calculations (see 
column K). As the amount of lime used up during 
curing increases, there is a corresponding increase in 
two additionally observed weight losses on TG and 
DTG traces at 100 to 250 ° C (column E) and at 650 to 
800 ° C (column L). This is clearly shown in the exam- 
ples of Fig. 1. The former of these is equivalent to that 
found in the thermal analysis of calcium silicate 
hydrate [8, 10] and a calcium aluminate hydrate [14] 
and corresponds to the loss of water from the hydrates. 
The latter results from the decomposition of calcium 
carbonate, the majority of which is formed during the 
curing period as a result of partial carbonation of the 
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Figure 3 V a r i a t i o n  in c o m p r e s s i v e  s t r e n g t h  wi th  l ime c o n t e n t  fo r  

24 week  m o i s t - c u r e d  spec imens  a t  d i f ferent  t e m p e r a t u r e s .  

lime. The amount of carbonation occurring tends to 
be very erratic and although it generally-increases with 
increasing lime content, there is no observed system- 
atic variation with curing time. It is, however, likely 
that some carbonation of residual free lime occurred 
in the period between compression testing and 
thermogravimetric analysis as no special precautions 
were observed to prevent further carbonation in this 
period. A third source of carbonate contamination is 
in the soil itself which shows minor traces, detectable 
both by EDAX and DTG but not detectable by X-ray 

o 

powder diffraction analysis. This was also taken into 
account in the mass balance calculations (column J). 
It was therefore possible from mass balance con- 
siderations to determine for the cured samples the 
proportion of lime that was unaccounted for, either as 
residual Ca(OH)2 o r  C a C O  3 . Clearly this lime, termed 

T A B L E I X - r a y  p o w d e r  d i f f r ac t ion  ana lys i s  o f  soil ( R e d - M a r l )  

d ( n m )  In tens i ty  M i n e r a l s  d ( n m )  In tens i ty  M i n e r a l s  

1.420 vw C h l  0 .270 w H a  

0 .999 w I1 0 .264 vvw Fel  

0 .707 w Ch l  0 .260 v w  Chl  

0 .639 vvw Fe l  0 .256 w II-Fel  

0 .498 vw I1 0 .252 v w  H a - C h l  

0 .472 vw Ch l  0 .246 w Qu-I1-Chl  

0 .447 m I1 0 .238 v w  II -Ch!  

0 .426 s Q u  0 .232 v v w  Q u  

0 .412 vvw I1 0 .228 w Q u  

0.403 v w  Fel  0 .224 vw Qu-I I  

0 .389 vvw Fel  0 .220 vvw H a  

0 .387 vvw Fel-I1 0 .219 vvw II 

0 .376 vvw Fel  0 .215 vvw I1 

0.373 vw Fel  0 .213 w Q u  

0.367 v w  H a - F e l  0 .198 w Qu-I1 

0 .352 v w  Fe l -Ch l  0 .184  v v w  H a  

0 .334 vs Qu-I1 0.181 m Q u  

0.321 w Fel-I1 0 .180 vvw Q u  

0.318 vw Fel  0 ,169 vw H a  

0 .317 vw Fel  0 .167 w Q u  

0.299 vw Fel  0 .166 vw Q u  

0.297 vvw I1 0 .154  m Q u  

0.293 vvw Fel  0 .150 w I1 

0 .286 vw I1-Chl-Fel  0 .145 w Q u  

0.279 vvw II 0 .137 m Q u  

Key: w - w e a k ,  v w  - very  w e a k ,  m - m e d i u m ,  vs - -  ve ry  s t r o n g  Ch l  - chlor i te ,  I1 - illite, Fel  - f e ldspar ,  Q u  - q u a r t z ,  a n d  
H a  - haema t i t e .  
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Figure 4 Plot of  the wt % "consumed lime" against  the wt % loss of  
"gel water" in the temperature region 100 to 250 ° C. 

"consumed lime" (column O) has reacted with some 
component of the soil. Fig. 4 shows a plot of the wt % 
of"consumed lime" against the wt % loss (during TG 
analysis) in the temperature region 
relationship is that which would 
"consumed lime" is being used up 
titious calcium silicate hydrates or 
hydrates which subsequently lose 

100 to 250 ° C. The 
be expected if the 
in forming cemen- 
calcium aluminate 
the major part of 

their gel water in this temperature region. Taylor [15] 
has shown for cement pastes that although gel water 
from the cementitious phases is lost over a wide range 
of temperature the major part of it (60%) is evolved in 
the temperature region 100 to 250 ° C. The strength of 
the cured samples might also be expected to be directly 
related to the proportion of any cementitious products 
in the system. Fig. 5, which shows a plot of com- 
pressive strength against the weight per cent of "con- 
sumed lime", for specimens cured at 50 ° C for various 
times, clearly supports this hypothesis. X-ray powder 
diffraction analysis, however, gives no strong evidence 
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Figure 5 Plot of  unconfined compressive strength against wt % 
"consumed lime" for soil-lime specimens cured at 50 ° C for various 
times. 

Figure 6 Scanning electron micrograph of the fracture surface of a 
I day (75 ° C) cured soil-10 wt % lime sample, x 3500. 

for the formation of additional crystalline reaction 
products. In order to promote growth and crystalliz- 
ation of any amorphous reaction products which may 
be forming, curing temperature were increased to 
75 ° C. This resulted in the appearance in the X-ray 
diffraction pattern of two additional very weak dif- 
fraction peaks with d spacing of 0.307 nm, which cor- 
responds to the strongest diffraction peak for CSH gel, 
and 0.303 nm which corresponds to the strongest dif- 
fraction peak for calcite. This information alone, as 
previously indicated, is insufficient evidence to posi- 
tively confirm the formation of cementitious calcium 
silicate hydrate phases. However, scanning electron 
microscopy did produce positive evidence of the 
formation and growth of a new cementitious phase or 
phases. Fig. 6 shows the microstructure of a 1 day 
cured sample of soil-10wt % lime, which when com- 
pared with the untreated soil micrograph of Fig. 2 
shows very little evidence of any growth. Fig. 7, how- 
ever, shows the microstructure of samples cured for 3 
weeks and here, there is a marked change in mor- 
phology with clear evidence of the development of 
new material both at the edges and at the surface of 
the original soil particles. Fig. 8 shows the microstruc- 
ture of this new product at a curing time of 6 weeks. 

Figure 7 Scanning electron micrograph of  the fracture surface of  a 
3 week (75 ° C) cured soi l - lOwt % lime sample, x 3500. 
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Figure 8 Scanning electron micrograph of the fracture surface of a 
6 week (75°C) cured soil-10 wt % lime sample, x 3500. 

At this stage, the new phase consists of an interlocking 
network of fine plate-like particles. After curing for 3 
weeks, there is insufficient material to form bridges 
between adjacent soil particles, but after curing for 6 
weeks the interlocking network of plate-like particles 
has grown into the interstices to form a continuous 
network. Also by 6 weeks the plate-like particles have 
increased considerably in size and are 2 to 4 #m across. 
For even longer curing times a much denser material 
is produced. Fig. 9 shows a fracture surface for a 
specimen cured for 12 weeks and the interlocking 
network of plate-like particles has now developed into 
a dense mat of material. The form of the microstruc- 
ture is clearly analogous to that produced in hydrated 
cement paste (see [16, 17]). The composition of  these 
newly formed plates is at present unknown. As men- 
tioned above the X-ray powder diffraction results 
from samples cured for 24 weeks indicate no signifi- 
cant formation of new crystalline phases, although the 
SEM observations clearly depict formation of new 
material on a large scale which confirms that, the 
newly formed material is very poorly crystalline. 

4. Conclusions 
It has been shown that the clay component (illite) of 

Figure 9 Scanning electron micrograph of the fracture surface of 
12 week (75 ° C) cured soil-10 wt % lime sample, x 3500. 
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a particular soil, reacts with hydrated lime under 
favourable curing conditions to produce a new cemen- 
titious phase. This is confirmed by microstructural 
examination of fracture surfaces which show very 
limited evidence for the formation of a cementitious 
product at low temperatures but clear evidence of 
massive formation of cementitious product at the high 
curing temperature. Electron micrographs taken at an 
early stage of curing (1 day) show a modification in 
particle shape which results from initial dissolution of 
material. Specimens cured in moist conditions at 
elevated temperatures (75 ° C), and at various curing 
times (3, 6 and 12 weeks), show the formation, growth 
and development of this new phase. The phase grows 
on the surface and the edges of the illite particles. It 
has a very characteristic morphology consisting of a 
matrix of interlocking fibres and platelets. There are 
also marked similarities between this phase and the 
C - S - H  phase found in cured ordinary Portland 
cement. The scanning electron micrographs show how 
this new phase develops to fill up the pores and link 
the soil particles together as the curing time is 
increased. X-ray evidence confirms that the new phase 
is very poorly crystalline, and, therefore complete 
characterization is not possible using this technique. 
However, thermogravimetric analysis together with 
measurements of compressive strength show that: 

1. a proportion (termed "consumed lime") of the 
initial added lime is unaccounted for as either calcium 
carbonate or residual calcium hydroxide in cured sam- 
pies; 

2. there is a significant loss of water from cured 
samples in the temperature region 100 to 250 ° C. This 
behaviour is similar to that of cured Portland cement 
where gel water is lost from the C - S - H  and C - A - H  
phases in this temperature region; 

3. the weight per cent of  "consumed lime" present 
is proportional to the weight per cent of water lost in 
this temperature region; 

4. the compressive strength of cured soil-lime com- 
pacts is also proportional to the weight per cent of 
"consumed lime" present in the system. 

These observations clearly indicate that, a new 
calcium-containing hydrate is being formed which is 
similar to the calcium-containing hydrates formed on 
hydration of Portland cement. Further work involving 
transmission electron microscopy and energy disper- 
sive analysis is in progress in order to confirm this 
hypothesis and obtain a positive composition for this 
phase. Additional curing programmes are also being 
carried out aimed at eliminating the problems of car- 
bonate contamination and of increasing the volume 
fraction of cementitious phase being formed. 
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