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• ADDITION of lime greatly enhances the strength of many fine-grained soils. Lack of 
information about the permanence of these strength gains has prevented engineers from 
properly utilizing the improved strengths in pavement design procedures. 

Effects of various forces of nature that cause strength losses in lime-stabilized soils 
in the field such as adverse moisture conditions and freezing and thawing have been 
subjects of a continuing investigation at Virginia Polytechnic Institute since 1964. Walk
er and Karabulut (1) in 1964 investigated the effects of closed-system freezing and 
thawing on strengthand stiffness of a lime-stabilized clay s oil. It was reported that 
the stabilized clay specimens lost considerable strength and these strength losses were 
theorized to be in part due to hydraulic pressures similar to those described by Powers 
(2) for concrete. 
- Continuation of that study which showed the importance of initial moisture conditions 

prior to freezing and thawing on the magnitude of strength loss of a lime-stabilized 
clay soil was reported by Walker et at (3) in 1967. 

This study led to the work describedhere which is concerned with the effects of 
open- and closed-system freeze-thaw durability of lime-stabilized soils. Effects of 
lime stabilization and freezing and thawing on the soil pore structure and permeability 
were also studied in an effort to gain a better insight into freeze-thaw mechanisms. 

MATERIALS 

T he soils selected !or this study r e.l)r esented a wide range of materials used with 
lime in road construction in Virginia. These soils were: (a) a montmorillonitic clay 
(Iredell), (b) a kaolinitic fine sandy loam (Cecil), and (c) a residual limestone soil of 
mixed mineralogy but more illite than anything else (Lodi). Table 1 summarizes the 
properties of these soils. 

A high-calcium hydrated lime, which was kept tightly sealed in plastic bags to mini
mize carbonation, was used. Typical calcium carbonate contents averaged about 4 per
cent as determined by heating in an oven at 900 C. 

PROCEDURES 

Sample Preparation 

The soil was air dried and moist cured near optimum moisture content in sealed 
containers for 24 hours; then lime and additional moisture were added. The soil-lime 
mixture was allowed to cure for an additional 3 hours before compaction into 4-in. di
ameter molds by a hydraulic compactor producing densities approximately equivalent 
to those obtained under standard AASHO procedures. The soil samples were quartered 
along their longitudinal axis with a band saw and then were trimmed to cylindrical speci
mens approximately 33-mm diameter by 71. 5 mm in length with a soil lathe. 

The specimens were then wrapped in ;;;aran Wrap and dipped in Thermocote, a strip
pable coating, at room temperature to fo~·m an airtight seal. They were then sealed in 
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TABLE 1 

ATTERBERG LIMITS AND COMPACTION PROPERTIES OF 
LODI, CECIL, AND IREDELL SOILS 

01" Lime H Lime 8i Lime 

Clay Max. Max. Max. 
Soil L2u LL PL PI 

Dry 
Opt . 

Dry 
Opt. 

Dry 
Opt. 

(~) Moisture Moisture Moisture 
Density <i) Density (i) Density ('t,) 

(pcf) (pcf) (pcf) 

Lodi 55 59 45 14 94.2 25.5 90.0 27.5 89.0 28.0 

Cecil 55 62 44 18 90.5 29.5 86.6 31.5 85.0 32.5 

Iredell 48 69 28 41 100.5 24.0 91.3 27.0 88.8 29.5 

plastic containers and placed in an oven at 120 F for 48-hr curing. This curing pro
cedure is similai- to that suggested by Anday (4), who showed that it produced results 
similar to 40 to 45 days of field curing at Chailottesville, Va., in the summer of 1961. 

After curing, the samples were placed in a refrigerator at 40 F to arrest the curing 
process and to facilitate the scheduling of tests. 

Freezing-and-Thawing Tests 

An inexpensive testing apparatus, utilizing two styrofoam picnic boxes placed in a 
home-type deep-freeze unit, was used for freeze-thaw testing. A fan placed between 
the boxes, facing toward the top of the freezer, encouraged increased air flow at the 
top of the specimens. The boxes contained a styrofoam buldel· which held 16 specimens 
resting on a layer of water-saturated sand. Copper constantan thermocouples were 
placed at the top, middle, and bottom of a control specimen to record the temperature 
gradients. Thermocouples were placed at the interface of the sand-water layer, inside 
the sand-water layer, and outside the boxes to record the ambient temperature inside 
the deep-freeze unit. Figure 1 shows the setup used. 

For closed-system freeze-thaw testing, sealed specimens were placed in the styro
foam boxes, whereas the bottom seals of the specimens were removed prior to their 

TO TEMPERATURE RECORDER FROM THERMOCOUPLES 
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Figure I. Diagram of freeze-and-thaw box. 
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placement in the boxes for open-system testing. The insulating properties of the styro
foam box and the layers prevented the saturated sand layer from freezing; this supplied 
the water source for the open-system specimens thus simulating a groundwater supply 
in nature. 

The freezing of the specimens for the closed system was from top to bottom with 
slowly depressed temperatures, at a rate of 2. 75 F;hr at the top of the specimens, at 
2.45 F;hr at the middle of the specimens, and at 2.15 F;hr at the bottom of the speci
mens. For the open system, the rates of temperature depression were as follows: at 
the top of the specimens 2.65 F;hr, at the middle of the specimens 2.35 F;hr, and at the 
bottom of the specimens 2.05 F;hr. The rate of depression of temperature was less in 
the open system because there was more water present in the soil specimens. 

Typical temperature gradients during the 20-hr freezing phase were as follows: 

1. Top of specimen, 60 F to 5 F closed system, 60 F to 7 F open system; 
2. Middle of specimen, 59 F to 10 F, closed system, 59 F to 12 F open system; 
3. Bottom of specimen, 57 F to 14 F closed system, 57 F to 17 F open system; 
4. Water near top of sand layer, 55 F to 32 F for both open and closed systems. 

The deep-freeze unit maintained a temperature ranging from -20 F to -10 F. 
Thawing was accomplished by placing the styrofoam boxes in a 70 F, 100 percent 

relative humidity environment to bring the specimens to their beginning temperature 
before again exposing them to freezing. 

The closed-system specimens were subjected to 0, 5, 10 and 15 cycles and the open
system specimens to O, 1, 3, and 5 cycles of freezing and thawing. 

Unconfined Compressive Strength 

Fifty-four specimens were tested for unconfined compressive strength immediately 
after curing, and 159 specimens were tested after various cycles of open- or closed
system freeze-thaw treatment. Testing was by loading at 0.05 in. /min with loads re
corded at intervals of 0.005-in. deformation to failure. 

Pore Characteristic Studies 

Total porosities of all specimens were determined from their measured weight, 
volume, and moisture content before and after freeze-thaw treatment. One specimen 
out of four was air dried and small chunks broken off for determination of effective 
porosity, mean pore radius, and pore modulus using mercury intrusion techniques with 
a 15,000-psi Aminco-Winslow mercury intrusion porosimeter. Using the porosimeter 
pores larger than 0.000012 mm (0.012 µ) in diameter could be penetrated. 

Effective porosity is the ratio of the volume of the interconnected pores intruded by 
mercury to the total volume of the soil sample. 

Mean pore radius was determined by assuming that all the pores in a soil specimen 
were cylindrical. Since the radius of the pores is a function of the interconnected pore 
volume: 

where 

V = volume of pores, 
S surface area of pores, 
y number of pores, and 
r radius of pores 

r f(v) 

V Jctv = fy (r) 1Tr2 ctr 

S JctS = 2Jy (r) 1Tr ctr 

(1) 

(2) 

(3) 
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By definition mean pore radius, r, is given by 

r = 2;' (4) 

r 

v 

f rdV 

0 

v 

(5) 

(6) 

The pore modulus, which is analogous to fineness modulus used in describing grain
size characteristics of sand, has been calculated by the summation of the pore volume 
intruded by mercury over a predetermined range of diameters. The diameters chosen 
for pore modulus determination were 60, 40, 20, 10, 5, 2.5, 1.0, 0.5, 0.10, 0.05, 0.025, 
and 0.012 IJ. 

Permeability 

After the various cycles of freezing and thawing, the fourth specimen from each 
mold was used for a permeability determination. Following four days of air drying, 
the specimen ends were broken off and used for pore characteristic study. The middle 
or remaining portion was measured for average length and placed in the permeameter, 
as shown in Figure 2. A water aspirator was used to create a vacuum of about 24 in. 
of mercury below atmospheric pressure. Water was allowed to pass through the sample 
from containers ranging from 10-ml burette to a 4500-ml cylinder. The drop in ele
vation head and volume of water passing through the sample over 12-hr periods were 
recorded. The permeabilities were calculated from this information after obtaining 
constant readings. 

RESULTS AND DISCUSSION 

Examination of the unconfined compressive strength data shown in Table 2 brings 
out some interesting ideas, some of which are supported by pore characteristic and 
permeability data to be presented later. 

Effect of Lime on Zero Cycle Strength 

The differences in lime capacity are well exhibited. The kaolinitic (Cecil) and illitic 
(Lodi) soils showed an optimum strength at 4 percent lime and a distinct drop off in 
strength at 8 percent. The montmorillonitic (Iredell) soil showed only a minor increase 
at 4 percent and a large increase at 8 percent. Thus, it can be assumed that the Cecil 
and Lodi soils, with 8 percent lime, had excess lime available. 

Effect of Freezing-and-Thawing Cycles 

The information provided by the zero strength data is interesting when examined in 
the light of strength results after cycles of freezing and thawing. The soils with the 
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Figure 2. Diagram of permeameter. 

TABLE 2 

EFFECT OF LIME STABILIZATION AND FREEZING AND 
THAWING ON UNCONFINED COMPRESSIVE STRENGTH 

Unconfined Compressive Strength (psi)a 

Percent No. Cycles 

Lime Lodi Cecil Iredell 
Open Closed 

Open Closed Open Closed Open Closed 

0 0 83 76 65 61 69 60 

0 
l 5 21 28 17 29 0 30 
3 10 5 13 33 12 4 13 
5 15 6 5 0 13 1 7 

0 0 211 208 155 169 76 76 

4 
1 5 96 76 68 94 22 34 
3 10 28 25 26 68 16 17 
5 15 41 44 28 47 10 27 

0 0 175 157 143 180 124 124 

a 1 5 58 68 107 121 44 32 
3 10 60 69 89 79 6 42 
5 15 105 148 107 107 21 37 

0 Each strength value represents an average of values obtained from 4 specimens, with a 
variance of ± 5 percent. 
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excess lime (Cecil and Lodi), whether open or closed during freezing and thawing, 
showed dramatic strength recoveries after severe losses had occurred in earlier cy
cles. Apparently the freezing-and-thawing damage mechanism was not operative in 
later cycles, thus permitting a form of self-healing to take place with the help of the 
excess lime. Why the freezing-and-thawing damage mechanism was not working in 
these later cycles will be discussed later. 

The Iredell soil, perhaps not having excess lime, did not show significant recovery 
from initial strength loss. 

Pore Characteristics 

An examination of some of the pore characteristics of the three soils, before and 
after freeze-thaw treatment, may be helpful. Figures 3 through 6 illustrate the data 
obtained, and the reader should be reminded that it was necessary to dry the specimens 
before testing them in the mercury intrusion porosimeter. The effects of this drying 
were perhaps nominal in Cecil and Lodi soils but caused marked shrinkage in the Ire
dell soil. This is illustrated in Figure 4 when total porosity (obtained by conventional 
techniques) is co mpared to effective porosity (obtained by the porosimeter). 

Except for porosity, there is some evidence of a trend of increased values for the 
other characteristics measured (mean pore radii and pore modulus) with increased cy 
cles of freezing and thawing. All three characteristics seem to increase with percent 
lime. 

The amounts of increase in porosity due to lime addition seem to depend on the soil 
structure. The Iredell soil which has a naturally dispersed structure experienced the 
greatest structural change. 

The ameliorative action of the lime may have transformed its structure from a dis
persed to a flocculant state resulting in an enlargment of its pores. The ameliorative 
effects of lime did not seem to be as pronounced in Cecil and Lodi soils because they 
have more of a naturally flocculant structure; thus they e:i.."}Jerience smaller enlarge
ments in their pore structure. 
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Figure 3. Effects of open-system freezing and thawing on total porosity and effective porosity of three 
lime-stabilized clay soi Is. 
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Figure 4. Effects of closed-system freezing and thawing on total and effective porosity of three lime
stabilized clay soils. 
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Figure 6. Effects of open- and closed-system freezing and thawing on pore modulus of three stabilized 
clay soi Is. 
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A possible explanation of the strength regain phenomenon in the lime-stabilized 
specimens can be shown by further study of the pore characteristic data. Hydraulic 
pressures created during the freezing process may exceed the tensile strength of the 
pore structure of the stabilized soil specimens resulting in a general enlargement of 
the pores. With the larger pores present, the hydraulic pressures were minimized 
thus permitting healing of the Cecil and Lodi soils, which may have had excess lime 
available for continued curing to take place. However, this hypothesis cannot be proved 
by the data shown because the data are somewhat erratic and only show a general trend. 

Permeability 

The permeability data are also erratic, but Figures 7 and 8 show some evidence 
of permeability increases when lime is added to the soil, particularly with the Lodi soil. 
Also, for the stabilized soils, some small increase in permeability occurred with in
creased cycles of freezing and thawing. 

SUMMARY 

The results of this study can best be summarized by focusing attention on the strength 
data. Freezing and thawing initially sharply decreased the strength of all specimens, 
but the Lodi and Cecil soils recovered much of the strength loss in later cycles. It is 
possible that unused lime in these soils permitted fairly rapid self-healing. The Ire
dell soil, which did not show strength recovery, still had greater strength than its un
stabilized companion specimens. 

Pore characteristic and permeability data, although somewhat erratic, showed cer
tain trends that indicated that freezing and thawing opened up the pores, reducing the 
damaging effects of later freeze-thaw cycles. Additions of lime clearly increased pore 
size and permeability. 
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