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The purpose of this study was to examine the frost-resistant 
qualities of selected lime-soil and cement-soil mixtures. 
These mixtures, composed of 96 percent by weight of soil and 
4 percent lime or cement, were subjected to delays of 0, 3 and 
7 2 hours after the admixing of water, before they were compacted. 
The limes used, all hydrated, were a high calcium lime, a 
semihydraulic lime and a dolomitic lime; the cement was an 
ordinary portland cement. The six soils studied were a clay, 
a silty loam and four clay loams; the clay loams had essentially 
the same gradation, but differed with regard to predominant 
clay mineral and/or plasticity index. Test specimens were 
moist cured for 28 days prior to undergoing freeze-thaw testing. 
The principal properties then examined were the resistance to 
frost heave, the unconfined compressive strength and the index 
of resistance to frost action. 

It was found that with clayey soils in which the predominant 
clay mineral was kaolinite the addition of a high calcium, 
dolomitic or semihydraulic lime resulted in less resistance to 
frost action than did the addition of an equal amount of cement. 
When the predominant clay mineral was montmorillonite the 
high calcium and semihydraulic limes gave greater resistance 
than did the addition of equal amounts of either dolomitic lime 
or cement. 

With the kaolinitic soil-lime mixtures the delaying of com
paction for up to 72 hours generally had no detrimental effect; 
when montmorillonite was the predominant clay mineral any 
delay in compaction had a deleterious effect. Irrespective of 
the predominant clay mineral present in the soil, delaying com
paction of cement- treated soil mixtures resulted in decreased 
resistance to frost action. When there is a delay in compaction 
the question of which is the more effective stabilizer, lime or 
cement, depends not only on the soil type, the lime type and the 
length of the delay period, but, most important, on the pre
dominant clay mineral present in the soil. 

•WITH the relatively rapid increase in the use of chemically stabilized soil in road con
struction which is now taking place (brought about, mainly, by the scarcity and high 
cost of ot.her suitable raw materials), one of the more important problems now con
fronting the highway engineer in the cooler countries is that of damage caused by frost 
action. The work described in this paper was carried out as an integral part of a re
search program which is evaluating the feasibility of using lime as a stabilizing agent 
for British soils. 

The purpose of this experimental study was to determine the frost-resistant abilities 
of selected lime-soil and cement-soil mixtures. These mixtures, composed of 96 per
cent by weight of soil and 4 percent lime or cement, were subjected to delays of 0, 3, 
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TABLE 1 

CHEMICAL PROPERTIES OF LIMES AND CEMENT 

Lime Type and Code 

Content 
High Semi-(f, by wt) Dolomitic Cement 

Calcium Dl Hydraulic 
PCl C4 S3 

Free moisture 0. 70 0. 91 1. 73 0. 72 
Combined moisture 23'. 51 16. 47 16. 21 2. 01 
co. 0. 31 0. 23 0. 74 0. 54 
SIO, 0. 04 0. 44 8.48 19. 02 
Fe.Os 0. 28 0. 67 0. 63 1. 55 
AI.Os 0. 05 0. 51 1. 79 7. 31 
Cao 73. 04 50. 62 66. 50 59. 97 
MgO 0. 11 29.28 0. 54 0. 80 
caco, 0. 71 0. 32 1. 68 1. 23 
CaSO. 0. 71 0. 49 0. 73 4. 78 
Undetermined 0. 54 o. 06 o. 99 2. 07 

and 72 hours, after the admixing of water, before they were compacted. The limes 
used, all hydrated, were a high calcium lime, a semihydraulic lime and a dolomitic 
lime. The six soils studied may be texturally described as a clay, a silty loam and 
four clay loams; the clay loams had essentially the same gradation but differed with re
gard to predominant clay mineral and/ or plasticity index. 

The compacted test specimens were moist cured for 28 days prior to undergoing 
freeze-thaw testing. The principal properties examined were the resistance to frost 
heave, the unconfined compressive strength, and the index of resistance to frost action. 

MATERIALS 

Limes 

The three limes were of the hydrated types which may be easily obtained from lime 
manufacturers in Britain. They were a high calcium lime, a semihydraulic lime and a 
dolomitic lime. The sample of each lime type used was known from earlier studies 
(1, 2) to give higher and more consistent strength results than a number of other sam
ples of the same lime type. The chemical properties of the lime samples used are 
given in Table 1. 

Cement 

The cement used was an ordinary portland cement. Its chemical properties are also 
given in Table 1. 

Soils 

Six soils were used: a heavy clay, a silty loam and four clay loams. Three of the 
soils- the clay, the silty loam and one of the clay loams-occur naturally in Yorkshire; 
they were chosen as being representative of a gradation range of soils which might be 
suitable for lime stabilization. Their properties are given in Table 2. 

The three remaining clay loams were laboratory-prepared mixtures which had grada
tions similar to the natural clay loam but contained a different predominant clay mineral. 
These mixtures, designated as Mix A, Mix B, and Mix C (Table 2), differed from each 
other with regard to their Atterberg limits. 

PREPARATION AND TESTING OF SPECIMENS 

The lime-soil and cement-soil mixtures were prepared according to the Iowa state 
compaction procedure (3) so as to obtain 2-in. diameter by approximately 2-in. high 
cylindrical test specimens. Before compaction sufficient moisture was admixed with 
each dry soil- additive mixture to bring it up to its optimum moisture content for maxi
mum dry unit weight. Each mixture contained sufficient material for the preparation of 
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TABLE 2 

PROPERTIES OF SOILS 

Soil 

Properties No. 1 No. 2 No. 3 No . 4 No . 5 No. 6 
Heavy Clay Clay Loam Silty Loam Mix A MlxB Mix C 

Textural compost tlon, ~: 
Gravel (>2 mm) 0 2 0 0 0 0 
Sand (2-0. 06 mm) 4 35 5 41 41 41 
Silt (0. 06-0. 002 mm) 36 37 84 30 28 29 
Clay (<O. 002 mm) 60 26 11 29 31 30 

Chemical properties: 
Predominant clay mineral Kaolinite- Kaolinite Kaolinite Sodium-based 

IU!te montmorillonite 
Cation exchange capacity 

(m. e. / 100 g) 21 11 8 47 49 41 
Organic content, ~ 1. 7 1. 5 1. 2 0. 5 0. 5 0. 5 

Physical properties : 
Specific gravity 2. 75 2. 69 2. 70 2. 61 2. 58 2. 65 
Liquid llmlt, ~ 71 37 31 74 113 200 
Plastic limit, 1> 30 18 27 32 29 26 
Plastlci ty index 41 19 4 42 84 174 

Classification: 
Casagrande CH Cl ML CH CH CH 
Textural Clay Clay loam Silty loam Clay loam Clay loam Clay loam 
Engineering (AASHO) A-7-5(20) A-6(11) A-4(8) A-7-5(15) A-7-5(15) A-7-5(15) 

six specimens; this enabled two specimens to be compacted immediately after the ad
mixing of the distilled water, two more 3 hours later, and the remaining pair after a 
delay of 72 hours . 

When compacted, each specimen was weighed and its height was measured, after 
which it was placed in a perspex cylinder. Both ends of the cylinder were then covered 
with paraffin wax. The sealed containers were placed in a curing room maintained at a 
temperature of 66 F and 9 5 to 100 percent relative humidity. When they had been cured 
for 28 days , all specimens were removed from the cylinders, stripped of paraffin wax 
and then immersed in distilled water. After 24 hours' soaking, one of each duplicate 
pair was selected at random for the actual freeze-thaw testing and removed from the 
immersion tank. One top surface of each of these specimens was then thinly coated with 
a low e . v. t. tar to prevent excess moisture loss and undue surface checking during the 
testing procedure. The other member of each pair of specimens was treated as a con
trol specimen and remained in the immersion tank while its mate underwent freeze
thaw testing. 

The freeze-thaw test procedure utilized was the modified British Standards test as 
developed by George and Davidson ( 4) . In this procedure the saturated specimens are 
placed in holders suspended in vacuum flasks so that the bottom of each specimen is just 
in contact with water maintained at a temperature slightly above freezing point. Each 
flask is then placed in a refrigerator (Fig. 1) and the top of the specimen subjected to an 
appropriate freezing temperature for 16 hours. The flask is then removed and the height 
of the specimen recorded; the flask is then placed in a second refrigerator maintained at 
a suitable temperature above freezing and left for 8 hours. At the end of the thawing 
period, one freeze-thaw cycle is complete. The procedure is then repeated for the de
sired number of cycles. Upon completion of these cycles, each freeze-thaw specimen 
and its corresponding control specimen are tested in unconfined compression . The ratio 
of the strength of each freeze-thaw specimen to that of its control specimen is next de
termined and this is termed the index of resistance, Rf, of the mixture. 

The freezing temperature was 23 F, and the thawing temperature was 45 F. The 
number of freeze-thaw cycles which each specimen was required to undergo was 10. 
After examination of the meteorological records for the 10-yr period 1956-1965, these 
values were selected as being representative of the most severe conditions likely to be 
experienced in Yorkshire. 



52 

(bl 

Figure 1. {a) Treated samples in place in the freezing refrigerator; (b) height-measuring apparatus to 
measure amount of heave of a lime-soi I specimen after a freezing period. 
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TABLE 3 

UNCONFINED COMPRESSIVE STRENGTH VALUES OF LIME-SOIL AND CEMENT-SOIL 
SPECIMENS AFTER COMPLETION OF FREEZE-THAW CYCLES 

No Delay Before 3-Hour Delay Before 72-Hour Delay Before 

Lime or Testing Testing Testing 
Soll Cement 

Freeze-Thaw Control Freeze-Thaw Control Freeze-Thaw Control 
(psi) (psi) (psi) (psi) (psi) (psi) 

C4 +a 33 6 66 8 + 
Heavy S3 + 66 + 69 7 49 
clay Dl 10 57 7 58 4 58 

PCl 60 97 42 51 + + 

C4 + 84 2 63 + 40 
Clay S3 + 108 + 99 + 64 
loam Dl 4 106 2 91 + 74 

PCl 283 285 133 178 14 94 

C4 + 25 6 28 + 22 
Silty S3 3 + 4 26 + 22 
loam Dl 8 n + 34 + 27 

PCl 26 128 l~ 68 6 22 

C4 182 165 128 139 53 80 

Mix A 
S3 170 164 104 115 35 41 
Dl 22 59 9 + + + 
PCl 28 92 49 68 + + 

C4 63 95 41 77 10 38 

Mix B S3 51 72 23 62 5 20 
Dl + + 12 + + + 
PCl 12 63 20 60 + + 

C4 237 250 277 250 23 60 

MixC 
S3 250 223 181 200 + + 
Dl 13 85 18 107 + + 
PCl 9 74 4 34 + + 

0
Symbol +i ndicates that the specimen collapsed before it could be tested in unconfined compression. 

EXPERIMENTAL RESULTS 

The main criteria by which the durabilities of the various lime-soil mixtures were 
evaluated were the index of resistance to frost action (Rf), and the pattern and amount 
of heave measured during the freeze-thaw cycles. The strength values of the individual 
specimens were also measured, however (Table 3) . The values help to explain some of 
the differential frost heave and Rf results shown in Figures 2 through 8. 

Heavy Clay Mixtures 

Figure 2 shows that some frost heave was recorded in each of these 4 percent lime-
96 percent soil mixtures soon after the test procedure was started. Although the early 
variations in the amount of heave may perhaps be attributed to differential cooling of 
individual specimens before testing, the end result was that all mixtures heaved by ap
proximately the same amount. Furthermore, the rate of frost heave measured was 
fairly constant for all mixes throughout the test. It can be said that all three of the 
limes used with this kaolinitic-illitic clay soil were equally unsuccessful in modifying 
or stabilizing the soil so as to resist frost action satisfactorily. 

The data in Figure 2 and Table 3 also substantiate previous work (5), which showed 
that little detrimental effect was caused by delaying compaction after admixing moisture 
with lime-kaolinitic clay soil mixtures. 

The addition of cement to this soil proved far more successful than the addition of 
lime, as indicated by the fact that the soil-cement specimen compacted immediately 
after mixing did not register any significant heave until after the seventh freeze-thaw 
cycle, whereas the incidence of heave in the 3-hr delay specimen did not occur until the 
fifth cycle. With both of these mixtures, the total amount of heaving was considerably 
less than that which occurred with any of the lime-soil mixtures. Unlike the lime-soil 
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Figure 2. Frost heaving histories of mixtures of heavy clay and 4 percent of each lime type and the 
cement. 

" .. ... 
c 

.. ... 
c 
cl .. ·: 
"" 

!,!gend 

100 
I OJ 

50 R 
o ~-o_a_U 

C4 53 01 PC1 

100 - ;:::: Id) 

- · 

o] 
~C4~~S3~ DI PC1 

50 

{
none 

delay 3 hour 
72 hour 

I bl 

----C4 S3 01 PC1 

le) 

....._.__.__._. __ B 
C 4 S3 DI C1 

Additive Type 

le l 

C4 S3 01 PC1 

- ,__ I fl 

jJ_E1 
....._C4_,_~S_,3 01 PCI 

Figure 3. Resistance index (Rf) values of the lime-soil and cement- soil mixtures . 

mixtures, however, the effect of a long (72-hr) delay in compaction of the cement-soil 
mixtures was extremely detrimental; in fact, the cement-soil mixtures collapsed be
fore they could undergo the freeze-thaw test procedure. 

Figure 3a summarizes the resistance indices of the lime and cement-treated soil 
mixtures. It emphasizes the superiority of cement with this soil, provided that the 
cement- soil mixtures are compacted soon after admixing the cement and water . 
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Figure 4. Frost heaving histories of mixtures of clay loam and 4 percent of each lime type and the 
cement. 

Natural Clay Loam Mixtures 

The ordinary portland cement was undoubtedly the most effective additive to the 
kaolinitic clay loam. One of the main features of the frost heave results obtained with 
the lime-clay loam specimens (Fig. 4) is that, although they all exhibited considerable 
heave initially, the rate of heave decreased with time. The final moisture contents of 
the tested specimens were only a few percent below the liquid limits of the lime-soil 
mixtures just prior to compaction; it may be, therefore, that the specimens had diffi
culty in absorbing moisture during the thaw periods so as to further ice crystal growth. 
In contrast, examination of the final moisture contents of the lime-heavy clay mixtures, 
where the rate of heave was relatively uniform, indicated that they were well below the 
established liquid limit values. 

The beneficial effect of delaying compaction was noticeable with these lime- soil mix
tures-particularly so with the mixes containing the high calcium and dolomitic limes 
which, in fact, showed reductions of approximately 40 percent in the measured heave 
after a 72-hr delay. This is in direct contrast to the results obtained with the cement-
treated soil where the only specimen to heave was compacted 72 hours after mixing. 

From the resistance index values (Fig. 3b) and the unconfined compressive strengths 
(Table 3) it may be seen, however, that a number of the lime-clay loam specimens col
lapsed before strength values could be determined and that, in other cases, low strength 
readings and low resistance indices were coincident with high frost heave measurements 
With the cement-soil mixtures, it was only with the 72-hr delay specimens that relatively 
poor results were obtained. 

Silty Loam Mixtures 

According to one widely used frost-susceptibility classification system (6) , silty loams 
are particularly liable to frost action and the results of this investigation confirm this 
fact. All of the specimens containing lime exhibited rapid heaving soon after the initia
tion of the testing procedure (Fig. 5), emphasizing that limes are not very effective 
stabilizers with inert, low-clay content soils. Ice lens formation took place so rapidly 
with these lime-soil mixtures that 4 of the 9 specimens collapsed before completion of 
the test procedure. The strength and resistance index values of the remaining speci
mens were quite low (Table 3, Fig. 3c). 
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Figure 5. Frost heaving histories of mixtures of silty loam and 4 percent of each lime type and the 
cement . 

Results obtained from the cement-silty loam mixtures were not always as predicted. 
As expected, these specimens were also subjected to severe frost heave and strength 
reduction as a result of the freeze-thaw test. Unexpectedly, the specimen which ap
pears to have had the greatest resistance to frost heave was that compacted 72 hours 
after mixing; there were, however, very considerable decreases in the strengths of 
both the freeze-thaw and control specimens. The only explanation which may be offered 
is that the delay may have caused some particle aggregation whi:ch facilitated permeabil
ity and a reduction in frost susceptibility while having nonbeneficial effects with regard 
to the strength properties of the mixture. Overall, however, it may be said that the 
cement-silty loam re.sults were not that much better than those obtained with lime-soil 
ones. 

Artificial Clay Loam Mixtures 

The three artificial soils and the natural clay loam had very similar gradations, and 
the only appreciable variation between Mix A, Mix B and Mix C was that they all had 
different Atterberg limit values (Table 2). Because of this, and for convenience of com
parison with the natural clay loam, the results relating to these artificial soils are eval
uated together. 

Figures 6, 7, and 8 show the frost heaving histories of the lime and cement-soil mix
tures as the number of freeze-thaw cycles was increased. Their freezing resistance 
indices and strength values are recorded in Figure 3 and Table 3, respectively. All of 
these data show clearly that the specimens containing the high calcium and semihydraulic 
limes which were compacted immediately after mixing exhibited the greatest resistance 
to frost heaving and strength loss due to frost action. Specimens compacted at the same 
time but which contained either the dolomitic lime or the cement did not register such 
good results. It is to be emphasized that these lime-soil mixtures had strengths and 
resistance indices which were in every instance substantially greater than the dolomitic 
lime and cement values. The poor results obtained with the dolomitic lime and cement
artificial clay loam mixtures suggests that, even though the amounts of heave were rela
tively small, these specimens might have disintegrated had the number of freeze-thaw 
cycles been much greater. This also points up the unreliability of considering frost
heaving criteria only when evaluating the ability of soil-additive mixtures to resist frost 
action. 
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Figure 6. Frost heaving histories of mixtures of MixA and 4 percent of each lime type ond the cement. 
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Figure 7. Frost heaving histories of mixtures of Mix Bond 4 percent of each lime type ond the cement. 

Delaying compaction for 3 hours after mixing had varying effects on the resistance 
properties of the various lime and cement-treated mixtures. Where the measured 
amounts of heave of the specimens compacted immediately were low and their strength 
values high, the delay had no detrimental effect and, in some cases, proved to be an 
advantage. Generally, however, the best results were again obtained with the high cal
cium and semihydraulic lime-soil mixtures. 

All of the mixtures compacted after a 72-hr delay and then subjected to freeze-thaw 
testing showed a marked deterioration in their ability to resist frost action. At this 
stage of testing the high calcium lime was clearly the superior additive to each of the 
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Figure 8. Frost heaving histories of the mixtures of Mix C and 4 percent of each lime type and the 
cement. 

artificial mixes and was the only additive to stabilize each mix sufficiently to give a 
complete set of data. In every case, however, strength values and resistance indices 
were considerably reduced as a result of the delay period. 

Comparison with Natural Clay Loam 

Comparing the results obtained from the artificial clay loams with those from the 
natural clay loam, it may be seen that, as a result of the change in the clay mineral, 
there was in several instances a complete reversal of values and trends. Cement was 
clearly the preferable additive to the natural kaolinitic clay loam soil, whereas with the 
artificial montmorillonitic clay loam mixes the high calcium lime and the semihydraulic 
lime were most effective. It may be concluded that the calcium oxide in the lime was 
relatively ineffective in forming strong cementitious gels (at least over the curing period 
studied) by reacting with the "inert" kaolinitic clay mineral in the natural soil; this is 
confirmed by the negligible effect of delaying compaction upon the strengths of the lime
soil specimens. With the cement of course , the reverse was true with respect to de
laying compaction. 

With the artificial montmorillonitic clay loam mixtures, however, the available cal
cium oxide from the limes was able to form sufficiently firm bonds to resist the forces 
introduced by the ice crystal formation during the freeze-thaw test, whereas the cement 
was not. This was particularly obvious when compaction was delayed after admixing 
the additive. The fact that the dolomitic lime did not appear to be an effective stabilizer 
with the artificial loams tends to confirm that it is the calcium oxide content available 
for pozzolanic reaction which is the important factor to be considered when stabilizing 
montmorillonitic clay soils. 

Discussion 

In attempting to give a general evaluation of the effects resulting from the addition of 
lime and cement to the six soils examined in this study, it must be appreciated that the 
influence of all the factors involved cannot be easily gaged. For example, it is known 
that when lime is added to a soil-water system the alkalinity of the pore water is raised 
considerably and consequently the freezing point is depressed; it is also known that an 
increase in alkalinity of the system means an increase in the ability of the soil to absorb 
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moisture (7). Thus, one immediate effect of the addition of lime to a soil is both bene
ficial and deleterious at the same time. The extent to which one effect may outweigh the 
other is, however, very difficult to evaluate. 

Another factor is the effectiveness of the additives in changing the permeability of the 
treated soils sufficiently to reduce their frost susceptibility. This change in permeabil
ity may occur by two different mechanisms, i.e., by flocculation and by cementation. 
With the lime-natural soil mixtures it is clear that neither one nor the other mechanism 
was effective in significantly retarding detrimental frost action. It is possible, though, 
that with the cement-clay loam mixtures sufficient cementation may have occurred after 
the 28-day curing period to have caused some restriction on the movement of moisture 
and thus minimized excessive ice crystal growth. The permeabilities of the artificial 
clay loams were already low before being admixed with either lime or cement due to the 
natures of montmorillonitic soils. Initially, therefore, the addition of lime and the ce
ment may have increased permeability and, thus, frost susceptibility. 

Considering one other aspect of this study it may be said that as far as could be de
termined within the limitations of this series of tests, the resistance of lime or cement
treated soils to frost action in general, and frost heaving in particular, is primarily de
pendent on the strength of the mixture resulting from the formation of a strong lime- soil 
or cement-soil matrix. This strength may be indicated by the unconfined compressive 
strength test although, of course, it is tensile strength that is required. 

A further accurate appraisal of specimen resistance to frost action is given by the 
resistance index, Rf, which compares the unconfined compressive strength values of two 
"identical" specimens, one of which is subjected to the freeze-thaw test and the other 
which is not. For instance, the dolomitic lime-Mix C clay loam specimen compacted 
immediately after wet mixing exhibited little heave but had only a resistance index value 
of just above 15 percent. This suggests that the specimen would have deteriorated and 
collapsed after only a few more freeze-thaw cycles. 

CONCLUSIONS 

1. With clayey soils in which the predominant clay mineral is kaolinite, the addition 
of a high calcium, dolomitic or semihydraulic lime results in considerably less resis
tance to frost action than does the addition of an equal amount of ordinary portland ce
ment. In addition, the less the clay content of a soil, the more effective the addition of 
cement becomes. 

2. With clayey soils in which the predominant clay mineral is montmorillonite, the 
addition of a high calcium or a semihydraulic lime results in much greater resistance 
to frost action than does the addition of an equal amount of either dolomitic lime or ordi
nary portland cement. 

3. The extent to which the resistance to frost action exhibited by soil-lime is affected 
by delaying compaction of the wet mixture is also very much dependent on the predomi
nant clay mineral present in the soil. With the kaolinitic soils used in this study, delay
ing compaction for up to 72 hours generally had no detrimental effect; in fact, with some 
mixtures a 3-hr delay period proved advantageous. When montmorillonite was the pre
dominant clay mineral, any delay in compaction had a deleterious effect on the lime-soil 
mixtures, 

4. Irrespective of the predominant clay mineral present in the soil, delaying the 
compaction of cement-treated soil mixtures results in decreased resistance to frost 
action. 

5. When there is a delay in compaction the question of which is the more effective 
stabilizer, lime or cement, depends not only on the soil type, the lime type and the 
length of the delay period, but most important, on the predominant clay mineral present 
in the soil. 

6. It is considered that the determination of the ability of a soil-additive mixture to 
withstand frost action involves an examination of its frost heaving history and the calcu
lation of its resistance index value. A mixture which has a negligible heaving history 
and a high Rf-value can be said to have good frost-resistant properties. 
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