
Improvement of Dispersive 
Clay Erosion Resistance by 
Chemical Treatment 

Myron L. Hayden and T. Allan Haliburton, School of Civil Engineering, 
Oklahoma State University, Stillwater 

Erosion damage caused by dispersive clay soils has created many prob
lems in compacted earth structures and natural cut slopes. Although 
methods exist for dispersive soil identification, there has been only 
limited investigation of chemical treatment to improve erosion resis
tance of these soils. Thus, chemical stabilization of such soils was in
vestigated by using mixtures of hydrated lime, sodium chloride, and 
aluminum sulfate, which were representative of the calcium, sodium, 
and aluminum ion groups. This paper describes the effect of chemical 
treatment on the dispersion potential and erosion resistance of six 
Oklahoma soils. After a review of literature concerning methods of 
dispersive clay soil identification and chemical reactions that occur 
during treatment, experimental test results are presented and dis
cussed. Test results further support the physical erosion test as an 
adequate means of correctly evaluating the erosion potential of dis
persive clay soils. The use of soil engineering properties to determine 
dispersive erosion potential was evaluated and found to be unsatisfac
tory. Flocculation through chemical stabilization was an alternative 
for reducing or eliminating dispersive clay erosion problems. All three 
chemical stabilizers provided successful treatment and are ranked in 
order of decreasing effectiveness. 

Damage to earth embankments and cut slopes from dis
persive clay soil erosion is of increasing interest to geo
technical engineers. A dispersive clay soil erodes in the 
presence of flowing water, when the particle-to-particle 
repulsive forces exceed the van der Waals a.ttractive 
forces. Thus, individual clay platelets are split off (dis
persed) and carried away. Such erosion may start in a 
drying crack, settlement crack, or other channel of high 
pel'meability in a soil mass. When water flows through 
the crack and the clay is eroded at a faster rate than it 
can swell and close the crack, erosion damage occurs. 

Current procedures for identification of potentially 
dispersive clay soils include several methods of finding 
their dispersion potential. Although the problem of 
identifying potentially dispersive soils has received con
siderable attention and successful identification tech
niques have been developed, modification of such soils 
to improve their erosion resistance bas received little 
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attention. 
The School of Civil Engineering at Oklahoma State 

University, Stillwater, has been engaged in a study to 
determine the effects of chemical treatment on the dis
persion potential of cohesive soils. The project was 
sponsored by the Bu1·eau of Reclamation, U.S. Depart
ment of the Interior. This paper presents results ob
tained during this study, in which hydrated lime, sodium 
chloride, and aluminum sulfate were used as chemical 
stabilizers. In addition to discussions of test results, a 
review of the basic concepts and theories used in the 
identification and treatment of dispersive clay soils as 
well as present theories and hypotheses concerning ef
fects of chemical treatment are presented. 

LITERATURE REVIEW 

Identification of Dispersive Clay Soils 

The first widely accepted metJ1od of identification of a 
potentially dispersive clay soil was proposed by Volk (!). 
His procedure, based on 1·esults of tests conducted on 
dispersive soils from Arizona, involved both qualitative 
and quantitative measurements of the dispersion potential 
of a c lay soil. Fletcher and Carroll ~), while conducting 
tests on similar soils, discovered that the soils contained 
extremely high exchangeable sodium and calcium carbon
ate. Further research indicated that the dispersion of 
the clay (,action of dispersive soils resulted from the 
high percentage of sodium ions surrounding clay parti
cles, relative to other cations (3). Several other re
searchers investigated the relationship between the con
centration of sodium ions and other exchangeable cations 
present (4, 5, 6, 7). These researchers felt tbat the 
relationship-involving sodium versus other cations pres
ent could be used to predict field behavior. 

In 1967, Emerson (8) proposed a test to determine the 
degree of dispersion based on the observed reaction of 
soil aggregates immersed in water. The rapid disper
sion test or crumb test, which was introduced by Sherard 
(9) in 1972, was a refinement of the coherence test pre
sented by Emerson. Sherard believed his test was more 
closely associated with expected field behavior. 

A slight modification of the test proposed by Volk is 
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the laboratory dispersion test (LDT), which has been 
adopted by the U.S. Department of Agriculture Soil Con
servation Service. The LDT is currently the most 
widely used method of dispersive clay identification. 
Based on the LDT, the degree of dispersion is classified 
according to expected field behavior ranging from non
dispersive to highly dispersive. 

After examining previously proposed tests, the au
thors developed a physical erosion test (PET), to better 
simulate dispe rsive soil erosion under field placement 
conditions (10, .!_!). 

Chemical Treatment 

Previous researchers have demonstrated that the differ
ence between a dispersive and a nondispersive soil re
sults from the relative concentration of sodium compared 
with other exchangeable cations on or surrounding the 
clay particles. Since the differences are chemical, 
chemical stabilization might be a solution to the disper
sive clay problem. The first chemical treatment consid
ered is the addition of lime (calcium oxide or hydroxide) 
and its effect on cohesive soils. The effect of lime, when 
added in the small amounts used in this research study, 
was to partially modify the soil rather than to stabilize 
it (12). The addition of lime usually results in the fol
lowing changes: increase in plastic limit, decrease in 
plasticity, decrease in number of clay-sized particles, 
decrease in maximum compacted density, increase in 
optimum moisture content, decrease in volume change 
potential, and increase in s hr inkage limit (13, 14, 15, 16). 

Mechanisms usually presented in lite1·atu1·e To explain 
the changes in physical properties from lime treatment 
are cation exchange, flocculation, carbonation, and poz
zolanic reactions. The last two mechanisms are believed 
to be long-term effects that control strength gain from 
addition of lime. Cation exchange and flocculation, which 
should control soil dispersion potential, have been found 
to increase with increasing lime content (.!1., .!.!!, 19, 20). 
Cation exchange and flocculation are also pr oduced by 
chemical treatment with sodium chloride and aluminum 
sulfate. 

In the United States, sodium chloride has been wide ly 
used in road construction (21, _g_; 23). Sevenl changes in 
t he physica l pr ope rties of soils and soil- agg1·egate mix
tures are thought to occur from sodium chloride treat
ment (24). The following changes are generally accepted: 
reduction in volumetric shrinkage, reduction in expansion, 
decrease in pe1-i11eability, inc1·ea8e lu t:;Lrt:11t5Lh, anc.i in
crease in compacted density with lower optimum mois
ture content. The flocculation and exchange capacity of 
clay soils for sodium ions depends on two factors: orig
inal ions associated with the clay mineral and concen
tration of sodium ions in solution (25, 26). 

Use of aluminum sulfate as a chemical stabilizer has 
received limited attention. To some extent, aluminum 
sulfate has been used with phosphoric acid to provide 
metallic ions in soil stabilization (27). The use of alum
inum sulfate as a chemical additivewas investigated 
more fully in this study. 

MATERIALS, EQUIPMENT, AND 
SAMPLE PREPARATION 

Materials 

Materials used in this study were six soils of varying 
physical properties and geologic historie s, native to 
Oklahoma. Four of these soils were chosen because 
their soil masses exhibited dispersive clay erosion 
in the field. The remaining two samples were added 
to provide a measure of control because they were 

known to be nondispersive. Pertinent engineering prop
erties of the samples are given in Tables 1 and 2. The 
sample locations, geologic histories, and chemical prop
erties of the samples are given elsewhere (10 ). 

High-calcium hydrated lime, reagent grade sodium 
chloride, and laboratory grade aluminum sulfate 
were used in the study. 

P hys ical Erosion Test 

The physical erosion test (PET) was developed to 
simulate field situations and to accelerate dispersive 
erosion so that it could be measured during a rela
tively short test period (10, 11 ). PET apparatus, 
shown in Figure 1, simulatesfield conditions by 
back pressure saturation and intermittent flow of 
water through samples compacted to expected field 
moisture and density conditions. Erosion testing 
was accelerated by drilling longitudinal holes in the 
soil samples. The relationship between the weight 
of dry soil at the start of the testing sequence and 
that remaining after testing was used to indicate the 
percentage of erosion, i.e., 

. _ initinl dry weigh! - ending dry weight 
100 

( I) 
Percentage of eros10n - inilfa l dry weigh I x 

PET is believed to give better results than other 
chemical and engineering property tests currently used 
to identify potentially dispersive clay soils. Interpreta
tion of PET data used for predicting potential dispersive 
erosion damage is as follows. 

1. Erosion values of Oto 15 percent indicate that 
little, if any, erosion should occur. 

2. Erosion values of 16 to 35 percent indicate that 
slight to moderate erosion may occur, probably as a re
sult of slaking or surface erosion or loss of mass struc
tural coherence . Visual observation of PET specimens 
should help classify the expected behavior. 

3. Erosion values of 36 to 50 percent indicate that 
moderate to severe erosion may occur, primarily as 
a result of clay dispersion and that there is some 
lag between construction and the time erosion dam
age is noted. Visual observation of PET specimens 
should help to determine the behavior expected. 

4. Erosion values of 51 to 65 percent indicate 
that severe to very severe erosion may occur, pri
marily as a result of dispersion of a clay binder that 
contains an appreciable sand-silt fraction with low 
erosion resistance. If the soil is primarily clay, 
these values indicate extremely high dispersion po
tential. Visual observation of the PET specimens 
will aid predictions of the type of expected field ero
sion behavior. 

5. Erosion values of 66 percent or more indicate 
soils similar to those in the previous item, except that 
a faster rate of erosion occurs. Very severe erosion 
problems should be expected with these soils, during or 
shortly after construction. 

Although the above criteria are tentative, they neverthe
less represent our best judgment about interpretation of 
PET r esult s in evaluation of expected field erosion be
havior (10). 

Methods based on use of soil engineering properties to 
predict dispe r sive soil erosion behavior ue us ually not 
valid . For example, a typical engineering r elationship 
developed by Gibbs and Holtz (2 8), i nvolvi ng natu ral 
density versus liquid limit, wasevaluated du1·ing P ET 
development (10). Data for 21 natu r al dispersive and 
nondispersive soils were plotted on the erosion chart of 



s hown in Figure 2, which indicates PET groups. Be
cause the research sample s were received in a disturbed 
s tate, standard Proctor maximum dry density was used 
r athe r than natural dry density in the graph, but the er
r or is not believed to be significant. When the r elation
ship s hown in Figure 2 is exam ined, both the nonerosive, 
nondispersive clay soils and the highly erosive disper
sive cl ay soils fall in and along the zone of supposedly 
highest erosion resistance. Another evaluation of ero
sion p r ediction was made by using soil plasticity and the 
A-line chart of the Unified Soil Classmcation System 
(28). The shaded areas in Figure 3 were thought by 
Gibbs and Holtz to represent the erosion potential of 
fine- grained cohesive soils. When the results obtained 

Table 1. Engineering properties of research samples. 

Shrinkage ('.!) 
Sample Specifi c Liquid Plastic Plastic 
Number Gravity Limit Limit Index Linea r Volumetric 

201 2 . 76 43 18 25 11 30 
202 2. 73 46 21 25 17 43 
203 2. 75 48 20 28 15 39 
204 2. 75 60 19 41 17 43 
205 2. 72 47 16 3 1 17 46 
206 2. 70 45 18 27 14 37 

Note: 1 kg/mJ • 0.063 lb/ftJ , 

Table 2 . Grain size analysis of research samples. 

Percentage Passing ( sieve size) 

Sa mple 0.002- 0.05- 0.02- 0 .05- No. No. No, 
Number mm mm mm mm 200 140 60 

201 23 33 47 61 80 86 98 
202 33 51 79 89 92 95 99 
203 33 54 81 90 93 95 99 
204 30 73 83 86 87 100 
205 36 51 69 82 86 87 100 
206 31 41 70 90 97 98 100 

Note: 1 mm a: 0.04 in. 

Figure 2 . Trends shown by natural density versus liquid limit 
relationship. 
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from PET were plotted according to major groups, no 
definite relationship was observed between r esults ob
tained from PET and those based on soil plasticity. 
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The data shown in Figures 2 and 3 confirm the newly 
accepted theory that conventional soil engineering prop
erties may not be used to correctly predict erosion re
sistance of potentially dispersive clay soils. Soil chem
istry techniques have not been completely useful either, 
but PET (10) is believed to give reasonable predict ions . 
Besides determining the amount of soil erosion ex
pected for given soil placement conditions and worst 
case e r osion water conditions, visual observation of 
samples during and after testing may give consider
able qualitative insight about the type and rate of ex-

Standa rd Modified 
Proctor Proctor 

Y, W,,r,l Y, w .. p1 

(kg/ m'} (%) (kg/ m'} (%) 

1823 12 .6 2055 8.6 
1723 13. 5 1944 10.0 
1717 13 , 7 1930 10 .3 
1534 20. 5 1765 16 .9 
1706 16.9 1852 15.0 
1661 19.0 1841 15.4 

Figure 1. PET apparatus. 

NOTE : 
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Figure 3. Suggested trend of erosion characteristics for fine-grained cohesive 
soils with respect to plasticity. 
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pected field erosion. 

Preparation and Curing of Test Specimens 

A standard mixing and curing procedure was used for 
each chemical treatment and produced nearly constant 
moisture contents and densities. During initial prepara
tion, each sample was oven-dried, ground, and sieved 
through a No. 40 sieve. Sufficient moisture for com
plete chemical reaction was ensured by mixing the 
sample and admixture at 2 percent wet of optimum 
moisture content for 24 hours before compaction. 
The samples were compacted to standard Proctor 
maximum dry density at optimum water content by 
using a Harvard miniature mold and the Ohio State 
University miniature impact compaction device . Details 
of procedures used in sample preparation and curing 
are given elsewhere (10, .!!, 29 ). 

RESULTS 

The primary objectives of the investigation involved the 
effects of lime, sodium chloride, and aluminum sulfate 
treatment on the dispersive erosion potential of cohesive 
soils; however, the dispersive erosion potential of the 
cohesive soils had to be determined without any chemical 
treatment. In the following sections, the ef.(ects of lime, 
s odium chloride, and aluminum sulfate treatment on six 
cohesive soils are presented and discussed. 

No Chemical Treatment 

Each sample was tested for internal erodibility a total of 
16 times: 8 times at standard Proctor density and 8 times 
at modified Proctor density. Test results obtained from 
samples compacted at both standard and modified com
paction and corresponding water contents were approxi
mately the same. The explanation of this is based on a 
combination of two factors: The increase in dry density 
as a result of increased compactive effort leads to a de
crease in susceptibility to internal erosion, and lower 
water contents associated with optimum compaction under 
increased compactive effort tend to inc r ease erodibility. 
When both these influences on the behavior of a soil mass 
occurred simultaneously, the result was no general 
change in the average percentage of erosion. 

Lime Treatment 

Results obtained from physical erosion testing of lime
treated samples showed a substantial decrease in the 
percentage of erosion as the percentage of lime was in
creased, even for the nonerosive control samples. 

Figures 4 and 5 show typical effects of lime treat
ment on erosion of dispersive soil sample 202. These 
photographs were taken during the pilot study phase, and, 
because little erosion took place at the higher lime per
centages, the production research was carried out with 
0.5, 1.0, and 1.5 percent lime. 

The effects of lime treatment on soil erodibility, as 
shown by a plot of the percentage of erosion versus chem
ical treatment for each soil tested, are shown i1l Figure 6, 
in which a relationship is seen to exist behveen the per
centage of lime treatment and P ET percentage of e rosion. 
Although this relationship is not linear, the percentage 
of erosion definitely decreases as the percentage of lime 
treatment increases. 

An explanation for the effectiveness of lime as a chem
ical treatment for dispersive clay soils is based on sev
eral factors. One factor is the increase in ca++ cation 
exchange with the increase in soil pH. Another factor be
lieved to cause decrease in erosion with increase in lime 

treatment percentage is compression of the ionic atmo
sphere around the clay particles. Pozzolanic reactions 
between the lime and clay particles may also have caused 
an increase in strength, and the cementation reduces 
measured erosion. Although this last reaction was ob
served to occur, it was not directly measured. 

Sodium Chloride 

Percentages of sodium chloride chosen were 1, 2, 
and 3 by dry weight of soil. Two methods were used in 
adding the sodium chloride to the soil sample. One method 
involved mixing the sodium chloride and the soil before 
water was added; the other method involved dissolving the 
sodium chlor ide in water before it was mixed with the dry 
soil. The least efCective mix procedure in the treatment 
of dispersive erosion would provide better insight into the 
use of sodium chloride in either form. Since the wet mix 
method gave a less effective tr eatment, as seen in Figure 6, 
the dry mix procedure was abandoned after three soils had 
been tested. Relationships between the percentage of so
dium chloride, both wet and dry mixed, and the average 
PET percentage of erosion are shown in Figure 6. 

When these results were analyzed, three different pat
terns of change in erosion were noted when sodium chlo
ride was added. The first erosion pattern was observed 
in sample 201 in which the percentage of erosion initially 
decreased, then increased as the percentage of sodium 
chloride increased. The second pattern was observed 
in samples 202, 203, and 206, in which the average 
percentage of erosion decreased as the percentage of 
sodium chloride increased. The final pattern was ob
served in control samples 204 and 205, in which the aver
age percentage of erosion increased as the percentage 
of sodium chloride increased. 

The different patterns of erosion may be explained 
when sodium chloride is considered to act as a peptizing 
agent. Van Olp hen (19) notes that, as the concentration 
of ions increases when sodium chloride is added, a 
charge reve1·sal on the clay edges is likely to result be
cause of anion adsorption on the clay edges that causes 
clay dispersion. T hen, according to Myse ls (30), further 
sodium chloride causes the concentration of sodium cat
ions to increase on the clay surface as the adsorbed an
ions are replaced, and a flocculated structure results. 

The behavior of control samples 204 and 205 seems 
to demonstrate that an initial increase in sodium chloride 
causes an increase in dispersion potential. These sam
ples possessed an initially iow ~::,p (clay J, which is the 
exchangeable sodium percentage (ESP) (3) divided by the 
percentage o! the clay fraction . ESP (clay) i s expr essed 
as a percentage (11 ). A low ESP (clay) indicates a small 
amount of adsorbed sodium ions when compared with the 
total cation exchange capacity of the clay fraction. Al
though we initially thought that sodium chloride addition 
should cause additional flocculation of the nondispersed 
soils, especially at the sodium cluoride pe rce ntages 
added, it appeared that the samples exhibit charge re
versal and dispersion rather than flocculation from high 
sodium concentrations in the pore water. However, a 
point probably exists after which the addition of more 
sodium chloride will result in flocculation rather than in 
dispersion. 

Samples 202, 203, and 206, which possessed an ini
tially high ESP (clay), demonstrated a reduction in dis
persion and thus a reduction in the percentage of erosion 
as sodium chloride was added. The high initial sodium 
concentration of these soils had caused a charge reversal 
on the clay edges; thus when additional sodium was added 
it became a flocculating agent rather than a peptizing 
agent. 

Sample 201 was observed to first decrease and then 



Figure 4. PET observations at start of testing for sample 202 with 
lime treatment. 
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Figure 5. PET observations after 4 hours of testing for sample 202 
with lime treatment. 

01. ltM l 
r ... 

RPIW .. ,s, /97S 

1../-#0<.1~ 

f/PIOL IS1 /97S 
1../-lfou~ 

Figure 6. Percentage of erosion, based on PET, versus chemical treatment for each soil sample. 
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increase in e_rosion potential as the sodlum percentage 
increased. Sample 201 is the anomaly of the study and 
is highly erosive as indicated by ESP and ESP (clay) 
values of zero. Adding a small amount of sodium chlo
ride should have increased the dispersion potential of 
the soil, and perhaps the, addition of 1 percent sodium 
chloride caused flocculation. If the data are not in er
ror, they may illustrate the dispersion-flocculation
dispersion cycle that occurs in some clays as cation 
electrolyte concentration is increased. 

Three of the four dispersive samples tested (202, 
203, and 206) showed imprnved erosion resistance from 
sodium chloride treatment, although, for sample 201, 1 
percent sodium chloride reduced the pe1·centage of ero
sion to about halC or lts untreated value. However, 
higher treatment percentages caused increased erosion. 
The two low-sodium co'ntl'ol soils were dispersed by 
sodium chloride addition but as they were not disper
sively erosive in their natural state there is no reason 
to chemically treat them in field situations. According 
to these data, sodium chloride is less effective than 
lime in reducing dispersive erosion potential. Also, the 
beha lot· expected Crom sodium chloride treatment may 
vary considerably with amount of salt used' thus ex
pected behavior should be confirmed by PET. Furthe1·, 
because sodium chloride may be easily leached by seep
age wate_rs, the improved erosion resistance caused by 
salt addition may not always be permanent. 

Aluminum Sulfate Treatment 

Aluminum sulfate admixtures of 1, 2, 3, and 4 per
cent by dry weight of soil were used. The effect of 
aluminum sulfate treatment on erosion resistance is 
shown in Figure 6; the sample 204 control soil was not 
tested. The significant decreases in the percentage of 
erosion shown in the figures are thought to result from 
flocculation of the soil. Although aluminum sulfate 
treatment appears to be an effective method of reducing 
dispersive soil erosion, its w1it cost is considerably 
higher than that of eithe1· lime (which wo1•ks as well or 
better) 01· sodium chloride. 

CONCLUSION 

The objective of this study was to determine whether 
chemical treatment could be used to adequately prevent 
erosion caused by dispersive clay soils. This objective 
was accompiished by evaluating the effectiveness of 
various chemical treatments on the erosion pattern de
termined by PET. From the analysis of the data obtained 
during this study, the following may be concluded: 

1. Results obtained from this study further verified 
that PET is an adequate indicator of potentially disper
sive clay soils; 

2. Use of soil density or plasticity is not an adequate 
means of predicting the dispersive erosion potential of 
clay soils; 

3. Flocculation through chemical stabilization is a 
reasonable alternative for reducing or eliminating dis
persive clay problems; and 

4. All three chemical stabilizers evaluated, hydrated 
lime, aluminum sulfate, and sodium chloride, provided 
successfol treatment and are ranked in order of decreas
ing effectiveness. 

REFERENCES 

1. G. M. Volk. Method of Determination of Degree 
of Dispersion of the Clay Fraction o( Soils. Proc., 
SoilScience Society of America, Vol. 11, 1937, pp. 

561-565. 
2. J. E. Fletche1· and P. H. Carroll. Some Properties 

of Soils Associated With Piping in Southern Arizona. 
Proc., Soil Science Society of America, Vol. 13, 
1948, pp. 545-547. 

3. L. A. Richards. Diagnosis and Improvement of 
Saline and Alkali Soils. Salillity Labo1·atory Staff, 
U.S. Deputment of Agriculture, Agriculture Hand
book 60, 1954. 

4. J. P. Quirk and R. K. Schofield. The Effect of 
Electrolyte Concentration on Soil PermeabiUty. 
Journal of Soil Science, Vol. 6, 1955, pp. 163-177. 

5. N. Collis-George and D. E. Smiles. An Examina
tion of Cation Balance and Moisture Characteristic 
Methods of Determining the Stability of Soil Aggre
gates. Journal of Soil Science, Vol. 14, 1963, pp. 
21-32. 

6. G. D. Aitchison, O. G. Ingles, and C. C. Wood. 
Post-Construction Def.locculation as a Contributory 
Factor in the Failure of Earth Dams. Proc., 4th 
Australia- New Zealand Conference on Soil Mechanics 
and Foundation Engineering, 1963, pp. 275-279. 

7. G. D. Aitchison and C. C. Wood. Some Interactions 
of Compaction, Permeability, and Post Construction 
Defloeculation Affecting the Probability of Piping 
Failure in Small Eai-th Dams. P1·oc., 6th Interna
tional Conference on Soil Mechanics and Foundation 
Engineering, Vol. 2, 1965, pp. 442-446. 

8. W. W. Emerson. A Classification of Soil Aggre
gates Based on Their Coherence in Water. Austra
lian Journal of Soil Research, Vol. 5, 1967, pp. 
47-57. 

9. J. L. Sherard. Study of Piping Failures and Ero
sion Damage From Rain in Clay Dams in Oklahoma 
and Mississippi. Univ. of California, Berkeley, 
1972. 

10. T. A. FJaliburton, T. M. Petry, and M. L. Hayden. 
Identification and Treatment of Dispersive Clay 
Soils. School of Civil Engineeri.ng, Oklahoma State 
Univ., Stillwater, July 1975. 

11. T. M. Petry and T. A. Haliburton. Identification 
of Dispersive Soil El'Osion by a Physical Test. TRB, 
Transportation Research Record 532, 1976, pp. · 
95-104. 

12. B. D. Marks and T. A. Haliburton. Salt Lime 
Stabilization: Final Report. School of Civil En
ginee ring, Oklahoma State Univ., Stillwater, June 
1970. 

13. M. A. Jan and R. D. Walker. Elfect of Lime, 
Moisture and Compaction on a Clay Soil. HRB, 
Highway Research Record 29, 1963, pp. 42-54. 

14. G. H. Hilt a.nd D. T. Davidson. Lime Fixation on 
Clayey Soils. HRB, Bulletin 262, 1960, pp. 20-32. 

15. 0. L. Lund and W. J. Ramsey. Expel'imental Lime 
Stabilization in Nebraska. HRB, Bulletin 231, 1959, 
pp. 24-59. 

16. M. Herrin and H. Mitchell. Lime-Soil Mixtures. 
HRB, Bulletin 304, 1961, pp. 99-138. 

17. C. Ho and V. L. Handy. Characteristics of Lime 
Retention by Montmorilloni:tic Clays. HRB, Highway 
Research Record 29, 1963, pp. 55-69. 

18. R. K. Schofield. Ef[ect of pH on Electric Charges 
Carried by Clay Particles. Journal of Soil Science, 
Vol. 1, 1949, pp. 1-8. 

19. FI. Van Olphen. An Introduction to Clay Colloid 
Chemistry. Interscience Publishers, New York, 
1963. 

20. S. Diamond and E. B. Kinter. Mechanics of Soil
Lime Stabilization-An Interpretive Review. RRB, 
Highway Resea1·ch Recoi·d 92, 1962, pp. 83-96. 

21. J. B. Sheeler. Sodium Chloride Stabilized Roads in 
Iowa. HRB, Bulletin 282, 1961, pp. 59-65. 



22. R. C. Mainfort. Stabilization of Base Course Ag
gregates With Rock Salt. HRB, Highway Research 
Record 294, 1969, pp. 23-41. 

23. A. J. Gow, D. T. Davidson, and J. B. Sheeler. 
Relative Effects of Chlorides, Lignosulfonates, and 
Molasses on Properties of a Soil Aggregate Mix. 
HRB, Bulletin 282, 1961, pp. 66-83 . 

24. T. H. Thornburn and R. Mura. Stabilization of 
Soils With Inorganic Salts and Bases: A Review of 
Literature . HRB, Highway Research Record 294, 
1969, pp. 1-22. 

25. D. W. Kaufman. Sodium Chloride. Reinhold, New 
York, 1960. 

26. M. Sittig. Sodium, Its Manufacture, Properties and 
Uses. Reinhold, New York, 1956. 

27. T. Demirel, G. H. Benn, and D. T. Davidson. Use 
of Phosphoric Acid in Soil Stabilization. HRB, Bul
letin 282, 1961, pp. 38-58. 

28. H. J. Gibbs and W. G. Holtz. A Study of Erosion 
and Tractlve Force Characteristics in Relation to 
Soil Mechanics Properties Earth Research Program. 
Bureau of Reclamation, U.S. Department of the 
Interior, Denver, Soils Engineering Rept. EM-643, 
Feb. 1962. 

29. J. A. Drake and T. A. Haliburton. Accelerated 
Curing of .Salt and Lime Treated Soils. HRB, High
way Research Record 381, 1972, pp. 10-19. 

30. K. J. Mysels. Introduction to Colloid Chemistry. 
lnterscience Publishers, New York, 1959. 

33 




