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travel speeds do not, however, yet exist. 
In real situations it is necessary to consider practical 

factors other than energy efficiency in the selection of 
the best equipment and procedures for a given job. Also, 
in compactor design, the mechanical efficiency in ap
plying the energy to the soil may be more important than 
the compaction energy required by the soil, but the re
sults of this study suggest that there are opportunities 
for significant improvements in design. 

CONCLUSIONS 

Much more information than is available from the liter
ature or from this limited investigation is necessary to 
provide a thorough understanding of the energy require
ments of soil compaction. Neverthele.ss, some prelim
inary conclusions about the compaction of cohesive soils 
appear justified. 

1. For all moisture conditions, static compaction is 
the most efficient. 

2. Either impact or kneading compaction may be next 
most efficient, depending on the details of the procedures 
used. 

3. The optimum moisture content is apparently the 
lowest at which excessive shear of the soil occurs during 
compaction. 

4. The most important factors controlling the com
pactive effort required to obtain a specified density with 
a ~iven cohesive soil at a given moisture content ai·e 
(a) t he magnitude of the compactor-soil cont.act pr essures 
(the highest contact pr essure that does not cause exces
sive shear is most efficient) and (b) the r ate at which the 
load is a1lplied and the length of time the load is held on 
the soil lthe slower the rate and the longer the load is 
applied, the higher the efficiency). 

5. The data for energy efficiency with respect to the 
strengths of compacted soils are contradictory. This 
question needs more study. 

6. Much more information is needed, but significant 
improvements in compaction equipment design could be 
made that would increase efficiency of operation and 
yield a compacted soil with better engineering properties. 
The problem is certainly worthy of additional study. 
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Requirements for Lime-Stabilized 
Layers in Airfield Pavements 
John J. Allen, Department of Civil Engineering, Engineering Mechanics, and 

Materials, U.S. Air Force Academy 
David D. Currin, Strategic Air Command, U.S. Air Force 
Dallas N. Little, Jr., Texas A~M University 

Laboratory and field evaluation programs leading to the development of 
a design process for lime-stabilized airfield pavement layers are described. 

The entire process can be completed in 3 to 7 d. The design procedure, 
which includes selection of the optimum percentage of lime, rapid cure, 



durability testing, and residual strength requirements, uses common lab· 
oratory tests and requires no sophisticated equipment. It is appropriate 
for expedient and nonexpedient construction situations. Residual· 
strength curves wore constructed from the results of a computer study 
that used a nonlinear finite -element code capable of simulating multiple 
wheel-gear loadings. 

Mixture design procedures for stabilized pavement lay
ers must consider the type of stabilizing agent, the op
timum amount of it, and the strength and durability, The 
design sequence should be applicable to a wide variety 
of types of soil and relate to the strength requirements 
of the structural layer. 

The Soll Stabilization Index System (SSIS) (2} was de
veloped for the U.S. Air Force as a basis for a stabilized 
soil-mix design. It was conceptual in nature aud re
quired validation for a wide range of soil types. The 
ssrs provides vai·ious alternatives for the selection of 
the stabillzer and the determination of the optimum 
amount. 

OBJECTIVES 

The overall objective was to validate the SSIS through 
laboratory testing and field evaluation. Other objectives 
were 

1. To evaluate the pH test proposed by Eades and 
Grim (12} for estimating the optimum lime content; 

2. To verify the correlation between accelerated 
curing and the normal curing of lime-stabilized soils and 
ascertain the validity of curing times and temperatures; 

3. To evaluate the three-cycle, freeze-thaw strength 
as an indicator of the field durability in varied environ
ments; 

4. To evaluate the strength after vacuum soak as an 
indicator of the field durability in varied environments; 
and 

5. To correlate the durability and residual strength 
requirements for stabilized airfield layers. 

tntimately, the purpose was to develop a design pro
cess that used simple laboratory tests and equipment 
and could J:>e applied by military engineers in expedient 
and nonexpedient situations. The validation methods for 
lime, cement, and asphalt stabilization and a litei·ature 
survey of previous research in stabilized mix design 
have been given by Cllnin and others (!_). 

LABORATORY TESTING PROGRAM 

Materials 

The soils listed in Table 1 were selected as representing 
a wide range of soil classifications and a variety of soil
forming processes. Many were taken from military 
bases where stabilized layers have been used. 

Eades and Grim pH Test 

The analysis of the Eades and Grim pH test (12) was an 
essential phase in the testing program. Theo1·etically, 
the percentage of lime that gives a pH of 12.4 for the 
lime-soil mixture can be used to obtain the optimum 
strength conditions. 

The percentage of lime obtained by the Eades and 
Grim test was compared to that obtained by using stan
dard 28-d unconfined compressive-strength tests. For 
3 of the soils (C1·aig, Moody, and Cannon), the incon
clusive strength data available prohibited determination 
of the optimum percentage of lime. The pH test pre-
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dieted the optimum percentage of lime within 1 percent 
of that obtained by using strength data for 16 of the soils 
and within 2 percent for the other 3 soils (Tyler, Coari, 
and Robbius). Regression analysis showed au excellent 
correlation between the percentages of lime determined 
by the two tests. 

The majority of the soils investigated in this program 
could not be considered problem soils as a result of high 
sulfate or organic concenti·ations. Although the Tyler 
soil had high sulfate and organic contents (3. 5 and 3.0 
percent respectively), no conclusions could be reached 
about the effects of these on the pH test. The Robbins 
soil, which had low sulfate and 01·ganic contents (0.04 and 
0.22 percent respectively), showed similar variations 
between the pH lime percentage and the strength lime 
percentage. 

These results indicate that the Eades and Grim pH 
test is acceptable for the determination of an initial per
centage of lime to be used in stabilization analysis. 

Strength Development Using Rapid Cu1·e 

Both curing time and curing temperature affect the 
strength of soil-lime mixtures (3), Higher than normal 
temperatures activate the strength-producing pozzolanic 
reactions, which shortens the curing time required for 
strength development. Generally, higher temperatures 
produce higher strength over a given time lnterval, and 
the strength gain at a particular temperature initially 
increases at a rapid rate and gradually decreases with 
increasing curing time. 

Dunlap and Biswas (3) have tried to correlate normal 
28-cl curing with accelerated curing. They found the 
curing times given below to be equivalent to a 28-d nor
mal cure for lime-soil mixtures [°C = (°F - 32)/1.8). 

Temperature (°C) 

40 
49 
60 

Time (h) 

65 
30 
10 

They also found that accelerated curing temperatures ap
peared to produce chemical reaction products similar to 
those obtained in normally cured specimens. 

For this study, the unconfined compressive strengths 
of lime-soil mixtures molded at the optimum percentage 
of lime, the optimum moisture content, and the maximum 
dry density were measured after 28 d of cure at 23°C 
(73°F) and 100 percent relative humidity. Identical speci
mens were cured at 49 and 40°C (120 and 105°F) until 
the 28-d normal cure strength was duplicated. 

Although the 60°C (140°F) curing temperature produces 
chemical reaction products similar to those produced by 
a normal cure, the 40 and 49°C temperatures are more 
realistic and conservative. The 49°C curing tempe1·ature 
gave more consistent data than did the 40°C curing tem
peratures and reduced the curing time appreciably with 
what seemed to be very little risk of altering the chem
ical reaction products. Therefore, the 49°C curing tem
pel'ature was ltSecl. 

Unconfined compressive strength versus hours of 
curing at 49°C data were collected. The curing time to 
produce the equivalent of a 28-d normal cure for all 
soils tested was determined statistically to be 30 h, al
though the data varied over a wide range. 

The correlation obtained by regression analysis be
tween the rapid and normal cures showed that a 30-h 
cure at 49°C is a valid substitute for a normal cure and 
may be used before durability or strength tests. Rapid
cure values are generally slightly conservative. 
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Freeze-Thaw Test as Durability Indicator 

Both exposed-surface and vacuum-flask freeze-thaw 
tests were used. However, the vacuum-flask method 
appears to be more realistic and thus is discussed here. 
The sti·ength loss was determined at 3, 6, and 9 freeze
thaw cycles . A second-order regression curve relating 
the strength loss to the number of cycles was then plotted 
for each soil. 

The mean of the points on the best fit curves for all 
of the soils at which the slopes were equal to zero (i.e., 
zero strength loss with increasi11g number of cycles) is 
6.74 cycles. The1·e is remarkably little scatter about 
the mean dy/dx = 0 valtie !01· the various soils . The data 
s how that after approximately 7 cycles of freeze thaw, 
the1·e is no iurther significant reduction in strength. 

A family of second-order cm·ves of the gene1·al equa
tion of y = ax + bx2 was developed on t he basis of the. 
shape of the actual data cu1·ves . These cu1·ves repre
sent the freeze-thaw behavio1· of lime-soil mbd:ures 

Table 1. Soils tested . 

Soil 

Dyess, Texas 
Altus , Okla. (subgrade) 
Tyler, Texas 
Houma, La. 
Perrin A, Texas 
Perrin B, Texas 
Perrin AB, Texas 
Bergstrom, Texas 
Kelly, Texas 
Carswell, Texas 
Tinker, Okla. 
Ellington, Texas 
Barksdale, La. 
Ellsworth, S.D. 
Craig, Ala. 
Moody, Ga. 
Robbins, Ga. 
LeMoore, Calif. 
Malmstrom, Mont. 
Cannon, N.M. 
Estirado, Equador-Brazil 
LaBrea, Brazil 
Coari, Brazil 
Eirunepe, Brazil 

Figure 1. Design chart. 
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that are within 2 percent of the optimum percentage of 
lime as the difference between their 28-d strength and 
thei·r strength after a certain number of freeze-thaw 
cycles. Figure 1 was developed from the family of de
sign curves and shows the strength loss over the range 
of 3 to 7 cycles. 

On the basis of these data, the freeze-thaw strength 
loss can be predicted from knowledge of the 28-d normal 
cure strength of a lime-soil mixture and the 3-cycle 
freeze-thaw sfreugth. The following e~mple is illus
trative: unconfined compressive strength {q.) after 28-d 
cure = 1448 kPa (210 lbf/i.n2

) at 23°C (73°F) and 100 per
cent relative humidity, and q. after 3 freeze-thaw cy
cles = 827 kPa (120 lbf/in2

). The1·efore the strength loss 
is 621 kPa (90 lbf/i.n2l. If Figure 1 is ente1·ed with a 
621-k.Pa (90-lbf/in2

) freeze-thaw slrength loss at 3 cycles 
and projected to 7 cycles, a freeze-U1aw strength loss of 
880 kPa (127 lb!/ in2

) is predicted. The 28-cl q. mi.nus the 
7-cycle freeze-thaw strength loss = residual strength = 
568 kPa (83 lbf/ ini). 

Immersed Strength as Durability 
Indicator 

Another objective was to substantiate whether or not im
mersion testing, particularly vacuum saturation, can be 
used as an alternative to freeze-thaw testing. 

The vacuum immersion test may be conducted after a 
normal 28-d cure at 23°C (73°F) or a rapid cure of 30 h 
at 40°C (120°F). IT a l'apld ul'C is used, a 2-h equilib
rium period is required to 1)ermit the stabilized mixture 
to cool. The specimens must be sealed during this period 
to preve1lt moisture loss. 

To remove air from the voids, the specimens a1·e 
placed in ru1 upright position within the vacuum vessel 
and the chamber evacuated to 81.6 kPa (24 in of mercury) 
for 30 min. The specimens are placed on a perforated 
plexiglass plate so that all surfaces will be equally ex
posed to the chamber enviroiunent. After the 30-min 
period, the vacuum vessel is flooded with water to a 
de1Jth sufficient to cover the soil specimens. The vacuum 
is removed, and the specimens are soaked for 1 h at at
mospheric pressure. 

At the end of the soak period, the specimens are re
moved from the water and allowed to drain for approxi-
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mately 2 min on a nonabsorptive surface. After the free 
surface water is drained away, the specimens are im
mediately tested for unconfined compressive strength. 
The entire immersion or saturation procedure can be 
carried out in less than 4 h after the rapid cure. 

The strength after vacuum saturation was compared 
to the strength after 3 cycles of freeze-thaw testing. 
Preliminary regression analysis showed that there was 
a distinct change in slope of the regression line at a 
vacuum-saturation strength of 945 kPa (137 lbf/ in2

) [a 
3-cycle freeze-thaw strength of 345 kPa (50 lbf/ in2

)]. 

On the basis of this, separate regression lines were con
structed for vacuum-saturation strengths between 0 and 
945 kPa (segment 1) and for vacuum-saturation strengths 
between 945 and 3792 kPa (550 lbf/ in2

) (segment 2). The 
correlation coefficients of segments 1 and 2 are 0.82 and 
0. 79 respectively. 

Figure 2 shows the design chart. From the vacuum
saturation strength, by using the proper segment of the 
design curve, the 3-cycle freeze-thaw strength is ob
tained. This value is then used with Figure 1 to deter
mine the 7-cycle freeze-thaw strength loss. 

Long-term (21-d) immersion as well as short-term 
(8-d) immersion were considered as alternatives to the 
vacuum-saturation test. However, 21-d immersion was 
not considered to be a suitable alternative because of the 
length of the test and the probability of unconservative 
results because of hydration while the specimens are 
submerged. Limited data on 8-d immersion showed that 
this test may possibly be used as an alternative to vac
uum immersion or 3-cycle freeze-thaw, but no conclu
sive statement can be made yet. The vacuum-saturation 
test seems to be the most acceptable alternative to 
freeze-thaw durability testing because it is expedient 
and requires no sophisticated equipment. 

RESIDUAL-STRENGTH REQUIREMENTS 
FOR AIRFIELD PAVEMENTS 

Analysis of the stresses and strains in pavements sub
jected to moving wheel loads can be correlated with the 
performance of those pavements (4, 5, 13). F\111-scale 
tests conducted at the Waterways Experiment Station 
indicate that, despite the present limitations in computa-

Figure 2. Design chart : 3-cycle freeze-thaw 
strength from vacuum-immersion strength. 
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tional techniques and materials characterization, it is 
possible to predict the performance of a pavement from 
the results of computer analyses (5). Such procedures 
hold promise for the development of rational design 
schemes. 

Indicators of Pavement Performance 

Five factors that are indicative of the response of a pave
ment to moving loads were studied. The surface deflec
tion and tensile strain in asphalt concrete can be corre
lated with the fatigue cracking of asphalt surface courses. 
In addition, the vertical stress and strain within the sub
grade can be correlated with subgrade rutting, which can 
ultimately relate to distress of the pavement surface. 
Limiting values of the vertical subgrade strain are the 
basis for the design procedure for flexible pavements de
veloped by the Koninklijke-Shell Laboratorium in Amster
dam (6). 

Because stabilized layers in most pavement sections 
act in flexure, it was necessary to investigate the tensile 
stresses in such layers. Flexural cracking in stabilized 
layers leads to loss of strength and increased stresses 
applied to the subgrade. 

A nonlinear, finite-element analysis technique 
(AFPRE-AFPAV) capable of simulating multiple wheel 
loadings was used. 

To correlate the performance of pavement sections 
with the calculated indicators, it was necessary to devise 
a method of quantitatively assessing the present condi
tion of the section. Accordingly, a rating form was de
vised that considered the major tYPes of distress mech
anisms that could be linked to the structural adequacy of 
the pavement (1, 7, 8). Each distress category was mea
sured at a particular section, and the summation was 
used to determine the relative condition of the section. 
Those sections with higher numerical ratings were con
sidered to be in poorer condition than those with lower 
ratings. 

The test sections were selected from Air Force and 
Navy bases having stabilized and nonstabilized pavement 
sections that had been subjected to approximately the 
same traffic loadings. Information about their construc
tion histories, layer thicknesses, and material properties 

400 
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Figure 3. Deflection basins at 
Seymour Johnson Air Force Base. 

3.0 1.5 0 1.5 3.0 0.0 

..... ---==~~---__....-----====----- 0.25 

~ 0.50 
152 mm ASPHALT CONCRETE 

TAXIWAY 3 

TAXIWAY 7 

0.75 
1.00 

125 

0.0 
0.25 
0.50 

0.75 
1.00 
1.25 

VERTICAL 
DEFLECTION, 

mm 

102 mm SAND ASPHALT 

SP 

140 mm ASPHALT CONCRETE 

152 mm GW 

305 mm SP 

SP · SM MEASURED 

---- COMPUTED Note: 1 mm= 0.039 in . 

Table 2. Computed responses. 

Max Max Tensile Max Tensile 
Max Subgrade Strain in Surface Strain in sta-
Deflection stress Course bilized Layer 

Section (mm) {kPa) (mm/mm) (mm/ mm) 

Taxiway 3 0.86 90 0.000 240 0.000 542 
Taxiway 7 1.65 56 0 .000 697 

Note: 1 mm= 0.039 in; 1 kPa = 0.145 lbl/in2 ; 1 mm/mm= 1 in/in. 

was taken from the Airfield Pavement Evaluation and 
Condition Survey Reports published by the Corps of En
gineers and the Air Force Civil Engineering Center. 

The evaluation procedure consisted of the following 
steps: 

1. The test sections were selected from the survey 
reports, 

2. The present conditions of the sections were evalu
ated by using the rating forms, 

3. The deflections under aircraft loadings were ob
tained by using a precise level capable of measuring 
vertical motions to 2.5 µ.m (0.0001 in), which was sighted 
on a target placed along the outer edge of the wheel path 
of the main gear as the aircraft was towed along the pre
determined path, and 

4. The pavement sections from selected bases were 
analyzed by using the AFPRE-AFPAV code. Measured 
and computed deflection basins were matched, and cal
culated indicators of pavement performance were com
pared. 

Pavement sections at five airfields-Reese, Cannon, 
Kelly, and Seymour Johnson Air Force bases, and Point 
Mugu Naval Air Station-were evaluated. 

Seymour Johnson Air Force Base 

Although lime-stabilization had not been used at this 
base, the data are illustrated and show the effectiveness 
of computer structural analysis of pavement sections. 

Taxiways 3 and 7 were evaluated. The nonstabilizecl 
section (taxiway 7) had extensive transverse and longi
t udinal cracking, intermittent rutting, and some alligator 
(fatigue) cracking. It received a rating of nine. The 
stabilized section (taxiway 3) bad only isolated rutting 
and cracking and received a rating of three. The de
flections were obtained under an F-4 ah·craft [gross 
weight = 114 Mg (52 000 lb) and tire pressure = 1724 kPa 
(250 lbf/in 2

)]. The deflections were measured and com
puted along a line offset 25.4 cm (10 in) from the center 
of the tire. 

Figure 3 shows the measured and computed deflec
tion basins for the two sections. Table 2 summarizes 
the computed responses of the two sections. 

The significantly smaller deflections and strains in 
taxiway 3 account for its better surface condition as op
posed to that of taxiway 7. The high subgr ade stress 
calculated for taxiway 3 may account for the isolated 
rutting observed. The higher subgrade stress for this 
section compared to that of taxiway 7 can be attributed 
to the much smaller thickness of pavement. 

The field performance evaluation showed the accuracy 
with which a powerful analytical tool such as the AFPRE
AFPA V code can be used in computing deflection basins. 

Development of Residual-Strength Curves 

The strength requirements for highway pavements and 
their associated loadings derived by linear analytical 
techniques have been given by Dempsey and Thompson 
(9). Because airfield pavement thicknesses and wheel 
loadings are significantly different from those of high
ways, it was necessary to determine the strength re
quirements for airfield pavement sections. Further
more, because high-quality stabilized layers have 
greater stiffness than do underlying natural materials, 
t hey act in a flexural mode. The limiting value of 
strength for these layers to be investigated is the flex
ural strength. 

The AFPRE-AFPAV nonlinear computer codes were 
used to account for the nonlinear stress and strain rela
tions of paving materials, particularly natural subgrades 
and unbound granular layers. 

The objective of this phase of the investigation was to 
determine the flexural strength required of stabilized 
pavement layers. These values were correlated with the 
unconfined compressive strengths (qu) that would be re
quired in the pavement after the first freeze-thaw season. 
The procedures described above were then used to de
termine the required qu before freeze thaw on the basis 
of the anticipated number of freeze-thaw cycles. 

Analysis Procedure: Lime-Stabilized 
Layers 

Typical flexible and rigid pavements were analyzed for 
aircraft loading in the three design categories described 
in the Air Force Manual. The F-4E aircraft was used 
for the light-load category because it has the highest 
gear load in that category. The C-141 was used for the 
medium-load category, and the B-52 was used for the 
heavy-load category. Flexible pavements were not an
alyzed in the heavy-load category, nor were rigid pave
ments analyzed for the light-load category. A wide range 



Figure 4. Residual-strength 

requirements for 

lime-stabilized layers in 

airfield pavements (flexible 
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Figure 5. Residual-strength 
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airfield pavements (flexible 
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of subgrade types, pavement thicknesses, and stabilized
layer properties were investigated. The aircraft landing
gear configurations and wheel loads cover the range with 
which the military engineer is involved. The majority 
of civilian jetliners have similar characteristics. 

Residual Strength 

It is usually assumed that the most critical period in the 
life of a pavement containing stabilized layers occurs 
immediately after the first freeze-thaw period. This is 
the point at which natural subgrades may be least stable 
because of high moisture contents and stabilized layers 
will have suffered the deteriorating influence of the winter 
freeze-thaw cycles. Ifowever , Thompson and Dempsey 
(10) have shown that stabilized materials will continue 
togain strength with increased curing time after the first 
winter and that the freeze-thaw damage occurring in sub
sequent winters is not cumulative. Therefore, the flex
ural strength required after the first freeze-thaw season 
may be regarded as the minimum necessary for satis
factory pavement performance. The flexural strength 
was converted to the unconfined compressive strength 
by using the relation flexural strength= 0.25q". The 
values oi qu tllUs obtained represent the minimum re
quired values of unconfined compressive strength (re
sidual sti·ength ) that the s tabilized materials must ex
hibit in the field immediately after the first freeze-thaw 
season. 

Results: Flexible Pavements 

Figures 4 and 5 show the residual-strength requirements 
for lime-stabilized layers for flexible airfield pavements. 
The design procedure using these figures should include 
the following steps: 

1. Use the standard California-bearing-ratio design 
procedures to determine the required pavement thickness, 

2. Select the individual layer thicknesses, 
3. Enter the appropr iate iigure (des ign category a nd 

t ype o! s tabilizer ) \Vith t he thickness of cover (thickness 
of material above the top or tl1e stabilized layer) a nd r ead 
the required residual strength from the appropriate curve, 

4. Use the procedures discussed above to determine 
the strength loss for the number of freeze-thaw cycles 
anticipated for the first season, and 

5. Add the anticipated strength loss to the residual 
strength. 

This value represents the q" required in the field after 
construction and initial curing and before the first 
freeze-thaw season. 

Results: Rigid Pavements 

Because of the thickness and high modulus of concrete 
surface courses, the calculated fleXLU'al strengths varied 
over a small range [ <69 kPa (10 lbf/in2

)]. Ther efore , 
it is recommended that residual strength values of 410 
to 550 kPa (60 to 80 lbf/in2

) be required for stabilized 
bases for rigid airfield pavements. These values are 
higher than would be indicated by the relation that flex
ural strength= 0.25qu. However, lower strength mixes 
have lower values of flexural modulus, which would allow 
larger strains and possibly more severe cracking in the 
stabilized layer. 

The preceding discussion has been concerned with 
pavement response to repeated dynamic wheel loadings; 
i.e., flexural fatigue was the main consideration. How
ever, stabilized pavement sections develop ultimate 
strengths far in excess of the stresses that lead to ini-

tial cracking. For situations where low traffic volumes 
are anticipated, e.g., the expedient construction case, 
the required strengths of the stabilized layers may be 
significantly ove r estimated by the use of F igures 4 and 
5. The data given by Suddatl1 and Thompson (11) indi
cate that ultimate strengths may be at least twoto three 
times as large as those predicted by Meyerhof' s 
ultimate-load theory. Clearly, for these situations, 
the designer is justified in accepting lower strengths 
than those indicated by Figures 4 and 5. 

DESIGN SEQUENCE 

The design procedure shown in Figure 6 was developed 
on the basis of the laboratory data and computer analy
sis. Selection of the stabilizing agent is determined by 
the gr ain-size dis tribution and the plasticity and is dis
cussed by Currin and ot hers (1). 

The entire design process c an be accomplished in ap
proximately 1 week. If vacuum saturation is substituted 
for freeze-thaw testing, the time involved is shortened 
to 3 or 4 d. 

CONCLUSIONS 

The design process described here uses common lab
oratory tests and requires no sophisticated equipment. 
It can be accomplished in a short time and is appropri
ate for use by engineers untrained in stabilization tech
nology. The adequacy of a proposed mix is ultimately 
determined by comparing its strength after durability 
testing with the required residual strength in the field. 
This process has been validated for a wide range of soil 
types. 
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Frost Action in Cement-Stabilized 
Colliery Shale 
R. J. Kettle, Department of Civil Engineering, University of Aston in 

Birmingham, England 
R. I. T. Williams, Department of Civil Engineering, University of Surrey, England 

This paper describes a laboratory investigation of frost action in cement· 
stabilized colliery shales in which their performance is evaluated in terms 
of the heave developed during prolonged freezing. Tests of nine unburnt 
and four burnt shales showed that the addition of cement reduced heave, 
except in the case of some fine-grained unburnt shales. These results are 
discussed in relation to the effect of cement on pore size, on permeabil· 
ity, and on strength. Of the strength tests undertaken, only the direct 
tensile test provided data that could be related to the behavior observed 
during a freezing test. Significant heave occurred only when the heaving 
pressure generated at the freezing front was greater than the tensile 
strength. It is concluded that freezing behavior is consistent with an en· 
ergy balance between the work done in heaving and the energy liberated 
by supercooled freezing. 

In recent years, there has been increasing interest in 
the use in road construction of nontraditional materials, 
such as industrial waste. A major source of such ma
terial in Great Britain is in the colliery tips that are 
probably the greatest single cause of dereliction of in
dustrial land, so that their removal is also desirable in 
environmental terms. The material in these tips is the 
residue after coal has been removed in the washery and 
is generally referred to as colliery shale. It is custom
ary to further describe the material as either unburnt 
or burnt because burning occurs in some tips under cer
tain conditions. Broadly, burning converts the clay
like shale into a brick-like material having greatly 
changed properties. 

Selected burnt shale has been used extensively in 
highway construction in Great Britain for many years 
as fill and as subbase material, but unburnt shale has 
been used s ignificantly only during the past 8 years, fol
lowing the issue oI technical memoranda (1, 2) by the De
partment of the Environment that allow itsuse as com
mon fill. However, because of its clay-like nature, it 
is unlikely that unburnt shale in its natural state will be 
suitable for use in pavement structures; the work re
ported in this paper is part of an investigation that ex-

amined its value when stabilized with cement. A pre
liminary study (3) showed that some unburnt shales could 
produce an accej)table s oil-cement in terms of the strength 
criteria imposed in pr actice (4), and this prompted an 
extension of the work to the effect of frost action on ma
terials of this type (~. 

OVERALL APPROACH 

The aim of the investigation was to test colliery shales 
in their natural state and when stabilized with cement to 
identify the characteristics that influence their behavior 
when subjected to prolonged freezing. Because the prin
cipal interest was in the effect of cement treatment, the 
emphasis was on the measurement of tensile strength as 
specimen fracture appears to be an essential prerequi
site for the growth of substantial ice lenses. Samples of 
nine unburnt and four burnt shales were studied to com
pare the behavior of the two types of shale and to evalu
ate their response to cement treatment. 

The behavior of test specimens subjected to frost ac
tion was evaluated by the heave that occurred and by the 
pressure generated when the heave was restrained. Per
meability tests were made to obtain data on the water
transport potential of the various materials. 

Preparation of Test Specimens 

Cylindrical specimens, 152.4 mm high by 101.6 mm in 
diameter, were produced in constant-volltme molds by 
using static compaction (6). To permit comparison 
among the results' the cement-stabilized specimens 
were made at the same moisture content as the unbound 
specimens [the optimum value determined on the unbound 
shale by using the 2.5-kg hammer in the British standard 
compaction test (7)). The dry densities were adjusted so 
that the total air voids were the same for both the un
bound and the cement-stabilized specimens of each shale. 




