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Foreword 

The 12 papers included in this Record on soil stabilization are of interest to researchers and 
practicing engineers alike . The first group of four papers is related to cement stabilization; 
the second group of five papers is related to lime stabilization; and the third group of three 
papers is related to chemical soil stabilization . 

Okamoto et al. report on the use of a Clegg impact tester and a Proceq Type PT test 
hammer for nondestructive evaluation of cement-stabilized soils . They present correlations 
between impact hammer test values and compressive strength ofthe stabilized material. Maher 
et al. report on the use of municipal solid waste (MSW) ash as a stabilization material. They 
investigated MSW ash-cement-sand composite mixtures for strength characteristics at various 
ages. Scavuzzo presents a method for determining the cement content of soil-cement that 
correlates the heat of neutralization with the cement content. Hadley reports on the results 
of a material characterization and analysis test program conducted to establish the magnitude, 
scope , and expected variation in engineering properties measured in the laboratory and in 
the field of cement-stabilized base and subbase materials. Variation analysis was conducted 
on modulus, Poisson's ratio , tensile stress, tensile strain, and fatigue cycles to failure . 

McCallister and Petry studied the effects of continuous water leaching on the engineering 
and physical properties of a lime-treated expansive clay. They found that property changes 
are related to lime content and initial moisture content. Ferris et al. investigated the use of 
barium hydroxide and barium chloride as a pretreatment for sulfate-bearing soils to prevent 
the formation of ettringite, a highly expansive mineral that may develop in lime-stabilized 
sulfate-bearing soils. The laboratory study included evaluation of several soils using the 
California bearing ratio (CBR) and potential volume change tests . Basma and Tuncer studied 
the effect of lime on the volume change and compressibility of two highly expansive clay 
soils. Ghazali et al. present the results of an experimental investigation on the consolidation 
and shear strength properties of kaolin clay stabilized with hydrated lime and phosphoric 
acid. Tuncer and Basma studied the effect of lime treatment on the strength and stress-strain 
characteristics of a cohesive soil. They evaluated untreated and lime-treated specimens in 
the laboratory. 

Fletcher and Humphries evaluated the effect on the CBR value of a micaceous silt caused 
by the inclusion of discrete polypropylene fibers in the compacted soil. The laboratory study 
parameters included various configurations and lengths of fibers. Shepard et al. report on 
the use of calcium chloride as an additive in secondary road rehabilitation. The process 
involves recycling and blending the asphalt surface course and granular base course and 
adding the calcium chloride to improve bearing capacity and frost susceptibility characteristics. 
Ajayi-Majebi et al. evaluated the use of epoxy-based systems to improve the CBR value of 
fine , poorly graded soil found at low-duty airport sites. They developed stabilization models 
on the basis of statistical analysis of the test data. 

v 
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Nondestructive Tests for Determining 
Compressive Strength of Cement­
Stabilized Soils 

PAUL A. OKAMOTO, BRIANT. BOCK, AND PETER J. NUSSBAUM 

Nondestructive impact hammer tests were made on cement­
stabilized noncohesive soils using a Clegg impact soil tester and 
a Proceq Type PT test hammer. Compressive trength of the 
stabilized oil varied from about 5 to l 000 psi . urves correlating 
impact hammer values with cement-stabilized oi l compressive 
strength were developed for each of the test hammer ·. These 
curves can be used to correlate in situ nondc rructive tc t value 
with the compressive strength of cement-stabilized soils. 

Normally, tests for acceptance of the quaJjty of soil-cement 
or cement-treated base course construction involve determi­
nation of cement content, compaction, and layer thickness. 

In some areas, agencies have attempted to base acceptance 
on the compre ive strength of drilled core (see ASTM 01633-
84 and ASTM C39-86). This procedure has led to difficulties, 
especia lly where relatively low-'trength material is spec.ified 
(300 to 400 psi). Often, it is not possible to obtain good core 
recovery from cement-stabilized base at early ages; thi dif­
ficulty can lead to unwarranted conclusions about the quality 
of construction. In addition, core drilling and testing of cores 
for compressive strength are both costly and time consuming. 
Thu , a need exists for a simple nondestructive testing de ice 
that can be used in the field to provide a more meaningful 
evaluation of the quality of cement-stabilized materials. 

OBJECTIVE AND SCOPE 

The investigation was undertaken to develop a nonde tructive 
test method for determjnjng the compre sive trength of 
cement-stabilized soil. The objective was accomplished within 
the following scope: 

1. Two commercially available impact hammers, a Clegg 
impact soil tester and a Proceq Type PT test hammer were 
elected to evaluate correlations between test hammer values 

and cement-stabilized soil compressive strength. 
2. Six cohesionless soil materials were selected to evaluate 

impact hammer responses for a range of soil materials. 
3. Each of the six soils was stabilized with different amounts 

of cement to develop a range of compressive strength. 
4. Cement-stabilized soil test blocks were molded for im­

pact hammer testing. Companion cylindrical specimens were 

P.A. Okamoto and P. J. Nussbaum, Construction Technology Lab­
oratories, Inc., 5420 Old Orchard Road, Skokie, Ill . 60077. B. T. 
Bock, Portland Cement Association, 5420 Old Orchard Road, Sko­
kie, Ill. 60077. 

compacted to the same density as the test blocks to determine 
compressive strength. 

5. Correlation curves of cement-stabilized soil compressive 
strength versus impact hammer test values were developed 
for each of the two instruments. 

TEST EQUIPMENT AND SOILS 

Two commercially available impact hammers were selected 
for the test program. Selection criteria included transporta­
bility, ease of operation, and cost. The Clegg impact soil tester 

FIGURE 1 Clegg impact soil tester. 
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FIGURE 2 Proceq Type PT hammer. 

including an appruximalely 10x10 x 31-in. carrying case weighs 
about 15 lb . The Proceq Type PT test hammer weighs about 
51/2 lh and is carried in an approximately 3 x 6 x 10-in. case. 
The test hammers are shown in Figures 1 and 2. 

The Clegg impact soil tester consists of a 10-lb compaction 
hammer together with a guide tube and an electronic meter. 
The meter signal is provided by an accelerometer fastened to 
the hammer. Meter maximum deceleration readout is in dig­
ital form. 

The Proceq Type PT hammer is a penrlulum-type impact 
tester. Impact energy is 0.65 ft-lb with a hammer surface area 
of about 1.95 in. 2 Impact hammer rebound values are read 
from a scale on the instrument. 

Six soils encompassing the range of cohesionless soil ma­
terials commonly used for soil-cement construction were ob­
tained for this laboratory test program. Soil classifications and 
descriptions are presented in Table l. AASHTO soil classi­
fications vary from A-1-a to A-3(1). Standard density and 
optimum moisture determined in accordance with ASTM 0558-
82, Moisture-Density Relations of Soil-Cement Mixtures, var­
ied from 106 to 142 lb/ft3 and from 6 to 13 .5 percent by weight 
of dry soil plus cement, respectively. Moisture-density tests 
were made using the amount of cement estimated to produce 
soil-cement for each of the six soils. 

TEST PROCEDURES 

To evaluate the response of the impact hammers over a hard­
ness range of compressive stren~th of about 5 to 1,000 psi, 
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TABLE 2 CEMENT CONTENTS 
AND DENSITIES 

Cement Dry 
Soil No. Conteni, Dens~y. 

percent pcf 

1 2 86.3 
5 95.9 
8 101 .4 

10 99.5 
12 99.5 
16 99.5 

2 2 100.5 
5 100.5 
8 99.5 

10 100.5 
12 105.7 
16 105.7 

3 5 108.2 
10 108.2 
15 106.2 

4 5 104.1 
10 102.0 
15 102.0 

5 8 -I -1 "'7 A 
111 . ... 

12 122.0 
16 122.0 

6 4 128.3 
7 128.3 

10 118.5 

cement-stabilized soil test blocks were molded with varying 
amounts of cement. Amounts of cement used for test blocks 
made with each of the six soils are presented in Table 2. The 
amount of water used for batching the cement-stabilized soil 
was equivalent to the optimum moisture content determined 
from the moisture-density tests. 

The mix was placed in a 12 x 24 x 8-in. container and stat­
ically compacted to a thickness of about 6 in . On the basis of 
experience with both impact hammers , the boundary support 
of the container has an insignificant effect on surface hardness 
impact values when specimens are at least 6 in. deep and have 

TABLE 1 SOIL CLASSIFICATION AND DESCRIPTION 

Max. Dry Optimum 
Soil AASHTO Dens~y . Moisture, Sieve Analysis, percent passing 
No. Class pcf percent 1/2 in. no.4 no. 10 no. 40 no.200 

1 A-1-b 118 11.0 100 96 75 38 11 
2 A-3 106 11.5 100 100 100 96 0 
3 A-1-b 128 9.5 100 96 78 44 10 
4 A-2-4 118 13.5 100 99 89 61 15 
5 A-1-b 127 8.5 100 97 76 28 1 
6 A-1-a 142 6.0 83 60 49 24 4 I• 
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a compressive strength of less than 1,000 psi. For specimens 
with compressive strengths in excess of approximately 1,000 
psi, the within-test variability of impact values exceeds any 
differentiation of specimen support and boundary type. 

Companion 2.8 x 5.6-in. cylindrical specimens were made 
in general compliance with ASTM D1632-87, Making and 
Curing Soil-Cement Compression and Flexure Test Specimens 
in the laboratory. However, the cylinders were compacted to 
the same density as the companion block specimens and curing 
was under wet burlap at 72°F. 

Impact hammer tests on the cement-stabilized blocks were 
made after 1, 2, 3, 5, 7, 10, 14, and 17 days of curing under 
wet burlap. Three impact instrument readouts were averaged 
for each test to provide an impact value. The hammers were 
moved between each impact readout to prevent impact foot­
print superposition. Companion cylindrical specimens were 
tested each day that impact values were obtained according 
to ASTM D1633-84, Compressive Strength of Molded Soil­
Cement Cylinders. A best-fit curve of compressive strength 
versus curing age was determined for each block's companion 
cylinders. Thus, normalized compressive strength data were 
available for each of the impact hammer values. 

TEST RESULTS 

Individual Soil Analysis 

A linear regression of compressive strength on impact values 
for the Clegg impact soil tester and the Proceq Type PT test 
hammer was done for each of the six different soils. Outlier 
and leverage points identified in each linear regression were 
eliminated. The regression analysis for the six individual soils 
is presented in Table 3. The linear regression form for the 
compressive strength and impact value data is the log-log 
equation. For the six equations derived for the Clegg data, 
the coefficients of determination, R2

, ranged from 0.75 to 
0.94 and averaged 0.86. For the Proceq data, the values of 
R2 ranged from 0.25 to 0.97 and averaged 0.75. 
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Combined Analysis 

The analysis of individual soil data indicated that a single log­
log relationship for all soils combined was feasible for both 
impact testers. Impact values versus compressive strength for 
the Clegg and Proceq testers are plotted in Figures 3 and 4, 
respectively. The values of R2 for the Clegg and Proceq ham­
mer log-log relationships are 0.90 and 0.84, respectively. The 
resulting equations are presented in Table 4. 

Confidence Intervals of Strength Prediction 

Confidence intervals at the 5 percent level of significance for 
the prediction of the actual value resulting from a given impact 
value were computed as shown in Figures 5 and 6 for the 
Clegg and Proceq hammers, respectively. The 95 percent con­
fidence intervals represent the uncertainty of the probability 
density function about compressive strength, given an impact 
value. The conditional expectation, also computed for the two 
data sets, is presented in Table 5. The 95 percent confidence 
levels for the conditional expectation represent the uncer­
tainty of the probability density function about the expected, 
or average, compressive strength for a given impact value. 
The conditional expectation confidence intervals are nonlin­
ear functions of the impact values. The half-prediction interval 
as a percentage of compressive strength ranged from approx­
imately 5 to 11 percent for both hammers. 

Within-Test Variability 

The within-test coefficient of variation, equal to the standard 
deviation divided by the mean, can be estimated from the 
within-test range of the three impact values (see ACI 214-
77). The soil-cement specimen surface is assumed to be uni­
form in hardness and compressive or impact strength. Any 
impact value variation, therefore, follows from equipment 
and test method variability. The range in impact values cal-

TABLE 3 SUMMARY OF LINEAR REGRESSION ANALYSIS ON INDIVIDUAL SOILS 

Impact Soil Soil No. of Compressive Strength, psi log (f'c) = "a" + "b" x log (Impact) 
Hammer No. Class Tests Minimum Maximum Average "a" "b" A-sq. 

Clegg 1 A-1-b 40 60 270 150 0.949 0.762 0.75 
2 A-3 39 40 770 300 0.015 1.372 0.90 
3 A-1-b 23 120 540 320 0.279 1.176 0.91 
4 A-2-4 24 100 490 230 0.326 1.173 0.94 
5 A-1-b 9 440 940 690 -0.263 1.522 0.75 
6 A-1-a 23 210 780 490 1.093 0.800 0.89 

Proceq 1 A-1-b 25 90 270 190 0.952 0.857 0.86 
2 A-3 27 120 770 370 -2.327 2.742 0.97 
3 A-1-b 22 120 540 330 -0.960 1.981 0.94 
4 A-2-4 24 100 490 230 -1.024 2.049 0.93 
5 A-1-b 9 440 940 690 -0.304 1.703 0.25 
6 A-1-a 23 210 780 490 0.806 1.058 0.54 
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TABLE 4 SUMMARY OF LINEAR REGRESSION ANALYSIS 

Impact No. of Compressive Strength, psi 
Hammer Tests Minimum Maximum Average "a" 

Clegg 179 5 940 275 0.081 

Proceq 145 15 940 325 -0.516 

culated for each soil, cement content, and test age were also 
assumed to represent the true ranges, because a single set of 
tests may be statistically insufficient. 

The coefficient of variation calculated for the three impact 
values can be compared to that expected from compressive 
strength tests. The coefficient of variation of within-test com­
pressive strength testing was calculated from published data 
of 115 sets of duplicate specimens molded from 35 different 
soil materials (2,3; ASTM D1633-84). 

The resulting distributions of within-test coefficient of var­
iation are shown in Figures 7 and 8. Average within-test coef­
ficients of variation are 13. 7, 9. 7, and 10.5 percent for the 
Clegg hammer, Proceq hammer, and compressive strength 
tests, respectively. For coefficients of variation between 5 and 
20 percent, the impact hammers exhibit a slightly larger var­
iation than that expected from compressive strength testing. 
The percentages with coefficients of variation less than 20 
percent are 80, 93, and 85 for the Clegg, Proceq, and com-

3 

Log Compressive 
Strength 2 

log f'c = 0.081 + 1.309 log (CIV) 
R-sq. = 0.90 

D 

log (f'c) = "a" + "b" x log (Impact) Standard 
I-statistic "b" I-statistic Error A-sq. 

1.4 1.309 39.5 0.157 0.90 

-4.8 1.757 27.1 0.133 0.84 

pressive strength data, respectively . The analysis indicates 
that similar within-test scatter of data exists between the im­
pact hammers and compressive strength testing. 

ADDITIONAL RESEARCH 

The research program evaluated testing equipment to non­
destructively determine compressive strength of soil-cement. 
Testing of the equipment in the field should be done to verify 
or modify the compressive strength versus impact value cor­
relation developed from laboratory data. During field testing, 
the following issues should be addressed : 

1. The number of impact tests averaged at a given test 
location may have to be increased to obtain similar coefficients 
of variation in the field as those expected from compressive 
strength testing. 

0'--~~~~--~~~~~-'-~~~~~ ...... ~~~~~-'-~~~~~'--~~~~--' 
0 2 3 

Log Clegg Impact Value 

FIGURE 5 Clegg hammer 95 percent confidence intervals. 



TABLE 5 CONFIDENCE INTERVALS FOR STRENGTH PREDICTION 

f'c, 
psi 

100 
200 
300 
400 
500 
600 
700 
800 
900 

1000 

NOTE: 
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Log Compressive 
Strength 2 

Clegg at 95% Level of Significance 

Lowl'c, Highf'c, Plus or Range, 
psi psi minus, psi percent 

94 106 6 6.1 
190 211 11 5.3 
283 318 18 5.8 
375 427 26 6.6 
465 538 37 7.3 
554 650 48 8.0 
643 762 60 8.5 
731 876 73 9.1 
818 990 86 9.6 
905 1105 100 10.0 

Prediction interval of the conditional expectation. 

Range percent is one half the prediction interval 
as a percentage of compressive strength. 

log f'c = -0.516 + 1.757 log (PIV) 
A-sq. = 0.84 

Proceq at 95% Level of Significance 

Lowf'c, Highf'c, Plus or Range, 
psi psi minus, psi percent 

92 109 9 8.5 
190 211 11 5.3 
285 316 15 5.1 
377 424 24 5.9 
467 536 34 6.9 
555 649 47 7.8 
641 764 61 8.7 
727 880 76 9.6 
812 997 93 10.3 
896 1116 110 11.0 

o '--~~~~-'-~~~~~..__~~~~---~~~~~.1...--~~~~--'-~~~~---' 

U.8 1.2 1.6 2.0 

Log Proceq Impact Value 

FIGURE 6 Proceq hammer 95 percent confidence intervals. 
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2. The effects of specimen damage during coring need to 
be established. Correlations between strength and impact value 
may need to be modified to incorporate specimen damage. 

3. The study incorporated only six different cohesionless 
parent soils . Field testing should encompass a variety of soils 
(with differing degrees of cohesion) and cement contents. 

CONCLUSIONS 

Correlation curves were developed permitting the use of re­
sults from impact hammer nondestructive tests to determine 
the compressive strength and rate of strength gain of in situ 
cement-stabilized soil construction. This nondestructive method 
avoids the testing difficulties associated with drilling cores . It 
is recommended that five hammer readings, each on an un­
tested area of the surface, be averaged. 
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Properties of Municipal Solid Waste 
Ash-Cement Composite 

M. H. MAHER, D. FLOOD, AND P. N. BALAGURU 

Incineration wh.ich is a viable alternative for processing of mu­
nicipal solid wa te (MSW), reduces the volume of the waste des­
tined for landfills. Results from a recent study on physical, chem­
ical, and engineering properties of MSW mixed with top and 
bottom a hare presented. These re ult can be used to a sess the 
po sibility of using MSW incinerator ash for certain con truction 
purpo es and oil stabilization application . Some of the test re­
sults are compared with those of fly ash (coal burning) cement 
composites for as essment of their potential use. The MSW ash­
cement composite was investigated for strength characteristics at 
various stages of maturity . The independent variables considered 
were MSW a h content, sand content and water cementitious 
ratio. The ash-cement ratio was varied from 10 to 20. Water­
cementitious ratios of 0.45 and 0.6 were investigated. The re­
·ponse variables iu this study included compressive . trength and 
splitting tensile strength. Strength le ts were conducted at 3 7, 
and 28 days of maturity. Tests were also performed to determine 
the maximum den ity and optimum moisture content of the MSW 
ash as needed for field applications. 

In the past few year a number of studies have been done 
on municipal so.lid waste (MSW) incinerator ash-generally 
to investigate toxic waste properties, resource recovery equip· 
ment and techniques, and relative costs for hazardous waste 
incineration. Little, if any, research has been carried out on 
the construction properties of MSW ash, mainly because of 
the potential toxicity of the fly ash porti n . Altbougb the 
resulting top (fly) and bottom mixture of MSW ash i · u ually 
nontoxic, the bottom a. b still contains deleteriou · materials 
that might reduce strengths over time. For these reasons, most 
of the research done on construction applications of ashes has 
focused on nontoxic coal fly ash, which currently is used in a 
wide variety of concrete mixes as a pozzolan. 

The bulk of the research on MSW solid waste in the 1970s 
and the early 1980s pursued the feasibility of converting the 
solid waste materials to power and energy sources or supple­
mentary fuels. Additional studies during this period investi­
gated various resource recovery techniques and processing 
equipment (J). 

In tbe mid-1970s, it became evident that hazardous waste 
incineration was the most practical method of hazardous waste 
disposal. The volume reduction achieved made incineration 
more attractive than landfill disposal, ocean dumping and 
deep-well injections. By the early 1980s, the incineration of 
MSW was more prevalent and concern was rising about the 
toxic condition of the incinerated MSW. The incoming amount 
of MSW was increasing rapidly, and various studies were done 
on hazardous waste incineration costs (2). 

Rutgers, The State University of New Jersey, Piscataway, N.J. 08855. 

Recently , t11e projected quantities of M Wash have been 
substantial enough to warrant further studies to determine 
disposal methods. In New Jersey, for example, landfill area 
is diminishing; and disposal of MSW in these landfills must 
be monitored because of the effects of heavy metals' leaching 
into the subsurface groundwater. 

Research for recovery of lead, cadmium, and chromium 
has recently been done at Rutgers University (3), using elec­
trochemical plating techniques. Kinetic studies were done on 
ashes from two different incinerators to determine the time 
when the ash extraction reaction could be stopped to remove 
peak quantities of these heavy metals. 

Munkipalities have also required analysis of MSW incin­
erator ash to determine appropriate landfill design . The city 
of Sheboygan, Wisconsin, prompted this type of study in 1989 
(4). A characterization was done on the MSW ash produced 
from that city's fluidized-bed furnace by obtaining numerous 
samples from the bottom ash and the incinerator's sludge 
lagoon on variou dates . Individual and composite ample 
were taken of the bottom sludge, and fly ashe ; and com­
parisons were made with the bottom and Oy ashe pr duced 
the same day. Although the resulting chemical te ting done 
indicated a po ible groundwater impact requiring a designed 
landfill, physical tests were also performed on the bottom ash 
and extremely low specific gravities and high organic contents 
were noted. 

Further work has been done at Rutgers University (5) on 
the chemical and some physical properties of MSW ash ob­
tained from various types of incinerators in Massachusetts, 
New Jersey, and Canada. The Canadian bottom ash had over 
half of the total specimen over 2.01 mm in size. This portion 
of the sample contained such materials as broken glass, slag, 
metal fragments, and pebbles as the principal components. 
An analysis of the metal distribution of the. e a hes howed 
that the largest concentrations of lead, cadmium, and chro­
mium appeared on the smallest fly ash particles. Other pa­
rameters determined from thi analysis were particle surface 
areas, morphology, and densities. 

Although MSW incineration is probably the most feasible 
method of disposal, the process has drawbacks. Certain ma­
terials are not easily incinerable and will not sustain com­
bu tion. Organic materials, especially those containing chlo­
rine, yield products of incomplete combustion (PICs) that can 
evidence toxicity (6) . Insufficient turbulence during combus­
tion can result in the development of inclusions, which results 
in various materials' escaping incineration. Certain substances 
also require that the incinerator be supplied with supplemen­
tary fuels to maintain combustion temperatures. These cir-
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cumstances have generated a number of articles that describe 
the combustion and incineration process (7) . 

As previously mentioned, most of the research done on 
incinerator ashes for use in the construction industry has in­
corporated coal fly ash into concrete and grout mixes . Prior 
work has been accomplished, however, on the use of coal fly 
ash as structural fill (8) . This investigation determined the 
engineering properties of New Jersey fly ash and found it to 
function satisfactorily as a structural fill with a design pressure 
of 5 tons/ft2. 

Further research for incinerator ashes for construction pur­
poses has n:sulted in the use of a wastewater sludge ash and 
clay mixture to produce construction bricks . (Coal fly ash has 
also been used for this purpose.) The maximum sludge per­
centage used to produce the bricks was 40 percent (9). 

Sludge ash was also experimented with in Singapore for use 
as an aggregate in lightweight concrete (9). The sludge was 
incinerate.d at temperatures exceeding l ,000°C and the ash 
was then crushed and graded , which resulted in a porous (66 
percent) aggregate with a specific gravity of 2.90 and a pH 
value of 9.0. When used in a lightweight concrete mix, the 
28-day strengths were comparable to those of other aggre­
gates. 

So far, there has been little research accomplished on MSW 
ash for construction use . The studies that have been done are 
generally chemical analyses or characteristic determinations 
for specific landfill designs. The concept of compressive and 
tensile strength testing of an MSW ash-cement composite is 
a new approach to a possible solution for incinerator ash 
disposal. 

OBJECTIVE 

Physical properties and strength characteristics of MSW ash 
cement-sand composites are described. The test results pre-

Charging 
chute 

I 
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sented are compared to those of coal fly ash cement com­
posites for the purpose of assessing the potential use of MSW 
incinerator ash in applications such as soil stabilization, struc­
tural and nonstructural fills, etc. 

EXPERIMENTAL PROGRAM 

Materials Tested 

The MSW incinerator ash used in this.study was obtained 
from a mass-burn MSW incinerator in New Jersey. The sche­
matic diagram of this type of incinerator is shown in Figure 
1. The furnace or the combustion chamber of these inciner­
ators generally burns within a temperature range of 600°C to 
l,000°C (1 ,100°F to l,800°F), while maintaining turbulence 
to ensure maximum incineration. The ash used in this study 
was a combination of top and bottom ash afler Lhe lop, ur 
fly ash, had been previously sprayed with lime. This mixture 
is generally the end product of most incinerators and carries 
a high pH value as a result. The chemical composition of the 
ash is presented in Table 1. The principal metal constituents 
are aluminum and zinc. 

In addition to MSW ash, ASTM Type 1 portland cement 
and concrete sand were used for preparation of the composite 
mixes. The particle size distribution of the concrete sand is 
shown in Figure 2. 

Mixture Proportions 

A summary of the mix designations and proportions is pre­
sented in Table 2. The first 10 mixes use a constant portion 
of cement while varying the ash, sand, and water-cementitious 
ratio. This ratio is the fraction of the water content to cement, 
plus the ash content , and was kept at 0.6 for Mixes 1 through 

Superstructure~ 
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Cuna in 
wall 

FIGURE 1 Typical municipal incinerator (J). 
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TABLE 1 CHEMICAL COMPOSITION OF NEW JERSEY MSW INCINERATOR ASH 

Chemical Composition 

Aluminum 

Antimony 

Arsenic 

Barium 

Cadmium 

Chromium 

Copper 

Lead 

Mercury 

Molybdenum 

Nickel 

Selenium 

Silver 

Zinc 

Total Residue 

Volatile Residue on 
Total Residue 

mg/kg 

10354.00 

6.9 

13.73 

61.26 

39.30 

23.78 

315.00 

701.4 

0.81 

14.10 

21.76 

1.2 

0. 68 

2238.00 

735000.0 

6500 

Blank 1 

(control) 

3 
N.D 

N.D 

N.D 

N.D 

N.D 

N.D 

N.D 

N.D 

N.D 

N.D 

N.D 

N . D 

N.D 

N.D 

N.D 

N/A 

MDL 2 

mg/kg 

o,. l 

0.1 

0.1 

0.1 

O.l 

0.1 

O.l 

0. 1 

0.02 

0.1 

0.1 

O.l 

0.1 

0.1 

N/A 

N/A 

1 Water blank , indicating the initial element amount in the 
solution prior to tasting the ash. 

2 Minimum Detection Limit 

3 No Detection 
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FIGURE 2 Grain size distribution of concrete sand. 
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TABLE 2 MIX DESIGNATION AND PROPORTIONS 

MIX 
CEMENT:MSW-ASH:SAND WATER/CEMENTI'l'IOUS 

DESIGNATION 

1 1-6-10 

2 1-8-10 

3 1-10-10 

4 1-6-15 

5 1-8-15 

6 1-10-15 

7 1-6-20 

8 1-8-20 

9 1-10-20 

10 1-6-10 

11 1-1-2 

12 4-1-5 

9. Mix 10 was prepared using a water-cementitious ratio of 
0.45. These mix proportions were specially chosen for com­
pari on of the test re ults with dat'a obtained from a study on 
the propertie f high volume coal fly ash cement composite 
(flowable mixtures) . 

Mixes 11 an.cl 12 (low-volume ash cont nt) were prepared 
with lower ash and hjgher cement contents to inve tigate the 
possibiJities of using the a h for various grouts (such as driller's 
grout) and oil ·tabi lization applications. 

0. 6 

0.6 

0.6 • 
0.6 

0.6 

0. 6 

0.6 

0. 6 

0.6 

0.45 

0. 6 

0.6 

TEST RESULTS AND DISCUSSION 

Index Properties of MSW Incinerator Ash 

Numerous physical tests were conducted on the ash to de­
termine its index. properties. A summary of the resul ts for 
particle ize distribution , Atterberg limits and maximum dry 
density-optimum moi ture content te ts i given in Table 3. 
The particle ize di tribution for MSW ash and that of a coal 

TABLE 3 COMPARISON OF PHYSICAL PROPERTIES OF NEW JERSEY MSW 
INCINERATOR ASH AND COAL FLY ASH 

Properties NJ MSW Ash NJ Coal Fly 
Ash 

Specific Gravity 2.39 2.54 . 
Max. Ory Density 104.6 103.2 

(pcf) 

Opt. Moist. Content 13.2 13.6 

Uniformity Coeff. > 10 2.5 

Liquid Limit 35.10 16.8 

Plastic Limit 34 -
Average pH Value 12.07 -
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FIGURE 3 Grain size distribution, New Jersey MSW ash and New Jersey coal fly ash. 

fly ash for comparison are presented in Figure 3. A ignificant 
difference is observed between the gradation of these two 
types of ash. Because of its heterogeneity, MSW ash is far 
less uniform in size than coal fly ash. 

The maximum dry density and optimum moisture content 
were determined using ASTM-1557-C, a modified Proctor 
compaction test. 111e result of compaction tests for the New 
Jersey MSW ash as well a tho e for coal fly ash from New 
Jersey and other regions are shown in Figure 4. 

Compressive and Tensile Strength of MSW 
Incinerator Ash Cement-Sand Composite 

The cured specimens of MSW ash cement-sand composites 
were tested for determination of their compressive (ASTM 
D1633) and tensile (ASTM 03967- 86) strength. A summary 
of the compressive and Lensilc strength test results (28-day) 
for high-volume MSW ash cement- and composite , and those 

110 

~l°""a 

for coal fly ash cement-sand compo ites (for c mpari on), is 
presented in Table 4. Compressive and ten ile strengths of 
MSW a h compo ites tend to decrea e with increasing ash 
and sand content (all other factors constant). This trend was 
oppo ite to that observed for coal fly ash composite . A po -
ible explanation i that the coal fly a h act a a pozzolan in 

the cement-sand composite . Thus, incrca ing its content ig­
nificantly enhance the composite strength . 

Although the MSW ash strength te t r ul t (Table 4) com­
pare well with those of coal fly ash composites, particularly 
in lower ash content range, the high-volume mix proportion 
are not recommended for practical use, mainly because of 
deterioration of the test samples after 28-day tests . Deterio­
ration was caused by excessive cracking caused by expansion 
and leaching of gel from within the ample. This may be a 
result of calcium hydroxide (lime) presence in the ash and its 
effect on the compo ite durability (10). As expecled deteri­
oration was more evident in specimens with high ash content. 
It was therefore decided to (a) reduce the water-cementitious 

Ill NJ MSW ASH 

a NJ Coal Fly Ash IV"~a 
"-a • WI Coal Fly Ash 'H 100 u 
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...-r;::::.·-.. 0 MI Coal Fly Ash 
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>. 
+J 

90 •ri 
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Ill 
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FIGURE 4 Density-moisture relationship. 
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TABLE 4 COMPRESSIVE AND TENSILE STRENGTH OF ASH CEMENT-SAND COMPOSITES WITH HIGH­
VOLUME ASH 

NJ MSW Ash NJ Coal i'ly Ash 

Mix Proportions by Parts 
Compr11aaiv11 T11nail11 Co111pr11••iv11 T•n•ile 

(Cement-Ash-Sand) Strength st.r•nqth Strenqth ' Strenqth 

1-6-10 

1-8-10 

1-10-10 

1-6-15 

1-8-15 

1-10-15 

1-6-20 

1-8-20 

1-10-20 

ratio of the mix or (b) increase the cement content of the 
mixtures , or both, to determine a suitable mix proportion that 
gives a stable mix. 

Although reduction of the water-cementitiou · ratio signif­
icantly enhanced the strength of high-volume a h compo ite 
(Table 5) , ample deterioration was still a problem. Thi prob­
lem wa greatly reduced by increasing the cement content of 
the mix. Two mix proportion (one part cement, one part 
ash , two parts and , 1- 1- 2; and the other 4- 1- 5) wt:rt: Le red 
for observing the effect of increa e in cement content. The 
results of compressive and tensile trength test (strength ver-
us curing time) for the e mixes are shown in Figure 5. A 

for mix stability, no long-te rm deterioration has been ob­
served to date (in 8 months) . 

The stiffness of the 1.:ompo ite was reduced by increase in the 
ash content. Comparison of the tres - train relationship for 
the various mix proportions tested i hown in Figures 6-8. 

(p•i) (pa!) (p•i) (pa!) 

166 28 198 18 

167 28 159 17 

106 22 - -
127 25 255 27 

125 24 250 21 

110 22 276 18 

139 24 212 22 

117 22 301 31 

93 22 63 6 30 

CONCLUSIONS 

1. MSW incinerator ash used in this study is a relatively 
light and nonuniform (high-CJ material with a specific gravity 
slightly lower than that of New Jersey coal fly ash . 

2. MSW incinerator ash used in this study has somewhat 
lower optimum moisture content and higher maximum dry 
density than those of New Jersey coal fly ash . 

3. Compressive and tensile strengths of high-volume MSW 
ash (>40 percent ash by weight) low cement ( < 6 percent by 
weight)-sand composites are in general lower than those of 
coal fly ash mixes and decrease significantly with increasing 
ash or sand content. High-volume MSW ash mixes are not 
recommended for practical use because of the deterioration 
of the composite. 

4. Compressive and tensile strengths of low-volume MSW 
ash ( <40 percent ash), relatively high-volume (25 percent by 

TABLE 5 EFFECT OF WATER-CEMENT RATIO ON THE STRENGTH OF MSW 
INCINERATOR CEMENT-SAND COMPOSITE 

Compressive Tensile 
Water-Cement Ratio Strength Strength 

(psi) (psi) 

0.6 166 28 

0.45 276 51.3 
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FIGURE 8 Variation in the stress-strain relationship of the composites as a 
function of MSW ash content (I part cement and 20 parts sand). 

weight) cement-sand composites compare well with those of 
typical oil-cement mixtures and are in general higher than 
those f trongly cemented soil . The mix proportion 1- 1-
2, which corresponds to 25 percent cement, 25 percent ash, 
and 50 percent and, is a ·table mix with no deterioration. 

. Use of MSW incinerator ash for con truction will require 
a proper pecification for mix proportion. To design optimum 
mix proportions for a particular application two factors should 
be considered: first , mix proportions, particularly the cement 
content , should be such that no deterioration shall take place· 
and econd, mix proportion ·hould meet the requirement 
for compressive and tensile trength. 

6. Stiffness of the composite decreases with increase in ash 
content irrespective of the mixture proportions. 
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D~termining Cement Content of Soil­
Cement by Heat of Neutralization 

RonERT ScA vuzzo 

A heat of neutralization test method (a modified by the Bureau 
of Reclamation) for detennining cement content of freshly mixed 
soil-cement is di.scussed . Once a caiibration curve is establi hed , 
a cement content determination can be made in approximately 
15 min , which in field applications has been found to be accurate 
to within ± l percentage point of actual cement. content. A so­
dium acetate- glacial acetic acid buffer solution is u ed 10 initiate 
an exothermic reaction with the calcium hydroxide in the soil­
cement test specimen. During construction, rest pecimens are 
obtained directly from the spreader as soil-cement is placed , and 
separation of plu No. 4 (4.75-mm) ieve size material i not 
required. Results from an interlaboratory testing program were 
analyzed to establish preci ·ion and bias of the S\tgge ted te L 
method. 

In 1988 the Bureau of Reclamation was placing soil-cement 
for lope stabilization at Jackson Lake Dam, Wyoming. Be­
cause of gradation characteristics of borrow material , a oil­
cement mix design having 50 percent plu No. 4 (4 .75-mm) 
sieve size material was the most economical mixture. There 
was concern that typical titration methods for determining 
cement content of soil-cement for construction control would 
be difficult to use and too slow to perform. Titration methods 
typically require sepurating the plu No . 4 (4.75-mm) sieve 
si.ze material and include t11e time-con urning task of screening 
and wa hing the soil-cement mix to obtain test specimens of 
appropriate size and gradation characteri tics. Thi circum­
stance prompted initiation of a program to develop a test 
method for determining cement content of soil-cement with 
the following objectives: (a) separation o{ plu No. 4 (4.75-
mm) sieve size material not required for obtaining test spec­
imens; (b) cement content determinations in a timely manner 
i.e. , within 15 to 20 min· (c) durable apparatus for field use; 
(d) ease of performing test method by field per onnel; and 
(e) accuracy of ± J percentage point of actual cement content 
for oil-cement mjx design having cement contents of 3 to 
15 percent and up to 50 percent plus No. 4 (4.75-mrn) ieve 
size material. 

TEST METHOD Qll6B-1978 

Test methods used for determining cement content of soil­
cement mixtures were reviewed and evaluated against the five 
requirements. Test Method Ql16B-1978 Cement Content of 
Cement Treated Materials (Heat of Neutralization) (1), was 

U.S. Bureau of Reclamation, P.O. Box 25007, Mail Code D-3735, 
Denver, Colo. 80225. 

the test method that came closest to satisfying the five re­
quirements. 

In the test method, an acidic buffer solution of glacial acetic 
acid and sodium acetate with an initial pH of approximately 
2 is used to react with the calcium hydroxide in a soil-cement 
test specimen. This reaction is exothermic and the heat pro­
duced is proportional to the quantity of cement present in the 
test specimen . The nature of thi proportionality is linear , 
which makes it conducive to establishing a calibration curve 
and determining a corresponding line equation for a given 
material. Soil-cement test specimens of unknown cement con­
tent can then be tested by obtaining the heat of neutraliza­
tion, and the cement content can be determined from the 
calibration curve. Heat f neutralization is defined as the 
temperature increa e resulting from the exothermic reaction 
in the acidic buffer solution when mixed with a soil-cement 
test specimen. 

The Australian test method specified that a 5-kg soil-cement 
test specimen be mixed with 1 L of buffer olution consisting 
of 150 g of sodium acetate , 240 g of glacial acetic acid and 
distilled water. A calibration curve is prepared using seven 
different percentage of cement conten'ts that bracket the ce­
ment content pecified in the mix design , i.e., if the target 
figure is 2 percent cement, percentages of cement of 0.5 , 1.0, 
1.5, 2.0, 2.5, 3.0 and 3.5 are u. ed. Calibration te t . pecim n 
are prepared at the water content to be u ed during soil­
cement placement. Duplicate heat of neutralization te ts are 
performed at each of the seven cement contents. Temperature 
increa e corre ponding to each of the 14 tests is plotted ver u 
cement content and a calibration tine is establi bed. Sub e­
quent soil-cement test specimens o.f unknown cement contents 
are tested the beat increase obtained i evaluated using cal­
ibration data, and the cement content is determined. 

RECLAMATION PROCEDURAL CHANGES 

Test Method Qll6B-1978 was originally developed for soil­
cement mix designs having cement contents of 3.5 percent or 
less. At cement contents greater than 3.5 percent, the mixture 
of 1 L of buffer solution with a 5-kg test specimen gels into 
a solid mass, preventing proper mixing. Recommendations 
by the Main Roads Department for cement contents greater 
than 3.5 percent were (a) add additional buffer solution, up 
to 3 L, to the 5-kg soil-cement test specimen; (b) adjust the 
mass ratio of buffer solution to test specimen from 1 L to 5 
kg for cement contents less than 3.5 percent, to 2.5 L to 4 kg 
for cement contents between 6.0 and 7.5 percent. It was also 
stated that any required reduction of test specimen mass should 
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be kept to a minimum and under no circum tance sh uld th 
oi l-cement test specimen be less than 4 kg. 

After perf rming a eries of tests, the Bureau of Recla­
mation made the following changes to the riginal Australian 
heat of netth·alization test meth d: (a) reduce the number of 
cement contents required for obtaining a calibration curve 
from seven to three; (b) perform three heat of neutralization 
tests at each of the three cement content values selected, to 
construct a calibration curve u ing 9 data points, reduced from 
14; and (c) use 1.5 L of buffe r solution mixed with a 1.5-kg 
soil-cement test specimen for mix design con isting of up to 
15 percent cem 111 and 50 percent plus No. 4 (4.75-mm) sieve 
ize material . 

INTERLABORATORY TEST PROGRAM 

After the change were incorporated into the test method , an 
interlaboratory test program was performed in accordance 
with A TM C802- 87, Standard Practice for Conduc1ing n11 
Jmerlaboralory Test Program 10 Determine the Precision of 
Test Methods for Conslruction Material . This te t program 
was performed to validate the procedurnl change outlined, 
sol icit u er comments on the revised heat of neutralization 
test procedure, and provide reliable information from which 
precision tatements of the type prescribed in ASTM C670-
88, Standard Practice for Preparing Preci ion and Bias State­
ments for Test Methods for Construction Materials, could be 
developed . 

The interlaboratory test program wa performed on two 
oil-cement mix design· in two separate phases. Pha e I con­

sisted of testing soi l-cement specimens oI a fine-grained mix 
design and Phase II used a coarse-grained mix design. Fine­
and coarse-grained mix de igns were selected to determine if 
th changes made to the test method were effective both on 
a fin -grained mix and on one in which a significant per­
centage of plu No. 4 (4.75-mm) sieve size material wa pre -
ent . The test method change investigated wt:re (a) reducing 
the number of cement content and calibration te t specimens 
required to construct a calibration curve, and (b) reducing 
the test specimen ize from 5 to 1.5 kg. 

Testing laboratories from federal, state , and private sectors 
partici.pated in the te t program. Ten testing laboratories par­
ticipated in Pha e I of the test program and eight testing 
laboratories participated in Phase TI. Participating laborato­
rie were provided with a written procedur anrl individual 
test pecimens of appropriate soil ma each with a corre­
sponding amount of cement. Each laboratory wa required 
to thoroughly mix the soil , cement and water, as specified 
for each re t specimen before performing the heat of neu­
tralization test. A moisture conten t of 8 percent was pecified 
for each test specimen. 

Phase I 

For the first phase of the test program, each participating 
laboratory performed a total of 15 cement content determi­
nations on oiJ-cement test specimen . The pecimens con­
sisted of 5 percent minus %-in. and 95 percent minus No. 4 
(4 .75-mm) sieve ize material. Nine determinations were per­
formed on test specimen of known cement contents-three 
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at 5, three at 7 and three at 9 percent cement-to develop 
a calibration curve and determine a calibration line equation. 
The remaining six cement content determination were per­
formed on duplicate te t specimens designated for each lab­
oratory as Te t Specimens A , B, and C, but of cement content 
unknown to the participating laboratorie . Test Specimens A 
were prepared at 6 percent cement , B at 7 percent cement 
and C at 8 percent cement. 

Phase II 

The purpose of the econd pha e of the interlaboratory test 
program wa to determine the effect that a ignificant per­
centage of plu No. 4 (4 .75-mm) sieve ize material would 
have on the reliability of the revised beat of neutralization 
procedure in detc:rmining cement content. 

Phase II of the test program con i ted of the same number 
of test pecimens at the same cement contents as in Phase I. 
T he gradation f Phase IT test specimen was as follow : 

Material 
Size 

'I• to 1 Y2 in. 
% to 'I• in. 
No. 4to%in. 
Minus No. 4 

Calibration Test Specimen Results 

Percent 
Retained 

14 
20 
16 
50 

Results obtained from Phase I calibration test specimens (5 
percent plus No. 4) are shown in Figure 1. Stati tical analysis 
performed on data from the 90 heat of neutralization test 
30 at each of the three cement contents, resulted in a cor­
relation coefficient of 0.981 with a corresponding R2 value of 
96 percent. The solid line shown in Figure 1 represents the 
best-fit line obtained performing a linear regression through 
all data points . The narrow set of dashed lines indicates the 
95 percent confidence limit within which the average value of 
all data points would fall. The wider set of dashed lines in­
dicates the 95 percent confidence limit within which any data 
point would fall. 

Results obtained from Phase II calibration test specimens 
(50 percent plus No. 4) are shown in Figure 2. Statistical 
analysis performed on data from the 72 heat of neutralization 
tests, 24 at each of the three cement contents, resulted in a 
correlation coefficient of 0.974 with a corresponding R2 value 
of 95 percent. The solid, narrow, and wide sets of dashed 
lines represent the best-fit line, 95 percent confidence limits 
for average data points , and 95 percent confidence limits for 
any data point, respectively, as described for Phase I calibra­
tion test specimen results. 

Tables 1 and 2 present summaries of Phase I and Phase II 
calibration test specimen results, respectively. Average, maxi­
mum, and minimum values of temperature increase in degrees 
Celsius, as well as calculated within- and between-laboratory 
standard deviations, are provided. 

Test Specimen Results 

lnterlaboratory test program results for Test Specimens A, 
B, and C (5 percent plus No. 4) and Test Specimens D, E, 
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FIGURE 1 Phase I calibration test specimens. 

and F (50 percent plus No. 4) are presented in Tables 3 and 
4, respectively. Average, maximum, and minimum values of 
cement content, as well as calculated within- and between­
laboratory standard deviations, are provided. 

Precision and Bias Statements 

Results obtained from the interlaboratory test program were 
used to develop precision and bias statements as prescribed 
in ASTM C670-88 for the heat of neutralization test proce­
dure as revised by the Bureau of Reclamation. Table 5 pres­
ents a summary of single-operator and multilaboratory pre­
cision and bias values obtained for the calibration test specimens. 
Values shown in Rows 2, 3, and 5 of Table 5 are calculated 
in accordance with ASTM C670-88 and are in degr€~s Cel­
sius. 

Table 6 presents a summary of single-operator and multi­
Iaboratory precision and bias values obtained for Test Spec­
imens A, B, C (5 percent plus No. 4) and Test Specimens D, 

E, F (50 percent plus No. 4). Values shown in Rows 2, 3, 
and 5 of Table 6 are calculated in accordance with ASTM 
C670-88 and are in percentage points of cement content. 

From the single-operator and multilaboratory precision and 
bias values presented in Tables 5 and 6, precision statements 
can be written for specimens containing from 3 to 15 percent 
cement and up to 50 percent plus No. 4 (4.75-mm) sieve size 
material as described in the following section. 

CALIBRATION TEST SPECIMENS 

Single-Operator Precision 

The single-operator standard deviation of a single test result 
(a test result defined in this procedure as the average of three 
separate measurements) has been found to be 0.5°C. There­
fore, results of two properly conducted tests by the same 
operator (each consisting of the average of three calibration 
test specimens of the same cement content) should not differ 
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FIGURE 2 Phase II calibration test specimens. 

TABLE 1 SUMMARY OF INTERLABORATORY TEST 
PROGRAM FOR 5 PERCENT PLUS NO. 4 CALIBRATION 
TEST SPECIMENS 

TABLE 2 SUMMARY OF INTERLABORATORY TEST 
PROGRAM FOR 50 PERCENT PLUS NO. 4 CALIBRATION 
TEST SPECIMENS 

Temperature Rise 
Cement Content Average Maximum Minimum 

% oc oc oc 

5 10.4 11.8 8.4 

7 14.3 15.7 13.4 

9 18.2 19.7 17.2 

Standard Deviation 
within-lab between-lab 

0.512 0.659 

0.321 0.613 

0.338 0.684 

Average: 0.390 0.652 

Temperature Rise 
Cement Content Average Maximum Minimum Standard Deviation 

% 0 c ° C ° C within-lab between-lab 

5 11.2 12.4 8.9 0.573 0.912 

7 15.7 17.0 14.8 0.423 0.603 

9 19.5 21.9 18.3 0.585 0.879 

Average: 0.527 0.798 



TABLE 3 SUMMARY OF INTERLABORATORY TEST 
PROGRAM FOR 5 PERCENT PLUS NO. 4 TEST SPECIMENS 
A, B, AND C 

TABLE 4 SUMMARY OF INTERLABORATORY TEST 
PROGRAM FOR 50 PERCENT PLUS NO . 4 TEST 
SPECIMENS D, E, AND F 

Cement Content Cemenl Conlenl 
Test Specimen Average Maximum Minimum Standard Deviation Test Specimen Average Maximum Minimum Slandard Deviallon 

A 

B 

c 

% % % within-lab between-lab % % 

6.0 

7.1 

8.2 

6.4 5.7 0.164 0.232 D 5.9 6.5 

7.5 6.4 0.130 0.313 E 7.1 7.4 

8.6 7.7 0.130 0.235 F 8.0 8.5 

Average: 0.141 0.260 

TABLE 5 SUMMARY OF INTERLABORATORY TEST PROGRAM FOR 
PRECISION DETERMINATION OF CALIBRATION TEST SPECIMENS 

Phase I Phase II 
5% plus No. 4 50% plus No. 4 

Standard deviation ol a single test 
0.39

4 
result' 0.53 

2 Maximum allowable difference e 
between two test results 2 1.1 1.5 "' a. 

0 
I 

"' °' Maximum allowable difference c 
(?) between the highest and lowest 

Individual temperature determinationS' 2.2 3.0 

e:- Standard deviation of a single test 
0 result' 0.65 0.80 
0 
0 

_a 

-~ Maximum allowable difference 
3 between two test results from different 1.8 2.3 
"" laboratories 

1 A test result is defined as the average of three separate measurements 
2 Each consisting ol the average of three callbratlon test specimens at the same cement content 
3 The three individual temperature determinations used in calculating a lest result 
4 Numbers in table are In degrees Celsius 

TABLE 6 SUMMARY OF INTERLABORATORY TEST PROGRAM FOR 
PRECISION DETERMINATION OF TEST SPECIMENS 

Phase I - 5% plus No. 4 Phase II - 50% plus No. 4 
Test Specimens A, B, and Test Specimen 0 , E, and F 

c 
Standard deviation of a single lest 
result' 0.14 4 0.13 

_8 
e Maximum allowable difference 
"' 0.40 a. between two test results • 0.37 

0 
<L> 

°' c Maximum allowable difference (?) 

between the highest and lowest 
cement content determinations• 0.55 0.51 

e:- Standard deviation of a single test 
2 result 1 0.26 0.25 
2 
0 

_o 

·~ Maximum allowable difference 
3 between two test results from 0.74 0.71 
"" different laboratories 

1 A test result is defined as the average of two separate measurements 

• Each consisting ol Iha average ol two cement content determinations 

• The two cement content determinations used in calculating a test result 

• Numbers in table are In percentage points of cement content 

% within-lab between-lab 

5.3 0.095 0.298 

6.5 0.167 0.270 

7.8 0.126 0.173 

Average: 0.129 0.247 
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by more than 1.5°C. The range (difference between the high­
est and lowest) of the three individual temperatures used in 
calculating a test result should not exceed 3.0°C. 

Multilaboratory Precision 

The multilaboratory standard deviation of a single test result 
(a test result is defined in this procedure as the average of 
three separate measurements) has been found to be 0.8°C. 
Therefore, results of two properly conducted tests in different 
laboratories on the same soil-cement mix should not differ by 
more than 2.3°C. 

TEST SPECIMENS 

Single-Operator Precision 

The single-operator standard deviation of a single test result 
(a test result is defined in this procedure as the average of 
two separate measurements) has been found to be 0.14 of a 
percentage point of cement content. Therefore, results of two 
properly conducted tests by the same operator (each consist­
ing of the average of two cement content determinations) 
should not exceed 0.40 percentage points of cement content. 
The range (difference between the highest and the lowest) of 
the two individual cement content determinations used in 
calculating a test result should not exceed 0.55 percentage 
point of cement content. 

Multilaboratory Precision 

The multilaboratory standard deviation of a single test result 
(a test result is defined in this procedure as the average of 
two separate measurements) has been found to be 0.26 of a 
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percentage point of cement content. Therefore, results of two 
properly conducted tests in different laboratories on the same 
soil-cement mix should not differ by more than 0.74 per­
centage point of cement content. 

CONCLUSIONS 

Results of the interlaboratory test program indicate that changes 
made to Test Method Q116B- 1978 by The Bureau of Rec­
lamation produce single-operator and multilaboratory preci­
sion values that are well within acceptable limits for producing 
a high-quality end product. The Bureau of Reclamation's re­
vised heat of neutralization test method can be used to ac­
curately and quickly determine the cement content of freshly 
mixed soil-cement containing from 3 to 15 percent cement 
and up to 50 percent plus No. 4 ( 4. 75-mm) sieve size material. 
The test method does not require separation of the plus No. 
4 (4.75-mm) sieve size material for obtaining test specimens, 
and cement content determinations can be made in 15 to 20 
min. Required apparatus is durable for field use, the test 
procedure is easily performed by field personnel, and in field 
applications performed to date the method is accurate to within 
± 1 percentage point of actual cement content. 

A written test procedure has been prepared for use on 
Bureau of Reclamation projects. The written test method will 
soon be submitted to ASTM for approval and publication 
through its normal consensus standards procedure. 
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Material Characterization and Inherent 
Variation Analysis of Soil-Cement 
Field Cores 

WILLIAM 0. HADLEY 

A knowledge of the variation in fundamental engineering prnp­
enies of the various construction materials i e sential for a com­
prehensive evaluation of the performance of various road sec­
tions. Support is provided tor the Louisiana Experimental Base 
Project, an in-service experimental road project constructed to 
aid in an evaluation of de ign performance characteristi of a 
number of experimental test sections. The expected variation in 
the tatic and resilient (fatigue) properties of the material that 
make up the layers of the pavement structure can provide an 
inherent variation data base from which continuing evaluation 
and analysis of pavement behavior and performance of these 
layers can be undertaken. Results are presented of material char­
acterization and inherent ana.lysis of a resilient (fatigue) te t pro­
gram undertaken to establish the magnitude, cope, and expected 
variation in fundamental engineering properties of laboratory­
prepared specimens and field cores of the cement-stabilized ma­
terials used in the base and subbase layers of some of the test 
sections of the Base Project. Variation analyses were completed 
for uch fundamental properties as modulus, Poisson' ratio. ten­
sile stress, tensile strain and fatigue cycle to fa.ilure . Regres ion 
analysis techniques were also u ed to quantify those factors that 
sigojficantly affect the fatigue life of the various construction 
materials u ed in the Base Project. This information, when com­
bined with the in-service performance results from the Base Proj­
ect, hould produce a better knowledge of the important mix 
variables affecting the fundamental engineering performance 
properties which should re ult in changes and improvement in 
quality control measures. 

Knowledge of the magnitude, scope, and expected variation 
in the fundamental engineering properties of the various 
construction materials used in pavement structural sec­
tions is essential for a comprehensive evaluation of the perfor­
mance of roadway sections. Support is provided to the Loui­
siana Experimental Base Project, an in-service experimental 
road project constructed to aid in an evaluation of design­
performance characteristics of a number of experimental test 
sections. 

A repetitive (fatigue) testing program was undertaken (see 
Table 1) to establish the magnitude and scope of inherent 
variation in the fundamental resilient properties of field cores 
representative of in-service conditions and to develop material 
characterization information from field cores and laboratory 
specimens (see Table 2) of the three types of cement- tabi lized 
base materials (sandy soil, sandy loam, and sand-clay-gravel) 
used in the Base Project. 

Texas Research and Development Foundation, 2602 Dellana Lane , 
Austin, Tex. 78746. 

Regression analysis techniques were used to quantify those 
factors that significantly affect the fatigue life of the various 
construction materials used in the Base Project. This infor­
mation, when combined with the in-service performance re­
sults from the Base Project , should produce a better knowl­
edge of the important mix variables affecting the fundamental 
engineering performance properties and could lead to changes 
and improvements in quality control measures. 

The project is situated on a portion of US-71-167 that 
accommodates a moderate volume of mixed vehicular traffic. 
To ensure that the flow of traffic would not be affected by 
its experimental status, the Base Project was completed as a 
part of a construction project upgrading US-71-167 to a four­
lane facility. 

The terrain at the Base Project is generally flat with poor 
drainage. The subgrade material is basically a fine-grained 
soil ranging from a silty clay loam to a heavy clay. The range 
in mean ambient air temperatures is from approximately 39°F 
(40°C) to 84°F (29°C); the mean annual rainfall is approxi­
mately 55 to 60 in. (140 to 150 cm). 

The projected average daily traffic at the time of construc­
tion was 7 ,990 vehicles, including approximately 15 percent 
trucks. All test sections were included in a portion of a newly 
constructed two-lane roadway adjacent to an existing two­
lane highway. 

The Base Project consisted of 18 test sections-14 exper­
imental sections and 4 control sections (see Figure 1) . The 
factors investigated in the project included three different 
base types, four different pavement design lives , and two 
surface thicknesses. The Control Sections Cl through C4 and 
Test Sections 2, 4, 6, 8, 9, 10, 12, and 13 all included soil­
cement base and subbase layers. 

Each test section is approximately 550 ft (168 m) long with 
a 50-ft (15-m) transition zone interconnecting each adjacent 
test section. The randomization scheme for locating the var­
ious test sections included a complete randomization of the 
10- and 15-year design sections, but limited randomization of 
the 5-year sections. The latter sections were grouped together 
to allow for maintenance of the 5-year design sections at the 
same time. Detailed information on the construction of the 
Base Project is available from the Louisiana Department of 
Transportation and Development (LA DOTD). 

The coring program established for soil-cement base test 
sections of the Base Project is presented in Table 3. The 
program was structured to provide for an investigation of the 
variability in material properties of the various pavement and 
materials used throughout the Base Project. The coring plan 
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TABLE 1 RESILIENT (FATIGUE) TESTING PROGRAM-SOIL-CEMENT FIELD CORES 

PAVEMENT TEST VARIATION FUNDAMENTAL MATERIAL 

EVALUATED PROPERTIES ESTIMATES 

Soil Cement Repetitive Longitudinal - 10' spacing N1, Cycles to Failure 

Bases and Indirect Longitudinal - l' spacing Er, Resilient Modulus 

Cement Stabilized Tensile Lateral - 4' spacing µr, Resilient Poisson's Ratio 

Sand-Clay-Gravel Test Lateral l' spacing €r, Resilient Tensile Strain 

Base Depth - vertical Sr, Resilient Applied Tensile 

Stress levels - Stress 

sandy soil 45 to 75 psi 

sandy loam 35 to 65 psi 

sand-clay-gravel 20 to 

allowed for variational analysis in the longitudinal (along the 
road), lateral (across the road), and vertical (depth into pave­
ment) directions. In addition, the plan included various spac­
ings of the coring locations to provide for evaluation of in­
herent variation within close spacings ( ± 1 ft) as well as larger 
spacings ( ± 10 ft). 

The fundamental engineering properties investigated in this 
phase included resilient modulus, resilient Poisson's ratio, and 
cycles to failure (Log N1). Because the specimens were field 
cores, the only controllable variable that could actually be 
varied was the tensile stress repeatedly applied to the speci­
mens during the fatigue test. Properties associated with the 

50 psi 

cores, such as percent clay balls, percent flushing (concen­
tration or migration of cement to crack or flaw), and total 
percent flaws, could only be measured sample by sample and 
could not be established as fixed values. All tests were con­
ducted at a test temperature of 75°F (24°C) and at 1 Hz (si­
nusoidal waveform). 

CONSTRUCTION CONSIDERATIONS 

The soil-cement construction procedure used in the construc­
tion of the Base Project apparently does not provide a uniform 

TABLE 2 RESILIENT (FATIGUE) TESTING PROGRAM-LABORATORY-PREPARED SOIL-CEMENT 
SPECIMENS 

PAVEMENT TEST FACTORS EVALUATION FUNDAMENTAL MATERIAL 

LAYER TIU TYPE f;V8LUATEQ !;;HARACT!il\ISTlC:i ESTIMATES 

I Soil Cement Repetitive Extended mix conci ~.n-0.9% sandy soil Nt' Cycles to Failure 
I 

I Base: Indirect a) Cement 5 . 3-8.8% sandy loam Er, Resilient Modulus 

I Sandy soil Tensile content 3.4-6.6% S/C/G µr, Resilient Poisson's Ratio 

Sandy loam Test b) Moisture 10 .9-17 .9% sandy soil €r' Resilient Tensile Strain 

Sand-Clay- content 12.0-19.0% sandy loam Sr' Resilient Applied Tensile 

Gravel 12.5-17.3% S/C/G Stress 

c) Age at test 11 to 365 days 

d) Delay 0 to 240 minutes 

e) Stress level 73 to 87% of static 

strength 
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FIGURE 1 Experimental base project layout. 

product; in fact the procedure apparently resulted in a number 
of flaws in the various cement-stabilized base layers. Evidence 
of this condition can be drawn from the initial LA DOTD 
coring operation established to obtain 7 and 28 days' cores 
for job verification purposes. During this coring operation, 
only 60 intact cores could be obtained from 187 different 
boring operations (a recovery rate of 32 percent). 

Similar results were obtained in the coring program pres­
ented in Table 1 where 65 good test specimens were obtained 
from a total of 154 test specimens (a recovery rate of 43 
percent) . From this information, it can be postulated that over 
one-half of soil-cement areas would have internal flaws. Some 
flaws encountered in the cement-stabilized material include 
lamination , cracks, compaction planes, cutter planes, flushing 
(migration of cement to flawed areas), and clay balls. As a 
result of this condition, the field cores were separated into 
two groups. One group, called "clear specimens" (having 
minimum flaws), is representative of those specimens with 
the percent of cross section of specimen composed of flaws 
less than approximately 20 percent. The other group, called 
"flawed specimens," represented those specimens with a per­
cent flawed area exceeding approximately 20 percent . In most 
cases, the flaws in the cores could not be observed by the 

C-4 (20+) 

c Control Section 
T Test Section 

HMAC Hot Mix Asph. Cone. 
BB Black Base 
SC Soil Cement 

SCG Sand Clay Gravel 

naked eye but would become apparent after only a few cycles 
of the fatigue-resilient test. 

INHERENT VARIATION ANALYSIS OF 
FIELD CORES 

The inherent variation information for the clear and flawed 
specimens is presented in Table 4. In these data, the cement 
content variability as well as modulus and Poisson's ratio var­
iation are similar for the clear and flawed specimens. In ad­
dition, the repeated applied stress and resulting tensile strain 
are also similar in magnitude. The principal differences, of 
course, are in the amount of flushing, clay balls, total flaws 
(percent flushing plus percent clay balls) , and, more impor­
tant, Log N1 (fatigue). There are obvious significant differ­
ences between clear and flawed specimens. 

The inherent variation information associated with longi­
tudinal, lateral , and vertical directions is presented in Tables 
5 and 6 for clear and flawed specimens, respectively. The 
combined inherent variation is given in the bottom row of 
each table. Statistical F tests indicated , as expected, a signif­
icant ?ifference in variances for resilient modulus, resilient 



TABLE 3 RANDOMIZED BORING PLAN-LOUISIANA EXPERIMENTAL BASE PROJECT: SOIL-CEMENT SUBBASES AND BASES 

DESIGN SAMPLING DESIGN SAMPLING 

SECTION LIFE DIRECTION SECTION LIFE DIRECTION 

DESIGNATI~ XR§. ~ !;ROUPING STATION LANE COMMENTS DESIGNATION XR§. Mfil GROUPING STATION LANE COMMENTS 

Control 1 20 longitudinal 160 + 24 outside outside Control 3 20 lateral 213 + 50 outside 2' Rt of CL 

within 160 + 25 wheel path (cont.) among 213 + 50 6' Rt of CL 

160 + 26 213 + 50 10' RT of CL I 

Test 1 15 longitudinal 166 + 74 inside outside Test 8 10 longitudinal 221 + 40 outside outside 

within 166 + 75 I wheel path among 221 + 50 wheel path 

166 + 76 I 221 + 60 

Test 2 I 10 longitudinal 171 + 15 outside outside Test 9 I 5 longitudinal I 227 + 99 inside outside I I 

I among 171 + 25 wheel path within 228 + 00 wheel path 

171 + 35 228 + 01 

Control 2 20 longitudinal 178 + 15 outside outside Test 10 5 longitudinal 231 + 49 outside outside 

among 178 + 25 wheel path within 231 + 50 wheel path 

178 + 35 231 + 51 
I 

Test 4 15 lateral 192 + 25 outside 9' Rt of CL Test 12 5 lateral 245 + 00 outside 2' Rt of CL 

within 192 + 25 10' Rt of CL I among 245 + 00 6' Rt of CL 

192 + 25 11' Rt of CL 245 + 00 10' Rt of CL 

Test 6 15 lateral 202 + 00 inside 2' Lt of CL Tes t 13 s longitudinal 251 + 99 outside outside 
I 

among 202 + 00 6' Lt of CL within 252 + 00 wheel path 

l 202 + 00 10' Lt of CL 252 + 01 
I 

Control 3 20 lateral 213 + 50 inside 2' Lt of CL Control 4 20 lateral 261 + 50 outside 9' Rt of CL 

among 213 + 50 6' Lt of CL within 261 + 50 10 ' Rt of CL 

213 + 50 10' Lt of CL 261 + 50 11' Rt of CL 
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TABLE 4 INHERENT VARIATION DATA FOR CEMENT-STABILIZED FIELD CORES, CLEAR AND 
FLA WED SPECIMENS 

FLAWED SPECIMENS (69 SPECIMENS) CLEAR SPECIMENS (65 SPECIMENS) 

COEFFICIENT* COEFFICIENT 

MEAN STANDARD OF MEAN STANDARD OF 

VARIABLE VALUE DEVIATION VARIATION,\ VALUE DEVIATION VARIATION RANGE 

Cement, \ 8.93 1.00 11. 25 9 .14 1.00 10. 92 8 - 10 

E, 105 psi 4.7817 2 . 0421 42.7 5.4561 1.8829 34 . 5 0.54 - 9. 687 

µ. 0.2686 0.1053 39.2 0. 2739 0.1062 38.8 0.107 - 0.500 

€tm' µ.in/in 774. 36 658 .43 85 .0 623.48 487 . 85 78 . 2 256 4073 

STS 121. 75 18.99 15.6 123.15 15.52 12.6 79.3 - 155.S 

Flushing, 

% Area 41.4 33 . 9 81. 9 4 . 9 10.9 222 . 5 0 - 60 

Clay balls, 

% Area 4. 7 8 . 1 171 . 9 4 . 6 4 . 6 100.0 0 22 

Flaws, % Area 46.1 35.5 77 .0 9.5 11. 7 122.7 0 - 69 

Log N1 1. 8892 1.151 60.9 4.4356 1. 7283 39.0 

E - Resilient modulus Etm - Resilient tensile strain 

µ. - Resilient Poissons Ratio STS - Applied tensile stress psi 

Log (N1) - Logarithmn (Cycles to Failure) 

Standard Deviation 
* Coefficient of Variation -

Mean 

Poisson's ratio, and Log Nf" On tne other hand, there were 
no significant differences in the mean values of resilient mod­
ulus and Poisson's ratio for the clear and flawed specimens. 
As indicated previously, there was a significant difference in 
the fatigue life of clear and flawed specimens. In terms of 
cycles to failure at a given applied stress (e.g ., 122-psi tensile 
stress), the clear specimen on the average exhibited a life of 
27 ,300 cycles, whereas the flawed specimen exhibited a life 
of 77 cycles. These values represent a great difference in the 
fatigue lives of the clear and flawed specimens. This fact , 
combined with low recovery of good cores from the cement­
stabilized base layers, leads to the conclusion that there are 
two levels (or populations, in statistical terms) of base ma­
terials that have the same basic behavioral response (i .e. , E 
and µare similar) but drastically different performance char­
acteristics (i.e., consideration of fatigue in producing the frac­
ture distress mode). 

Comparisons between field core results for the cement­
stabilized sandy' soil (Type A) and sandy loam (Type B) base 
materials were completed tor the clear specimen group (Table 
7) to ascertain whether or not there were significant differ­
ences in the means and variances of the three engineering 
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properties. If there were no significant differences, then the 
results could be pooled and any subsequent use of the data 
would be simplified. 

Table 7 indicated that there were no significant differences 
in either the variances or means for the two base materials. 
These results were combined to provide fundamental engi­
neering property estimates compatible with the cement-sta­
bilized sandy soil and sandy loam base materials. From these 
analyses the following information was developed: 

Mean Standard Degrees of 
Property Value Deviation Freedom 

Resilient modulus, 
10' psi 5.457 1.909 64 

Resilient Poisson's 
ratio 0.274 0.108 64 

which could be applied to either the cement-stabilized sandy 
(Type A) or sandy loam (Type B) base materials. In addition, 
the fatigue results for these two material types could be com­
bined because no significant difference was found in the fa­
tigue life of these two materials. 



TABLE 5 INHERENT VARIATION IN FUNDAMENTAL MATERIAL PROPERTIES FROM 
FATIGUE-RESILIENT INDIRECT TENSILE TEST RESULTS FOR SOIL-CEMENT FIELD 
CORES, CLEAR SPECIMENS 

RESILIENT LOG OF CYCLES 

RESILIENT MODULUS POISSON'S RATIO TO FAILURE 

TYPE DESIGN MEAN DEGREES MEAN DEGREES MEAN DEGREES 

VARIATION LEVEL SQUARES FREEDOM SQUARES FREEDOM SQUARES FREEDOM 

A - longitudinal 1,2 1. 6 79945 1 0 . 000924 1 0.923435 1 

direction - l' 3 

I spacing 4 5.912301 3 0 . 001804 3 0 . 763232 3 

B - longitudinal 1,2 1.129505 1 0.001800 1 0. 720361 l 

direction - 10' 3 

spacing 4 

c - lateral 1,2 1. 404053 8 0 . 005158 8 0.602582 8 

direction (outside 3 

lane)-2' spacing 4 

D(O) - lateral 1,2 0 . 939809 3 0 . 010016 3 0 . 293517 3 

direction (outside 3 

lane) 4' spacing 4 

D(i) - lateral 1 , 2 0 . 618001 4 0 .000663 4 0. 737277 4 

di rP.ction ( i nside 

lane)-4' spacing 

H - longitudinal .1. 2 

direction • spacing 3 

greater than so· 4 2.598060 1 0 .017672 1 0 . 254222 1 

E - vertical 1,2 2.078457 11 0.008254 11 2 . 818147 1 

3 0.146395 2 0 . 000833 2 1 . 162119 2 

4 0 3224Ql l 0 00415Q l 0.726061 l 

Combined results 1 . 771980 37 0 .005686 37 1. 000291 37 



TABLE 6 INHERENT VARIATION IN FUNDAMENTAL MATERIAL PROPERTIES FROM 
FATIGUE-RESILIENT INDIRECT TENSILE TEST RESULTS FOR SOIL-CEMENT FIELD 
CORES, FLA WED SPECIMENS 

RESILIENT LOG OF CYCLES 

RESILIENT MODULUS POISSON'S RATIO TO FAILURE 

TYPE DESIGN MEAN DEGREES MEAN DEGREES MEAN DEGREES 

VARIATION LEVEL SQUARES FREEDOM SQUARES FREEDOM SQUARES FREEDOM 

A - longitudinal 4 1.635848 5 0.004797 5 0.785509 5 

direction@ l' 

spacing 

B - · longitudinal 1,2 4.629924 1 0.000005 1 0.016989 1 

direction @ 10' 3 4 . 057256 9 0.012570 9 6 . 322710 9 

spacing 

C - lateral 4 2.609158 2 0.028428 2 0.038738 2 

direction (outside 

lane)-2' spacing 

D(O) - lateral 4 0.013448 l 0 .057970 1 0 .113822 1 

direction (outside 

lane)-4' spacing 

D(i) - lateral 1,2 4.835846 3 0.000311 3 0.477943 3 

direction (inside 

lane)-4'spacing 

G - longitudinal 4 0.056785 1 0.000050 1 4.699919 1 

direction @ 10-50' 

spacing 

H - longitudinal 1,2 0.154013 l 0 . 005000 1 0 . 195573 1 

direction @ > so • 4 6 . 399537 6 0.032275 6 4 . 727870 6 

E - vertical 1,2 8.278179 10 0.013283 10 0 . 505976 10 

3 8. 864214 4 0.010393 4 3. 772197 4 

4 l., !.iZ~l!i7 .§. o.0061ZZ .§. 2,l69ZJ4 .§. 

Combined results 4.909988 49 0.011045 49 1. 290111 49 
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LABORATORY SPECIMENS VERSUS 
FIELD CORES 

A perplexing problem associated with experimental analysis 
and evaluation based on laboratory-prepared specimens is the 
uncertainty of the premise that laboratory results are appli­
cable to field conditions. In order to obtain information con­
cerning the existence of a correlation between field and lab­
oratory core results, statistical compari on were completed 
between the resilient properties of laboratory specimen and 
field cores for the combined results of cement-stabilized sandy 
soil and sandy loam base materjal (Table 8). 

Table 8 indicated that significant differences occurred for 
re i1ient modulus, Poisson' ratio, and particularly fatigue life . 
There may not have been a practical difference in the modulus 
value (4.711 versus 5.456 X 105 psi) but there were urely 
differences in Poisson' ratio (0.101 versus 0.274) and Log N1 
(2.2103 versu 4.4356) . Therefore, there are two separate 
grouping (or population ). 

A subsequent comparison was made between the labora­
tory results and flawed field core results (Table 9) to check 
any correlation that may have exjsted. This comparison in­
dicated that there were no significant differences in mean 
modulus values, whereas significant differences did exist in 
Poisson's ratio (0.101 versu 0.269) and Log N1 (2.2103 versus 
1.8892). It is, however, believed that the difference benveen 
the Log N1 values is not of practical significance (162 cycles 
versus 77 cycles). Differences in ages at time of test between 
the field cores (approximately 21

/2 years) and laboratory spec­
imens (1 Yz weeks to 1 year) could affect comparison of the 
results. However, this time difference may not be critical, and 
the laboratory fatigue-resilient data de.veloped in this study 
are generally compatible with the result ' from the flawed core 
specimens. 

onsequently, the laboratory fatigue data may well repre­
sent the majority of the oil-cement material in place at the 
Base Project. The low recovery rate of good field cores and 
the high moisture contents present in the cement-stabilized 
base layers are apparently correlated, as was found in the 
laboratory fatigue-resilient testing program for cement-
tabilized sandy (Type A) and sandy loam (Type B) base 

materials. 
Only a few fatigue tests were completed for field cores of 

the cement-stabilized sand-clay-gravel base material because 
few good core specimens could be extracted during the coring 
operation. Consequently, the resilient-fati~ue results for 
laboratory-prepared specimens (Table 10) will have to be con­
sidered as representative of in-service conditions. When con­
sidering the earlier results, this premise seems reasonable. 

ANALYSIS OF VARIANCE 

The analysis of variance results for Log N1 of the combined 
cement-stabilized sandy (Type A) and sandy loam (Type B) 
field cores are presented in Tables 11 and 12 for clear field 
cores and in Tables 13 through 15 for flawed field cores. 

Resilient Modulus for Clear Field Cores 

The resilient modulus was significantly affected by a combi­
nation of percent tensile stress applied, measured percent 
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tensile strain , and cement content. In general, a higher re­
silient modulus is generally as ociated with a lower strain 
value and a higher applied percent tres . In addition, higher 
values of cement content and tensile train corre pond to 
higher modulu values. The main effect of tensile strain i; can 
then be ameliorated by the addition of higher amounts of 
cement (Table 11). 

Resilient Poisson's Ratio for Clear Field Cores 

No factors were found to significantly affect the resilient Pois­
son's ratio; therefore, an overall mean value of 0.274 should 
be used as the best estimate of this property. 

Log N1 for Clear Field Cores 

The analysis of variance (Table 12) presents the main effects 
that significantly influence the fatigue life of the combined 
results. The approximate unit variation (AUV) values indi­
cate that a longer life would be associated with a higher mod­
ulu higher cement content , higher flushing (up to 20 per­
cent), and lower tress levels. 

Log N1 for Flawed Field Cores 

No significant factors affected the resilient modulus (at a 5 
percent level); however, the variable resilient modulus was 
significant at the 10 p rcent level (Table 11). In this instance 
it was considered practical to include this variable in a later 
regression analysis. Increases in Log E would then result in 
higher fatigue lives. 

Resilient Poisson's Ratio and Resilient Modulus for 
Flawed Field Cores 

There were two variables that had a significant impact both 
on the re ilient Pois on's ratio and on the resilient modulu 
of the tlawed cement- tabiLized field cores (Tables 14 and 15). 
Increases both in resilient tensile strain and applied stress 
levels would produce higher values of Poisson' ratio. On the 
other hand, higher resilient moduli values would be associated 
with lower resilient strain at higher stress levels. 

REGRESSION ANALYSIS 

The centered data technique was u ed in thi tudy to develop 
regression equations by a stepwise regre sion technique. The 
term included in each equation correspond to those factor 
and interactions found to be of practical engineering signifi­
cance in the analysis of variance. The resulting equations can 
provide estimates of the variou dependent parameter mea­
sured in the study within some standard errors. Included with 
the equations are the standard errors of estimate, Sr, and the 
coefficients of determination, R2 • Explanations of the cen­
tered data values are included in the legends of the appro­
priate tables. 
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TABLE 7 COMPARISON OF INHERENT VARIATION IN CEMENT-STABILIZED SANDY (TYPE A) AND 
SANDY LOAM (TYPE B) FIELD CORES-CLEAR SPECIMENS 

SANDY SOIL (A) 

MATERIAL STANDARD DEGREES 

PROPERTY MEAN DEVIATION FREEDOM 

Modulus, 105 psi 5 . 397 2 . 042 37 

Poisson's Ratio 0 . 280 0 .100 37 

Log of cycles 

to failure 4 . 2567 1 . 7913 37 

Clear Field Cores 

The regression equations for the clear field cores follow. There 
are two forms of the equation for Log N1. The first form 
provides for the effects of all the independent or associated 
variables. The second equation is one that provides for the 
errect of the single variable most correlated with Log N1. All 
the equations presented have been checked for fit and can be 
considered as having adequate predictive capabilities. 

SIGNIFICANT 

SANDY LOAM ( B) DIFFERENCE IN 

STANDARD DEGREES 

MEAN DEVIATION FREEDOM VARIANCE MEAN 

5 . 536 1.679 28 No No 

0.266 0.115 28 No No 

4.6721 1 . 6430 28 No No 

For the single most correlated variable: 

Log N1 = 4.4356 - 5.3471 (Log E, - 2.7433) 

R2 = 0.3145 sr = t.4422 

Resilient Poisson's ratio: 

µ, = 0.274 Sr = 0.1062 

Resilient modulus: 

31 

Log N1 = 4.4354 + 1.1052 (CEM) + 1.0796 (£) 

1.0330 (STL) + 0.3278 (FLG) E, = 5.3081 - 2.016 (e,) + 1.1030 (STS) + 1.8396 (CEM x E,) 

RZ 0.3961 Sr = 1.3985 R2 = 0.5238 Sr= 1.3310 

TABLE 8 COMPARISON OF INHERENT VARIATION IN FUNDAMENTAL PROPERTIES FROM FATIGUE­
RESILIENT INDIRECT TENSILE TEST RESULTS-LABORATORY SPECIMENS VERSUS CLEAR FIELD 
CORES 

COMBINED RESULTS COMBINED RESULTS SIGNIFICANT 

SANDY SOIL (A) & SANDY LOAM (B) SANDY SOIL (A) & SANDY LOAM (B) DIFFERENCE IN 

LABORATORY PREPARED RESULTS CLEAR FIELD CORES 

FUNDAMENTAL STANDARD DEGREES STANDARD DEGREES 

PROPERTY MEAN DEVIATION FREEDOM MEAN DEVIATION FREEDOM VARIANCE MEAN 

Resilient 

Modulus, 105 psi 4 . 711 2 . 7 580 128 5 .456 1. 8830 65 Yes Yes 

Res i lient 

Po isson ' s Ra tio 0 . 101 0 . 0317 128 0 . 274 0 . 1060 65 Yes Yes 
I 

Log of cycles 

to failure 2.2 103 1. 08 28 128 4.4356 1 . 7283 65 Yes Yes 



TABLE 9 COMPARISON OF INHERENT VARIATION IN FUNDAMENTAL PROPERTIES FROM FATIGUE­
RESILIENT INDIRECT TENSILE TEST RESULTS-LABORATORY SPECIMENS VERSUS FLAWED FIELD 
CORES 

I COMBINED RESULTS COMBINED RESULTS 

SANDY SOIL & SANDY LOAM SANDY SOIL & SANDY LOAM SIGNIFICANT 

LABORATORY PREPARED SPECIMENS FIELD CORES DIFFERENCE IN 

FUNDAMENTAL STANDARD DEGREES STANDARD DEGREES 

PROPERTY MEAN DEVIATION FREEDOM MEAN DEVIATION FREEDOM VARIANCE MEAN 

Resilient 

Modulus, 105 psi 4 . 711 2. 758 128 4. 782 2.042 69 Yes No 

Resilient 

Poisson's Ratio 0.101 0.0317 128 0.269 0.1053 69 Yes Yes 

Log of cycles 

to failure 2.2103 l. 0828 128 l. 8892 1 . 1510 69 No Yes 

TABLE 10 INHERENT VARIATION IN FUNDAMENTAL MATERIAL PROPERTIES FROM FATIGUE­
RESILIENT INDIRECT TENSILE TEST FOR CEMENT-STABILIZED SAND-CLAY-GRAVEL, SOIL­
CEMENT LABORATORY MIX DESIGN CONDITIONS 

DUPLICATE VARIATION REPLICATE VARIATION 

WITHIN SPECIMEN WITHIN BATCH BATCH TO BATCH 

MATERIAL MEAN DEGREES MEAN DEGREES MEAN DEGREES MEAN DEGREES RECOMMENDED DEGREES 

PROPERTY VALUE FREEDOM SQUARES FREEDOM SQUARES FREEDOM SQUARES FREEDOM VARIANCE FREEDOM 

Resilient 

Modulus, 

105 psi 3 . 9785 55 2 . 30357 35 0 . 036856 l 4 . 568606 8 2. 790735 42 

I 

Resilient 

Poisson's 

Ratio 0.201 55 0. 017023 35 0 . 000861 l 0.013544 8 0.016786 42 

Log of 

cycles to 

failure 2. 1344 55 0 . 645534 35 0.105363 1 l. 241348 8 0 . 776901 42 



TABLE 11 ANALYSIS OF VARIANCE FOR RESILIENT MODULUS FROM 
FATIGUE-RESILIENT INDIRECT TENSILE TEST RESULTS FOR CLEAR 
SOIL-CEMENT FIELD CORES, SANDY (TYPE A) AND SANDY LOAM (TYPE 
B) SOILS 

APPROXIMATE 

SOURCE OF DEGREES MEAN F SIGNIFICANCE UNIT 

VARIATION FREEDOM SQUARES VALUES LEVEL VARIATION* 

fl 1 50 . 60315 27 . 76 0.01 -1. 715 

STL 1 59.46342 32.63 0.01 +l.103 

cemxEL 1 8.78757 4.82 5.0 +0.693 

Residual 41 1. 746721 

Error 35 1.822608 

* The Approximate Unit Variation represents the effect on the dependent 

variable (i.e, resilient modulus) of a change in an independent variable (e.g. 

tensile strain) equal to one standard deviation from mean value . 

Factor Legend 

fl % ultimate elastic tensile strain, µin/in 

STL % ultimate tensile strength 

CEM % cement 

TABLE 12 ANALYSIS OF VARIANCE FOR LOG N1 FROM FATlGUE­
RESILIENT INDIRECT TENSILE TEST RESULTS FOR CLEAR SOIL- EMENT 
FIELD CORES, SANDY (TYPE A) AND SANDY LOAM (TYPE B) SOILS 

APPROXIMATE 

SOURCE OF DEGREES MEAN F SIGNIFICANCE UNIT 

VARIATION FREEDOM SQUARES VALUES LEVEL VARIATION* 

E l 40.7394 29 . 24 0.01 +0.57 

STL 1 22.2706 16.12 0.05 -0.93 

CEM 1 6.9428 5.03 5.0 +0.69 

FLG 1 4. 2179 3.05 10.0 +0.30 

* The Approximate Unit Variation represents the effec t on the dependent 

variable (i.e . resilient modulus) of a change in an independent variable (e . g. 

tensile strain) equal to one standard deviation from mean value. 

Factor 1egend 

E Modulus of elasticity, 105 psi 

STL - % of ultimate tensile strength 

CEM % cement 

FLG % flushing (migration of cement) 



TABLE 13 ANALYSIS OF VARIANCE FOR LOG N1 FROM FATIGUE­
RESILIENT INDIRECT TENSILE TEST RESULTS FOR FLAWED SOIL­
CEMENT FIELD CORES 

APPROXIMATE 

SOURCE OF DEGREES MEAN F SIGNIFICANCE UNIT 

VARIATION FREEDOM SQUARES VALUES LEVEL VARIATION* 

Log E 1 10 .48272 3.90 <5% +O. 39 

Residual 47 0.55102 

Error 48 2.68549 

* The Approximate Unit Variation represents the effect on the dependent 

variable (i .e. resilient modulus) of a change in an independent variable (e.g. 

tensile strain) equal to one standard deviation from mean value. 

factor Legend 

E - resilient modulus 

TABLE 14 ANALYSIS OF VARIANCE FOR POISSON'S RATIO FROM 
FATIGUE-RESILIENT INDIRECT TENSILE TEST RESULTS FOR FLAWED 
SOIL-CEMENT FIELD CORES 

APPROXIMATE 

SOURCE OF DEGREES MEAN F SIGNIFICANCE UNIT 

VARIATION FREEDOM SQUARES VALUES LEVEL VARIATION* 

Etm 1 0.076179 5.52 5.0 +0.029 

SL 1 0.069516 5.03 5.0 +0.030 

Residual 46 0. 007205 

Error 48 0.013813 

* The Approximate Unit Variation represents the effect on the dependent 

variable (i.e. resilient modulus) of a change in an independent variable (e.g. 

tensile strain) equal to one standard deviation from mean value. 

Fa_ctor Legend 

Etm - Measured tensile strain 

SL - Stress Level: Applied tensile stress 
SL - ------------

Ultimate tensile strength 
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TABLE 15 ANALYSIS OF VARIANCE FOR RESILIENT MODULUS FROM 
FATIGUE-RESILIENT INDIRECT TENSILE TEST RESULTS FOR FLAWED 
SOIL-CEMENT FIELD CORES 

APPROXIMATE 

SOURCE OF DEGREES MEAN F SIGNIFICANCE UNIT 

VARIATION FREEDOM SQUARES VALUES LEVEL VARIATION* 

Etm 1 74.89069 15.25 0.05 -1.15 

SL 1 43 .14413 8.79 0.5 +0.81 

Residual 46 l. 463888 

Error 48 4.910197 

* The Approximate Unit Variation represents the effect on the dependent 

variable (i.e. resilient modulus) of a change in an independent variable (e.g. 

tensile strain) equal to one standard deviation from mean value. 

factor Legend 

Etm - Measured tensile strain 

SL Stress Level: Applied tensile stress 
SL - - ---------

Ultimate tensile strength 

where 

CEM = (cement - 9.1385)/1.9590; 
Cement = (percent cement - 9.1385)/1.595; 

fig = percent of flushing or cement migration (inter­
nal flaw); 

FLG = (fig - 0.4908)/0.11005; 
STS = (applied tensile tress - 123.15)/15.519; 

e, = (e, measured - 623.48)/573.60; 
µ., = resilient Poisson's ratio· 
E, = resilient modulu (105 psi); 

e,,,. = measured tensile strain (microinch/inch); 
STL = (stress level - 0.75110)/0.11110; 

SL = stress level, defined by (applied tensile stress)/ 
(ultimate tensile strength); and 

E = (E, - 5.4561)/18,829. 

The regression equation for re ilient modulus represents 
the effects of train, applied tensile stress, and cement content 
on the resilient modulus of cement-stabilized sandy (Type A) 
and sandy loam (Type B) field cores. 

As noted in the analysis of variance section, no significant 
factors affected Poisson s ratio; therefore, no regression equa­
tion could be developed. A value of 0.274 should then be 
used as a be t estimate of Pois on's ratio for a cement­
stabilized sandy (Type A) and sandy loam (Type B) ba e 
materials. 

Flawed Field Cores 

The regres ion equations for Log Nr, resilient modulus E,, 
and resilient Poisson's ratio µ,follow. The coefficient of de­
termination, R2

, values range from 0.116 to 0.416. All three 

equations exhibit adequate fit and should be con. idered ad­
equate for e ·timating the fatigue life, resilient modulus, and 
Poi on's ratio for cement- ·tabilized sandy (Type A) and sandy 
loam (Type B) base materials. 

LogNr(mean) = 1.8892 + 1.7792(LogE - 0.6324) 

R2 = 0.1164 Sr= i.0900 

Resilient modulus: 

E, = 4.7815 - 1.0663 Erm+ 5.1140 (STS) 

R2 = 0.4162 Sr= 1.5838 

Resilient Poisson's ratio: 

µ, = 0.2687 + 0.0260 e + 0.1903 (STS) 

R2 = 0.1831 Sr= o.097 

where 

S = standard deviation, 
e,m = [measured tensile strain (microinch/inch) - 774.36)/ 

592.86, 
STS = [applied tensile stress (psi) - 121.76)/120.20, and 

E = resilient modulus, 105 psi. 

CONCLUSIONS 

As in any controlled experimentation, the findings and con­
clusions resulting from this study are limited to the range of 
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variables considered. On the basis of the data and the analysis 
described earlier in this report, the following general conclu­
ion are offered . 

A series of regression equation ha been developed that 
includes the significant variables that have ·tati tically signif­
icant effects on the appropriate fundamental engineering 
property. They can be used to provide e ti mates of the variou 
dependent parameter within the standard error of estimate, 
Sr. AJ I regres ·ion equacion included in tbe report have been 
checked to ensure adequate fit of the data and have been 
judged to have adequate predictive eapabi litie . 

The inherent variations in the fundamental properti of a 
cement- tabilized base material in longitudinal (along the road) , 
lateral (aero the road) , and vertical (depth) direction could 
be combined individually for the clear and flawed field cores. 

The fundamenta l resilient engineering properties were es­
sentially the same for cement-st<tbilized sandy (Type A) ond 
sandy loam (Type B) base material obtained from the field 
or laboratory. 

The resilient modultt · and Poisson 's ratio values were found 
to be essentially the same for the clear (minimum flaw ) and 
flawed field cores, whereas the fatigue lives for the two were 
found to be dra tically different. Therefore, the two field 
conditions (i.e. clear and flawed pecimens) form two ep-
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arate material groups (i.e., statistical populations) that must 
be considered in any subsequent analyses . 

On the bases of the low recovery rate in good field cores 
for job verification; observation of various cracks, lamination, 
compaction planes, and layer separations in field cores ob­
tained during the second major coring operation to cores for 
fatigue-resilient testing· and the sub equent low number of 
clear core specimens found to exist during the material char­
acterization study, the mixed-in-place soil-cement construc­
tion procedure presently used apparently does not provide 
the qualicy and uniformity expected in a cement-stabilized 
base layer. The flawed field cores exhibited an average fatigue 
life of 77 cycles, whereas the clear field cores displayed an 
average fatigue life of 27 ,300 cycles. 

The results of the resilient-fatigue test program for mix 
design conditions were compatible with the flawed field core 
resilient-fatigue lesl program. It was therefore concluded that 
the laboratory results could adequately predict the funda­
mental resilient engineering properties of the flawed portions 
of the cement-stabilized base layer. 

Publication of this paper sponsored by Committee on Soil and Rock 
Properiies. 
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Physical Property Changes in a 
Lime-Treated Expansive Clay 

........ .._,- .. a 
~pwopenir:sal.a~ClpllDSivedaJ-im 

central Texas were determined. Sevenry laboratory-prepared lime­
treated clay samples were subjected to continuous accelerated 
leaching for periods o[ 45 and 90 days in large-diameter, flexible­
waU leach cylinders. The soils' physical propertie were measured 
before and after leaching then graphically and statistically ana­
lyzed for significant cbanges. Results indicated that leacbing does 
have detrimental impact on the physical properties of lime-treated 
expansive clays. The property changes are related to lime content 
and initial moisture content. Permeability of all samples increased 
dramatically with the addition of lime. Maximum detrimental 
changes generally occurred at lime contents at or less than the 
lime modification optimum. At lime contents at or above rbe lime 
stabilization optimum , the detrimental effects of leaching were 
minimized or eliminated. Changes to properties upon leaching 
varied depending on their compaction water content relative to 
the optimum. 

Expansive clays exhibit high potential for volume change be­
cause of changes in soil moisture. Jones and Jones (I) esti­
mated that the annual cost of damage to facilities built on 
expan ive clays in the United States exceeded $9 billion. 

One of the most common and effective physiochemical 
treatments of expansive clay is to add lime, either calcium 
hydrnxide [Ca(OH)z) or quicklime (CaO) to the soil. Lime 
treatment has been widely used for many years and i cur­
rently used in more than 40 states for tabiJizing runways 
buiJdings, roads, and parking lots (2,3) . Although much i 
known about the phenomenon of oil-lime reaction in ex­
pansive clays , little work has been done to investigate leaching 
of these lime-treated soils. Of particular concern was deter­
mining whet11er the benefits of lime treatment were reduced 
through leaching over time. 

PURPOSE 

The long-term effects of continuous leaching on a lime-treated 
expansive clay from North Central Texas were studied by 
performing continuou leaching on laboratory-prepared spec­
imen and analyzing the physicaJ property changes that oc­
curred. 

L. D. MeCaUlster, Department of Civil and Mechanical Engineering, 
U.S. Military Academy, West Point, N.Y. 10996. T. M. Petry, De­
partment of Civil Engineering, University of Texas at Arlington, P. 0 . 
Box 19308, Arlington, Tex. 76019. 

mi: ... rawae ••uiwv'i-fwaer:.­
in specially designed large-diameter, flexible-walJ cells for pe­
riods of 45 and 90 days. Physical property tests done before 
the tart of th leach cycle then repeated at the end of the 
leach cycle provided indication of change in the properties. 
Variable investigated included changes in lime content ini­
tial compaction moisture content, and leach durations. Con­
stants maintained were compactive effort, cure conditions, 
and leaching flow pre ure. 

Laboratory testing wa conducted on three different ex­
pansive clay from the same geologic formation. Therefore, 
repeatability and conformation of re ults were enhanced. 

BACKGROUND 

Although soil-lime permanency has been frequently ques­
tioned by engineers it is generally accepted tJ1at tbe phy ical 
changes occurring within the soil-Hme ma s remain relatively 
permanent. Eades and Grim (4) questioned the permanency 
of Hme in the soil and tested pure clay minerals. They pec­
ulated that , if stabilization wa caused by only .flocculation or 
ion exchange percolating ground water could po ibly re­
move calcium in the soil-lime mixture . l11ey concluded, with­
out leach testing, that formation of crystaJllne silicate hydrates 
would be permanent and not su ceptible to leaching. How­
ever, the percentage of lime added to the soil must be suf­
ficient to generate large calcium silicate pozzolan (5) . 

Durability of Projects 

The permanency of lime-treated soils is often upheld by di -
cussing the numerous long-standing successful lim -stabilized 
construction projects . Gut chick (6) cited several uccessful 
project throughout the United States that were built in the 
1960s and 1970s. Kelly (7) undertook an extensive field in­
vestigation that verified t11e long-term effectivenes of roads 
at various rnrntary in tallations in the South that had been 
lime stabilized in the 1940s and 1950s. 

Tests on the reconstructed lime-treated Friant-Kem Canal 
in California showed, after 7 years of cyclic immersion, that 
the effective lime content bad decreased from the original 4 
percent quicklime by approximately 1 percent. However 
the dry unit weight remained constant and the strength in­
creased (8). 
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The Dallas-Fort Worth (DFW) International Airport was 
completed in 1973 and contained 2,400,000 yd2 of lime-treated 
subgrade material. The airport has provided 15 continuous 
years of service without major maintenance (9). 

Barenberg (10) conducted a series of leach tests on lime­
cement-fly-ash-aggregate (LCF AA) mixtures to study the mi­
gration of lime and cement under pavements. Test results 
indicated that less than 0.1 percent of the approximately 4.0 
percent original lime plus cement content had been leached. 

Stocker (11) perc lated ' mall amounts of water through 
lime and cement-treated samples to tudy the dissolution of 
cementati us material . mall amounts of dissolution did occur 
in his tests, but substantial cementation reduction was 
minimal. 

Permeability Changes 

The tudies of permeability changes in lime-treated clay are 
widely varied. Town end and Kylm (12) hypothesized and 
found through testing that lime stabilization would increase 
the pore volume caused by flocculation thus increasing 
permeability. Ranganathan (13,p.331) found a 10-fold in­
crease in permeability of a lime-treated expan ive clay. Fos­
senberg (14,p.221), however found a reduction in the perme­
ability of a lime-treated clay. Gut chick (6) found that the 
permeability of a lime-fly-ash-aggregate lime mixture u ed on 
an irrigation channel initially increased but decreased with 
time to that of the natural clay. 

Stocker (.11) noted that for trong, advanced tages of lime 
modification in a soil mass, the permeability tended to de-
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crease. However, for less modified soils, there may be an 
apparent reduction in permeability. 

Summary 

Extensive re earch has been conducted over the last 30 years 
to study the complex nature of soil-lime reactions. Much is 
known about those reactions and how they can affect the 
physical properties of an expansive clay. However, no com­
prehensive analysis has been undertaken to tudy what effects 
leaching would have on the long-term properties of Iime­
treated expansive clays. The research reported here focused 
on those property changes. 

LABORATORY TEST PROGRAM 

Soil Properties 

The soils chosen for this research were the locally available 
well-documented (9) weathered clay shales from the Eagle 
Ford geologic formation. Three separate sites were chosen 
from this formation and the soils from each site were indepen­
dently tested for repeatability of the leaching process. The 
soiJ sites will be referred to throughout this report as Sites 1, 
2, and 3. Tests of the natural clays had plasticity index (PI) 
values ranging from 30 to 100. Swelling pressures ranged from 
0.5 ton per square foot (tsf) to as high as 4 tsf. Unconfined 
compressive strengths for the soils from all sites averaged 5 
tsf. Table 1 presents the average properties for the clays from 
all three sites. 

TABLE 1 SOIL PROPERTIES FROM SITES 1, 2, AND 3 

Data Site 

Property No. l No.2 No.3 

Silt and Clay (<0. 002756in) (%) BS 90 9B 

Clay Fraction (<0. 000079in) (%) 35 12 60 

Specific Gravity 2.74 2. 71 2.73 

Maximum Dry Unit Weight (pc fl 103.5 101. 0 100.0 

Optimum Moisture (%) 22.5 22.5 24 .5 

Liquid Limit (%) 63 60 76 

Plastic Limit (%) 33 27 31 

Plasticity Index (%) 30 33 45 

Linear Shrinkage (%) 22.0 17.7 24.4 

Swell Pressure (psf) 977.6 1104 . 7 2117. 9 

Free Swell (%) 1. BO 3.21 11.97 

Unconfined Compressive 5. 4 6 5.02 4.62 
Strength (tsf) 

Permeability (ft/min x 10- 9 ) 10.4 45.3 13.6 
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The Eagle Ford clays contained from 12 to 60 percent clay 
and 85 to 98 percent clay and silt size particles. The soils were 
classified as CH in the Unified Soil Classification System. 
Montmorrillonite and calcite were the most predominant min­
erals present in all clays tested. 

Test Procedures 

All laboratory physical property testing was done in accord­
ance with the U.S. Army Corps of Engineers Manual (EM) 
1110-2-1906 (15), except for the swell pressure and free swell 
testing. Swell pressure tests were conducted until no swelling 
occurred after 24 hr. Free swell tests (of 33 psf overburden) 
allowed samples to swell vertically until at least 48 hr. The 
Texas Test Method, Tex-107-E, was used to determine lin­
ear shrinkage. Unconfined compressive strengths were de­
termined using a strain rate of 0.5 percent per minute. 

All soils tested were first slaked through a No. 40 sieve, 
air-dried at 120°F, then lightly pulverized before testing. All 
testing before leaching was conducted on remolded samples. 
All swelling, strength, and permeability tests were conducted 
on samples compacted to meet 95 percent of standard Proctor 
maximum dry unit weight (ASTM D698) at optimum moisture 
content (OMC) for the various soil-lime mixtures. 

Soil-Lime Reactivity 

The soils were investigated for their hydrated lime reactivity 
before any leach tests were conducted, to identify the range 
of lime contents for use during leach testing and to establish 
baseline data for comparing changes in physical properties 
after leaching. Lime content values chosen for each site were 
based on their lime modification optimum (LMO) value using 
the Eades and Grim pH test (16), confirmed by Atterberg 
limits. The lime content values chosen included the lime sta­
bilization optimum (LSO), at which maximum unconfined 
compressive strength occurs. Lime content values chosen for 
all testing were as follows: Site 1 Soil, 0, 1, 2, 3, 4, 6, and 8 
percent; Site 2 Soil, 0, 1, 2, 3, 5, and 7 percent; and Site 3 
Soil, 0, 1, 2, 3, 5, 7, and 9 percent. The LMO values were 
determined to be 4.0 percent for Site 1 soils and 3.0 percent 
for soils from Sites 2 and 3. The LSO values were found to 
be 6.0 percent for soils from Sites 1 and 3 and between 6.0 
and 7.0 percent for Site 2 soils. 

Moisture-dry unit weight curves were developed for all the 
soil-lime mixtures to determine optimum moisture contents 
and maximum dry unit weights for each. Because a Harvard 
miniature device was to be used, trial work revealed that 
compacting in the miniature device with four layers and 25 
blows per layer (of 40 !bf from the Harvard tamper) approx­
imated unit weights produced using standard Proctor 
equipment. 

Physical property testing was conducted on samples at their 
respective OMC values. These property tests revealed that 
the expansive behavior of the Eagle Ford clays could be dra­
matically reduced with the addition of small amounts of hy­
drated lime. For example, with only 3.0 percent lime added, 
PI values decreased by up to 75 percent and vertical swells 
decreased by as much as 96 percent. Figure 1 shows the typical 
reduction of swell pressure achieved. 
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FIGURE 1 Effects of lime on swell pressures before 
leaching. 

Leach Test Program 

Leach Test Equipment 
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In order to model prolonged leaching on lime-treated clays, 
nine large-diameter, flexible-wall leach cells were designed 
and built. A triaxial membrane was placed on the inside of 
the cylinder that allowed an air-confining pressure to be ap­
plied to the sides of the sample, thus preventing leakage along 
the side of the sample. Pressurized water was applied to the 
sample from the top and was dispersed by flowing over a 
porous stone before reaching the sample. A porous stone 
was also placed on the bottom of the sample to prevent soil 
washout. 

The nine cells were individually controlled to allow for 
continuous and simultaneous leach testing without halting all 
the tests to perform set up, take down, or maintenance op­
erations on a single cell. The filtered distilled and deminer­
alized leach water was supplied to the samples from a 38-gal 
tank that had regulated air pressure applied to it to generate 
the flow. Leachate was collected after it passed through the 
samples into 5-gal carboys, as shown in Figure 2. 

FIGURE 2 Multiple leach cell testing operation. 
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Leach Sample Preparation 

Bulk quantities of the natural soils were air-dried at 120°F for 
a minimum of 5 days. The soils were then passed through a 
No. 4 sieve to remove rocks and organic material. Material 
not passing a No. 4 sieve was pulverized and then mixed with 
the material passing the No. 4 sieve. The required percentages 
of hydrated lime and water were mixed into the soil. The soil­
fuim.watei:: mOtnre was c0ve:re: wilfrtplastfo wrap- amt mcl­
Iowed :tbr-2.f hr. 

The mellowed mixture was compacted in a 6-in.-diamett::r 
moicfusing the:eompactive·effort:requirecfto ootaings:percent 
0£the:standai;d!Rr-0ctortmaximwrudtyfunit1weight-fonthersoils· 
ali tb&ili \ia»IDw.l.iill*wn~ ~&Qtnpa& fillsami1 
douti1fe.~03JJpall.iaJ~lic:~11311~matallwi1•wa..-; 
iam 
method was chosen as the standard for arr rime-treated sam­
ples. Moisture content checks at the end of the cure period 
showed minimum decreases, generally less than 1 percent. 

The cured samples were then placed in the test cylinders 
between the porous stones and sealed in the cells. A confining 
pressure of approximately 15 psi was applied and then the 
flow pressure valve was opened to start the leach process. 
Flow pressures of 10 psi were used throughout to minimize 
disturbance to the test specimens, yet allowing the water suf­
ficient time to migrate through and interact with the soil-lime 
specimen. Leach test samples were duplicated for all lime and 
moisture content mixtures. 

Post/each Testing 

At the completion of the leach test, the cell was disconnected 
from the master control panel and disassembled. The sample 
was cut in half, so as to make top and bottom samples. A 
moisture content sample was obtained from each of these 
sample halves. The leach sample halves were then wrapped 
in a double layer of plastic wrap until ready for complete 
testing (2 days). Each half was tested under identical condi­
tions. The results included, therefore, four tests that were 
averaged. 

Samples to determine swell pressure, free swell, and un­
confined compressive strength were trimmed from the leached 
sample halves. Because all testing was conducted at OMC, 
and the trimmed samples exceeded their OMC (nearly 100 
percent saturated), the trimmed samples were allowed to air­
dry for up to 6 hr. The samples were periodically weighed to 
determine weight loss caused by drying. Once a predeter­
mined weight was reached on the basis of the OMC of the 
soil-lime mixture, the trimmed samples were double-wrapped 
in plastic wrap and allowed to equilibrate for 7 to 10 days 
before testing. 

The remainder of the leaching soil samples was air-dried, 
pulverized, and passed through a No. 40 sieve. This material 
was used for Atterberg limits and linear shrinkage testing. 

RESULTS 

The leach test program was conducted to study the effects of 
leaching on compacted soil-lime samples with three variables 
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considered, the amount of lime used, the moisture used at 
compaction, and the duration of leaching. Leaching was con­
ducted for 45 and 90 day with the majority of testing being 
conducted at 45 days using a 10-psi flow pressure. The lime 
contents used have been discussed. Moisture contents used 
at the time of compaction were selected on the basis of three 
ranges: (a) ±3 percent of optimum moisture (OMC); (b) -8 
to -3 percent below optimum (dry or -OMC); and (c) + 3 
to- + ~ percent above- optimum Cwe:t or + OMC):. 'fable 2 
pusen~ i. smnmaJ>Y of tile 70 each tes con ed. 

Permeability 

aJl.ibree roil site~ t!Eie pemne:alDiFie.ie .oi! th~1 lime:, treated' 
lm:lica!ralwil.- ..... aalillfc• i ll!'IH.CCll Iiine<. 

Tli.e amount of increase ranged' from a 7-fofcf increase to a 
maximum 342-fold increase. The maximum increase in perme­
ability for all three soils appeared at or near the LMO value. 
At very low or very high lime contents, the increase in perme­
ability was less pronounced, as shown in Figure 3a. However, 
even at very high lime contents permeability was still much 
greater than that of the natural soil. 

During all leach testing, permeabilities of the lime-treated 
clays decreased during leaching. This behavior is consistent 
with that of other research (6). This decrease was fairly rapid 
at the start of the test, but after approximately 300 hr, the 
permeabilities reached a point where they were decreasing at 
a much slower rate, as sliuwn in Figure 3b. This same leveling 
phenomenon has been noted when soils are leached with in­
dustrial fluids (17). It is speculated that this leveling of the 
permeabilities is a result of the samples' becoming saturated 
during the leach process. The flow rates became relatively 
steady during saturation and continued to slowly decrease 
with leaching. 

Treated samples compacted wet of optimum displayed the 
lowest permeabilities. The highest permeabilities occurred 
in samples compacted dry of optimum with lime contents at 
their LMO. 

Changes in permeability in lime-treated clays are, there­
fore, believed to be directly related to the ion complex within 
the clay soil. With the addition of small amounts of lime (less 
than the LMO value), clay soil particles flocculate to some 
degree and pozzolanic reactions do not occur on a large scale, 
resulting in a small increase in permeability. Maximum floc­
culation and agglomeration occur at the LMO value, opening 
up large flow channels and producing extremely large perme­
ability increases. At lime contents exceeding the LMO value, 
the soil pH is sufficiently elevated that silica and alumina 
hydrates are formed, producing massive crystalline structures 
and effectively blocking flow channels. Permeabilities de­
clined as lime percent11ges were increased, but sufficient chan­
nels remained so that permeabilities well exceeded that of the 
natural soil. 

Atterberg Limits 

Figure 4 shows a typical diagram of the effects of leaching on 
Atterberg limits of the lime-treated clay from Site 1. After 
leaching, plastic limit (PL) and liquid limit (LL) values de-
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TABLE 2 SUMMARY OF VARIABLES USED DURING LEACH TESTING FOR ALL SOIL SITES 

Variables 

Soil 
Percent Leach Durations Moisture Content (%)a 

Site Lime (%) 
45 days 90 daysb -OMC OMC +OMC 

1 0 x x - x x 
1 x - x x x 
2 x - - x -
3 x x x x x 
4 x - x x x 
6 x x x x x 
8 x - - x -

2 0 x x - x x 
1 x - x x x 
2 x - x x x 
3 x x x x x 
5 x - x x x 
7 x x - x -

3 0 x x - x -
1 x - - x -
2 x - - x -
3 x x - x -
5 x - - x -
7 x - - x -
9 x x . x -

a 
b 

-OMC = -8% to -3% below OMC; OMC = -3% < OMC < +3%; +OMC 
90 Tests were conducted at OMC only 

+3% to +8% above OMC 

Not tested 

creased, whereas Pl values increased. Maximum increase in 
postleach PI value appeared in samples with 1 to 3 percenl 
lime, for those leached 45 days and compacted at OMC. Sam· 
pies leached 90 days had even larger increases in PI value. 
The largest increase in PI value occurred in Site 3 material 
with 3 percent lime, which increased from a PI value of 11 
to 31. Maximum increases in Pl values during leaching oc­
curred in samples compacted wet of optimum with the min-

(a) 
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imum increase for samples compacted dry of (or at) optimum 
moisture. 

The increase in PI value after leaching was less as more 
lime was added to the soils. When approximately 6 percent 
or more lime had been added to the soils from all three sites, 
the PI value after leaching was less than or equal to the PI 
value before leaching. The duration of the leach cycle did not 
have an adverse impact on the PI value of the soils when at 
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FIGURE 3 (a) Lime content versus permeabilities after 600 hr of leaching; (b) permeability changes during 45 days of 
leaching. 
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FIGURE 4 Atterberg limits before leaching and after 
leaching 45 days. 

least 6 percent lime had been added. Increases in lime content 
did not appear to affect the PL and LL values, which were 
generally lower after leaching. 

Linear Shrinkage 

A typical diagram depicting the effects of leaching on linear 
shrinkage is shown in Figure 5 for Site 3 material compactt!u 
at OMC. Shrinkage increased after leaching with the maxi­
mum increases occurring at lime contents less than (or at) the 
LMO value. In Site 3 material, samples compacted wet of 
optimum had the least amount of increase in shrinkage, whereas 
those compacted dry had the highest shrinkage after leaching. 
Leaching 90 days appeared to have a more detrimental impact 
on the higher lime content samples than leaching 45 days. For 
the samples with the lower lime contents, 45 days of leaching 
generally appeared to be more detrimental. 

As the lime was increased in the leached samples, the in­
crease in postleach shrinkage was less. When 6 to 7 percent 
lime had been added to samples, this linear shrinkage was 
less than or equal to the shrinkage noted before leaching. 
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FIGURE 5 Linear shrinkage before leaching and after 
leaching 45 and 90 days. 
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FIGURE 6 (a) Swell pressure and (b) free swell before 
leaching and after leaching 45 and 90 days. 

Swell Properties 

Swelling Pressure 

The result of leaching on the swelling pressures of the clay 
tested from Site 3 are shown in Figure 6a for the sample 
tested at the OMC value. The re ult are typical for all three 
sites. Tests indicated increases in swell pressure after leaching 
at all lime contents. These increases ranged from as little as 
13 percent to as high as 98 percent. The maximum increase 
in swell pressure occurred in samples treated with lime con­
tents of 3 to 6 percent. When 7 to 8 percent lime had been 
added, the swelling pressure after leaching was approximately 
equal to that before leaching. Maximum increa es of swelling 
pressure occurred in samples compacted wet of optimum, 
whereas those compacted dry of (and at) the OMC value 
produced lower increases in swelling pressures. Samples leached 
90 days had lightly higher swell pressures at tbe lower lime 
contents than samples leached 45 day . However, at the higher 
lime contents, there was no significant difference in well 
pressures caused by changes in leach duration . 

Free Swell 

In samples tested for free swell after leaching, there was an 
increase in swell for samples tested at all lime contents. Figure 
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6b shows typical changes in swell after leaching 45 and 90 
days for Site 3 material compacted at OMC. Maximum in­
creases in postleach free swell occurred in samples tested with 
3 to 4 percent lime, with increases ranging from 115 to 340 
percent. When approximately 6 percent lime had been added 
to all materials, free swell increases became negligible, al­
though there still was some slight increase in swell. Maximum 
increases of postleach free swell occurred in samples com­
pacted wet of optimum, whereas samples compacted dry had 
slightly lower increases in swell than those compa'cted at op­
timum moisture. Samples leached 90 days displayed little dif­
ference in swell increase over those leached 45 days for Site 
3 soil. However , for the other two sites at lower lime contents, 
90 days of leaching produced higher swell than did 45 days 
of leaching. 

Unconfined Compressive Strength 

Unconfined compressive strength tests run on samples leached 
45 and 90 days indicated that materials with very low lime 
content had considerable loss in strength during leaching. The 
maximum loss was a decrease of 76 percent for Site 1 material 
with 1 percent lime. As the amount of lime was increased in 
the soils, the loss of shear strength declined such that after 7 
to 8 percent lime was added to the soils, the loss was negli­
gible. After approximately 8 percent lime had been added to 
the soils, the postleach strength was actually higher. Samples 
leached 90 days had similar results to those leached 45 days, 
except in material from Site l , which had a higher strength 
loss after leaching 90 days . Figure 7 shows a typical plot of 
the strengths measured after leaching 45 and 90 days for Site 
3 material compacted at optimum moisture. 

The maximum strength measured after leaching occurred 
in samples compacted at optimum moisture or slightly wet of 
optimum, although it was less than the preleach strength mea­
sured. Samples compacted dry of optimum displayed dramatic 
strength loss after leaching, averaging over 52 percent less 
strength when compared to samples compacted at the OMC 
value. 

DISCUSSION OF PHYSICAL 
PROPERTY CHANGES 

In all physical property tests conducted, postleach testing re­
vealed that there were detrimental effects on the stabilizing 
attributes of lime-treated clays. The samples treated with lime 
contents of 1 to 4 percent displayed the largest detrimental 
changes during leaching. However, in all physical property 
tests conducted, there was a minimum lime content beyond 
which leaching was not significantly detrimental. This optimal 
lime content varied slightly between property tests. For At­
terberg limits and linear shrinkage, the optimal lime content 
was found to be between 5 and 6 percent; for swelling prop­
erties, it varied between 6 and 8 percent; and for strength, it 
was found to be 7 to 8 percent. 

These amounts of lime are approximately the lime contents 
established as the LSO values of the soils, i.e., the amounts 
of lime necessary to provide optimal pozzolanic reactions. It 
is believed that leaching greatly increases the water molecule 
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FIGURE 7 Unconfined compressive strength before 
leaching and after leaching 45 and 90 days. 
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concentration, causing the soil-lime water system to attempt 
to diffuse any loosely held calcium cations away from the clay 
particle surface while also increasing the adsorbed water layer 
surrounding the clay particle. This process ultimately results 
in increases in PI value, shrinkage, and swelling properties. 

When the lime content of expansive clays is below the op­
timum concentration for maximum pozzolanic reaction, floc­
culation bonding is relatively weak and could possibly be re­
moved by flowing water during leaching, as suggested by 
Diamond and Kinter (18). Therefore, longer leach durations 
on the samples mixed at the lower lime contents should result 
in more detrimental effects. This research supports that theory 
because many samples leached 90 days had larger increases 
in PI value, free swell, and swell pressure than those leached 
45 days. 

Furthermore, if flowing water breaks down flocculation, 
then it follows that a higher permeability would increase the 
rate of breakdown. The highest permeability in this research 
occurred in samples compacted at their LMO values . The 
largest increase in postleach linear shrinkage, PI value , and 
swelling properties occurred in samples compacted with 3 to 
4 percent lime. When enough lime is added to the soil, it is 
believed that the increase in calcium concentration offsets the 
increase in water molecules caused by leaching, and pozzo­
lanic reaction products will begin to close off flow channels 
and produce permanent interparticle bonding. 

In order to minimize the effects of leaching on strength 
losses, it was necessary to increase the amount of lime added 
to the samples to at least 1 percent above the LSO value. The 
additional water added during leaching may prevent adequate 
pozzolan formation until the calcium present is sufficient to 
offset the disruptive presence of additional water. 

A statistical analysis was performed on the data to deter­
mine if the changes in properties measured were statistically 
significant. The t statistic was used to test the significance of 
the differences in the means of the test results before leaching 
to the means of the test results after leaching. 

Before testing for significant difference between the means, 
equal population variances were tested using the F distribu­
tion. All F tests indicated that there was insufficient evidence 
to refute the assumption of equal population variances . 

All t statistics were tested at the ex = 0.05 primary level of 
significance and the ex = 0.10 secondary level of significance . 
All results were recorded as either a statistically significant 
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difference between the means before and after leaching or as 
insufficient evidence (IE) to refute the null hypothesis of no 
difference in the means. 

The statistical analysis indicated that the changes in the 
physical properties after leaching were statistically significant 
at lower lime contents and that at lime contents between 5 
and 7 percent, the difference in means had less significance. 
The only exception was that the statistical analysis indicated 
that there was insufficient evidence to suggest that the LL 
value was significantly reduced. Statistical analyses on strength 
and linear shrinkage indicated that nondetrimental effects could 
be achieved at lime contents approximately V2 to 1 percent 
below those revealed by graphical comparisons. 

CONCLUSIONS AND RECOMMENDATIONS 

The intent of this research was to test the effects of continuous 
water leaching on lime-treated expansive clay. Physical prop­
erty testing was conducted on the soils before and after leach­
ing for changes in lime reactive characteristics. The results 
were analyzed graphically and statistically. Some specific con­
clusions follow: 

1. The permeabilities of lime-treated samples were 7 to 340 
times higher than those of the natural clays with the maxima 
occurring at the LMO values. 

2. There are detrimental changes in soil-lime mixtures dur­
ing continuous leaching, the maximum being in materials with 
below-LMO percentages of lime, for all physical properties 
measured. 

3. The change to properties during leaching tended to be 
proportional to the duration of the leach cycle. 

4. There was a range of lime contents, ±2 percent of the 
LSO value, for each physical property tested that minimized 
or eliminated the detrimental effects of leaching. 

5. Samples compacted dry of optimum exhibited the highest 
increase in permeability and linear shrinkage and much lower 
strength. Samples compacted wet of optimum displayed the 
highest increase in postleach PI value and swell properties. 

6. Statistical analysis of the physical changes after leaching 
confirmed that the detrimental effects were statistically sig­
nificant, except for reduction of the LL value. 

7. The statistical analysis of shrinkage and strength results 
indicated that Vi to 1 percent less lime could be used to min­
imize detrimental effects than the amount revealed by graph­
ical analysis. 

On the basis of the results of this study, the following rec­
ommendations are made: 

1. For the Eagle Ford clays tested in this research, the 
detrimental effects caused by leaching can be minimized or 
eliminated if the lime content is at least 1 percent over the 
LSO value. 

2. Lime-treated soils should be compacted within 1 percent 
of their OMC value. 

3. Additional leach testing should be conducted on other 
expansive clays to develop a comprehensive analysis of the 
effects of leaching on different clays. Variables to consider 
should be longer leach cycles, various cure times, and com­
paction criteria. 
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Improved Characteristics in Sulfate Soils 
Treated with Barium Compounds Before 
Lime Stabilization 

G. A. FERRIS, J. L. EADES, R. E. GRAVES, AND G. H. McCLELLAN 
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to resuft from reactions of sofubfe suffates, calcium hydroxide, 
and free aluminum in the soil or groundwater, or both, to 
form ettringite (3 CaO·Al20 3·3CaS04·32H20), a highly water­
expansive mineral. Laboratory testing, using the California bear­
ing ratio (CBR) method, has indicated increased bearing strength 
values and decreased swell when barium hydroxide or barium 
chloride was added to sulfate-rich soils before lime application . 
A California soil containing sodium sulfate had increased strength 
values when either barium compound was used with lime as com­
pared with specimens with lime only. A barium hydroxide treat­
ment followed by lime application to a Texas soil containing 
sodium sulfate was successful, showing increased CBR values and 
a decrease in percent swell. Potential volume change tests were 
conducted on a Colorado soil and the California and Texas soils 
using lime only and lime added to soils treated with barium hy­
droxide or barium chloride. The barium hydroxide plus lime treat­
ment showed a marked decrease in swell pressure when compared 
with lime-only treatment. The mix of barium chloride plus lime 
decreased in swell pressure, but not as significantly as the mix of 
barium hydroxide plus lime. The presence of ettringite in the 
treated soils was determined using scanning electron microscopy. 
Ettringite formation was not detected in the California or Col­
orado soils for either combination of barium hydroxide or barium 
chloride plus lime. The Texas soil contained an abundance of 
ettringite in the mix of barium chloride plus lime, and it was 
present, but sparse, in the mix of barium hydroxide plus lime. 

Soluble sulfates react with calcium hydroxide and free alu­
minum to form ettringite (3CaO·Al20 3 ·3CaSo4·32H20) (J). 
Expansion caused by the growth of ettringite in sulfate soils 
treated with calcium hydroxide (lime) may produce severe 
problems in the construction and performance of pavement 
foundation systems (2). The amount and type of sulfates pres­
ent, sodium sulfate or calcium sulfate, and the amount and 
type of clay material are properties believed to play key roles 
in the poststabilization expansion developed over time in lime­
treated sulfate soils. The formation of ettringite also is re­
sponsible for the deterioration of concrete by sulfate attack 
(3,4). 

The sulfate content is clearly the most important property 
to consider when evaluating such soils for construction pur­
poses. The quantity of sulfates present generally dictates the 
extent to which ettringite will form. Simply, the greater the 
content of soluble sulfates in a soil, the greater the potential 
for the growth of ettringite. 

Department of Geology, 1112 Turlington Hall, University of Florida, 
Gainesville, Fla. 32611. 
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in a soil plays an active role in the degree to which ettringite 
will form. Gypsum is approximately 100 times less soluble 
than other sulfate minerals normally found in soils (5) . Cal­
cium and sodium sulfate commonly form evaporite minerals 
in arid to semiarid regions, because of little or no leaching, 
crystallizing when their concentrations exceed their solubility 
limits. Gypsum is the most common sulfate mineral found in 
soils because of its relatively low solubility. 

The percentage and type of clay minerals present in a soil 
generally dictate the amount of lime required for stabilization. 
Soils with a high clay content or an initial high plasticity index 
(PI) and swell require greater amounts of lime to effectively 
reduce the plasticity, eliminate the swell, and stabilize the soil 
(6). The addition of lime to a sulfate-bearing soil provides 
calcium, which reacts with the sulfates to form gypsum, which 
may react with aluminum to form ettringite (7). 

The type or types of clay present also are believed to be 
major factors in determining the strength and swell potential 
in lime stabilization (8). Smectites are three-layered clays that 
are highly expansive. Thus, a soil containing large amounts 
of smectite will require more lime to become stabilized (9). 
However, the two-layered structure of kaolinite may allow it 
to be a greater source of aluminum needed for the formation 
of ettringite in sulfate-bearing soils. 

Tests have been conducted to determine if reactions that 
form ettringite could be minimized in sulfate-bearing soils by 
pretreating them with barium hydroxide or barium chloride 
in an effort to reduce the soluble sulfates before lime stabi­
lization. Barium compounds should react to form less-soluble 
barium sulfates (10), thereby reducing the availability of cal­
cium sulfates for ettringite formation . Another method in­
volving a double-lime treatment of sulfate soils also was in­
vestigated in an effort to reduce detrimental sulfate reactions. 

MATERIALS AND METHODS 

Three soils were studied in this research project because of 
their high sulfate content and expansive nature. Soils from 
Orange County, California, Central Texas, and Denver, Col­
orado, were used in various aspects of the testing procedures. 
The soils vary in composition with the amount and type of 
sulfates, the amount and type of clay components, swell, and 
plasticity. The lime used in all tests was a calcium hydroxide 
[Ca(OH)2] obtained through Fisher Scientific. 
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Initial properties that influence lime stabilization were de­
termined by analyzing untreated soil samples. Soil mineral 
compositions were determined using X-ray diffraction (XRD) 
procedures (11) and microscopic techniques. Clay percentages 
were determined using a standard hydrometer test (ASTM 
D422). The plasticity indices were determined by a standard 
Atterberg limits test (12). 

California Bearing Ratio (CBR) Testing 

The optimum water contents for compaction of the soils were 
determined by a modified Proctor density test (ASTM D698). 
The soils were then compacted, using a standard CBR method 
(ASTM D1557), into 6-in.-diameter molds at their optimum 
water contents and soaked in water for periods of 4, 14, 40, 
and 60 days. After the soaking periods, the compacted soils 
were measured for percent swell and tested to determine bear­
ing strength values. 

Three types of treatment methods were conducted on lhe 
soils. Untreated soils and soils treated with 6 percent lime 
were tested for swell and strength values after 4-day soaking 
periods. 

A double application of lime (7) was conducted where 3 
percent lime was added followed by an uncompacted wet 
curing period of 7 days before the application of an additional 
3 percent lime before compaction. The samples were then 
soaked for 60 days before being tested for swell and strength 
characteristics. 

In the barium compound treatment method, soils were pre­
treated with 3 percent barium hydroxide or 3 percent barium 
chloride, compacted at their optimum water contents, soaked 
in water for 14 days, and tested for strength and swell values. 
The soils were then dried at 50°C, disaggregated, treated with 
6 percent lime, compacted at their optimum water contents, 
and soaked for periods of 14 and 40 days before being tested 
for strength and swell values. 

Potential Volume Change (PVC) Testing 

The soils were compacted into 2. 75-in. molds at their plastic 
limits and at 2.5 times standard Proctor compactive efforts 
and measured for swell pressures exerted against the restrain­
ing force of a proving ring over periods of 7 days using a PVC 
meter. The meter is used to perform swell index tests to 
determine the expansive nature of a soil and to give it a rating 
of either noncritical, marginal, critical, or very critical, de­
pending on the amount of swell that is developed (13). 

Two soil treatment methods were investigated in the PVC 
testing. In the first method, 6 percent lime was added to each 

TABLE 1 INITIAL SOIL PROPERTIES 

SollTle• oluble Sulfhlts c1az % Ples1ll:ltl Index 

Texas 8,870 ppm 67% 41 

California 3,850 ppm 27% 13 

Colorado 10,000ppm • 80% 44 

*-value trom (14). 
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soil, followed by mixing, compacting, and monitoring of swell 
pressures developed during 7-day soaking periods. 

In the second method, 3 percent barium hydroxide or 3 
percent barium chloride was added to each soil, followed by 
wet curing for 7 days, and drying at 50°C. They were then 
disaggregated, treated with 6 percent lime, compacted, and 
monitored for swell pressures developed during 7-day soaking 
periods. 

RESULTS 

Initial properties that influence lime stabilization and control 
the behavior of sulfate soils are the soluble sulfates content, 
clay percentage, plasticity index (Table 1), and soil mineral 
composition (Table 2). The Texas and Colorado soil prop­
erties were almost identical, except that the Colorado soil 
contained more kaolinite (Figure 1). The California soil had 
a soil mineral composition similar to that of the Texas soil, 
bul lhe soluble sulfates rnnlent and clay percentage were 
much lower. 

CBR Testing 

Testing after a 4-day soaking period resulted in an increase 
in CBR values and a decrease in percent swell for both soils 
when 6 percent lime was added compared with the untreated 
soils (Table 3). Testing after a 14-day soaking period of soils 
pretreated with the two barium compounds indicated an in­
crease in CBR values with the addition of lime to the pre­
treated soils (Table 3). The mix of barium hydroxide plus lime 
appeared to control the swell more effectively than the mix 
of barium chloride plus lime in the Texas soil. Comparing 
these data with tests previously conducted using lime only and 
untreated samples, the mix of barium hydroxide plus lime 
increased in CBR values for both soils and decreased in per­
cent swell for the Texas soil (Table 3, Figure 2). Percent swell 
for the California soil may be considered negligible in all 
cases. The mix of barium chloride plus lime increased in CBR 
values for the California soil but had little to no improvement 
in CBR values or percent swell for the Texas soil (Table 3). 
The California soil was retested using an extended soaking 
period of 40 days. When both barium compounds were used, 
CBR values increased over those of the previous 14-day soak­
ing test (Table 3). 

The double application of lime using the California and 
Texas soils was relatively successful (Table 3). The results 
were somewhat improved over those for the mix of barium 
chloride plus lime but were not as successful as those for the 
mix of the barium hydroxide plus lime. 

TABLE 2 ORIGINAL SOIL MINERAL COMPOSITION 

Soil Tv~e Mineral Coml!osition 

Te."<as Smectite, Illile, Kaolinite, Gypsum, Quartz 

California Smeclile, Jllile, Kaolinite, Gypsum, Quartz 

Colorado SmectiLe, lllite, Kaolinile, Gyp.sum, Quartz 
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FIGURE 1 X-ray diffraction patterns showing clay mineral composition of soils. S = smectite, I= illite, and K =kaolinite. 

TABLE 3 RESULTS OF CBR TESTS PVC Testing 

Soil Tll!e Treatment Length of Soak CBR Value %Swell Testing of the Texas and Colorado soils using the PVC meter 
Texas Untreated 4Days 0.7 12 confirmed the CBR test results. For all soils, the mix of barium 

Texas 6%Ca(OH)2 4Days 5.1 5.7 
hydroxide plus lime significantly decreased in swell pressure 
compared with the lime treatment only (Table 4). The mix 

Texas 3%Ba(OH)2 14 Days 3.5 1.9 of barium chloride plus lime exhibited some improvement 
Texas 3% Ba(OH)2 + 6% Ca(OH)2 14 Days 21.2 3.2 
Texas 3% Ba(OH)2 + 6% Ca(OH)2 40Days over the mix of lime only but not as significantly as that of 

Texas 3% Ba(Cl)2 14 Days 
the mix of barium hydroxide plus lime (Table 4). 

Texas 3% Ba(Cl)2 + 6% Ca(OH)2 14 Days 4.3 11.6 
Texas 3% Ba(Cl)2 + 6% Ca(OH)2 40Days 

Texas Double Application of Lime 60days 21.5 5 Scanning Electron Microscope (SEM) Analysis 

Ca1ifomia Untreated 4Days 4.2 .7 Samples were taken from the 14-day-soak soils pretreated 
California 6%Ca(OH)2 4Days 10.4 0.02 with the two barium compounds and analyzed using SEM to 

California 3%Ba(OH)2 14 Days 5.1 0.24 
determine if the formation of ettringite was being controlled. 

California 3% Ba(OH)2 + 6% Ca(OH)2 14 Days 20.6 0.17 The California soil treated with the double application of lime 
California 3% Ba(OH)2 + 6% Ca(OH)2 40 Days 48.7 -0.24 had an abundance of ettringite, an elongated, needle-like min-
California 3% Ba(Cl)2 14Days 3.2 1.5 era! (1) (Figure 3a), as did the Texas soil. Ettringite was not 
California 3% Ba(Cl)2 + 6% Ca(OH)2 14 Days 24.8 0.08 detected in the California soil treated with either barium chlo-
California 3% Ba(Cl)2 + 6% Ca(OH)2 40Days 36.9 -0.06 

ride or the mix of barium hydroxide plus lime (Figures 3b 
California Double Application of Lime 60days 45.7 0.65 and 3c). By adding 15 percent barium hydroxide to the Cal-

• -- Data not available ifornia soil, barium sulfate crystals were formed over a 2-
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D Untreated 

D 6% Ca(OH)2 

~ 3% Ba(OH)2 + 6% Ca(OH)2 

... _ .. __ ... _ 
month soaking period (Figure 3d). In the Texas soil, ettringite 
was found to be relatively abundant in the mix of barium 
chloride and lime (Figure 4a) and was present, but sparse, in 
the mix of barium hydroxide and lime (Figure 4b). Barium 
sulfates were formed in the Texas soil when treated with 15 
percent barium hydroxide and 15 percent barium chloride 
(Figures 4c and 4d, respectively). Samples from the PVC tests 
also were analyzed with the SEM. Ettringite (Figure 5a) and 
barium sulfates (Figure 5b) were observed in the Texas soil 
treated with 3 percent barium hydroxide and 6 percent lime. 
Barium sulfate crystals (Figure 5c) were observed in the Col­
orado soil treated with 3 percent barium hydroxide and 6 
percent lime. Although ettringite was observed in some treated 
samples by SEM analysis, it was not detected by XRD pro­
cedures. 

DISCUSSION OF RESULTS 

California Bearing Ratio Testing 

The pretreatment of sulfate soils with barium compounds be­
fore lime application was most successful with the California 
soil. In these soils, the formation of ettringite was deterred 
and strength values were increased using both barium com­
pounds. This may be because of the soils' relatively low sol­
uble sulfate content, low clay content, and low plasticity. The 
Texas soil, which has a higher soluble sulfate content, greater 
clay content, and is more plastic, improved in strength and 

TABLE 4 RESULTS OF PVC TESTS WITH 7-DAY 
SOAKING PERIODS 

Soil Type Treatment Pressure exerted 
Jbj . ft. 

Texas 6%Ca(OH)2 7,600 
Texas 3% Ba(Cl)2 + 6% Ca(OH)2 3,700 
Texas 3% Ba(OH)2 + 6% Ca(OH)2 1,000 

California 6%Ca(OH)2 5,400 
California 3% Ba(Cl)2 + 6% Ca(OH)2 l,900 
California 3% Ba(OH)2 + 6% Ca(OH)2 700 

Colorado 6%Ca(OH)2 5,400 
Colorado 3% Ba(OH)2 + 6% Ca(OH)2 700 
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swell values under the barium hydroxide pretreatment but not 
under the barium chloride pretreatment. The higher content 
of sulfates in the Texas soil explained the formation of et­
tringite despite pretreatment methods. The barium ions are 
believed to be more available in the mix of barium hydroxide 
plus lime than in the mix of barium chloride plus lime. Pre­
treatment with larger amounts of barium hydroxide might be 
more effective in controlling ettringite formation in high­
sulfate soils. However, these tests have not yet been con­
ducted in the current study. 

1'1'ieincrease in·~val'ues;ooservecffor the 4()-day soaking 
f;lftio Im JM Cafif0mra; seill iS". tdfeved! ro; t\e;. cause~ ~y ce'­
mentii:fousd!ed:s.-d time a.eatment: fmm:ifugj c:;akium; smca!e­
fly~amldammrnh1mraarc ~Ch;ca diSsal\lcfuui 

amll m llli-_..•srn.e11111~ 

stm1C1116 imptmemenr flltlCr -

onstrated in other lime-treated soils (15). The barium com­
pound are thought to react with the sulfates, forming less 
soluble barium sulfates, leaving a lesser amount of sulfates 
available to react with calcium hydroxide and aluminum to 
form ettringite. Reduction of ettringite formation leaves more 
free lime, keeping the pH above 12.4, allowing for more 
dissolution of the clay fraction to produce additional ce­
menting materials during lime stabilization. 

The double application of lime had improved strength val­
ues both for the Texas and California soils and a decrease in 
swell for the Texas soil over that of a single lime treatment. 
The soils in the double application study were soaked for 
longer periods of time, yet their CBR values increased and 
swell in the Texas soil was controlled to a degree. It is believed 
that the lime from the first application reacts with the sulfates 
to form gypsum and ettringite. The second application, which 
can be better mixed with the flocculated soil produced by the 
initial application, redistributes the sulfate minerals already 
formed. This second application of lime will furnish the cal­
cium and high pH necessary to form calcium silicate hydrates 
and calcium aluminate hydrates in and around the pores, 
reducing the permeability and available water to the ettringite 
crystals. 

PVC Testing 

The lime-only treatment rated as a critical swell value for soil 
expansion. Lime added to soils treated with barium hydroxide 
reduced swell pressures in volume change tests, keeping the 
swell in the noncritical range. Lime added to soils treated with 
barium chloride controlled the swell to some degree and rated 
as marginal. 

CONCLUSIONS 

1. The amount and type of sulfates present, and the amount 
and type of clay material, are properties believed to play key 
roles in the poststabilization expansion of lime-treated sulfate 
soils. 

2. The test results indicate that the swell resulting from lime 
treatment of sulfate soils may be controlled, and strength 
values increased, by pretreating them with barium compounds 
before lime application. Barium sulfates with low solubilities 
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FIGURE 3 California soil: (A) double application of 3 percent lime + 3 percent lime CBR test with 60-day soak, showing ettringite, 
720 x; (8) 3 percent Ba(OH)2 + 6 percent lime treatment, CBR test with 14-day soak, 1,050 x; (C) 3 percent Ba(Cl)2 + 6 percent 
lime treatment, CBR test with 14-day soak, 1,150 x; (D) 15 percent Ba(OHh treatment, 2-month soak, 730 x. 

are formed, removing the sulfate ions so that they are not 
free to react with the lime to form gypsum. If the sulfate 
availability is eliminated, the water-sensitive mineral ettrin­
gite cannot form. Barium hydroxide proved to be a more 
effective pretreatment compound than barium chloride. 

3. Soils with low sulfate contents may be stabilized by ap­
plying the lime in two applications (double treatment). It is 
believed that the reactions forming gypsum and ettringite oc­
cur after the first application of lime and that the mixing of 
the second application breaks up the crystals and supplies 
more lime, which allows for the formation of cementing agents, 
increasing strength values and decreasing swell. 

4. Because the use of barium compounds has never been 
applied to field studies, their impact on the surrounding en-

vironment, primarily groundwater, is unknown. Also, barium 
compounds are considerably more costly to use than lime. 
Therefore, future studies should concentrate on the method 
involving the double application of lime because it is more 
practical to use . 
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FIGURE 4 Texas soil: (A) 3 percent Ba(OH)2 + 6 percent lime treatment, CBR test with 14-day soak, showing ettringite, 1,550 x; 
(8) 3 percent BA(Cl)2 + 6 percent lime treatment, CBR test with 14-day soak, showing ettringite, 790 x ; (C) 15 percent Ba(OHh 
treatment, 2-month soak, 200 x ; (D) 15 percent Ba(Clh treatment, 2-month soak, 35. 7 x . 
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FIGURE 5 . (A) Texas ~oil treated with 3 percent Ba(OH)z "!" 6 percent lime, PVC test with 7-day soak, showing ettringite, 1,350 x; 
(B) Texas soil treated with 3 pe.rcent Ba(OH)2 '. 6 percent hme, PVC test with 7-day soak, 700 x; (C) Colorado soil treated with 3 
percent Ba(OH)2 + 6 percent hme, PVC test with 7-day soak, 1,180 x . 
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Effect of Lime on Volume Change and 
Compressibility of Expansive Clays 
ADNAN A. BASMA AND ERDIL R. TUNCER 

Heave aud settlement of clayey soils pose a difficult problem to 
civil engineers. Several methods are usually uggested to control 
this problem. The most common meth?d is the a~di~ion of sta­
bilizing agents, such as lime. An evaluah<?n of the s01l-l.1me. syste~ 
for two soils typical of the highly expansive so!ls ex1stmg m Irb1d 
city in northern Jordan is presente~. The lime .was added to the 
soils at 0 to 9 or 12 percent. The s01l-hme specimens were cured 
for 1 hr, 7 days, and 28 days, after which they were su.bje~ted .to 
laboratory tests. The properties obtained were the gram size dis­
tribution, consistency limits, chemical c mpositi<?n, .swell poten­
tial , swell pressure, compre Sion and rebound md1c~s, rate of 
swell and consolidation, immediate settlement, and pnmary con­
solidation as percent of total settlement. Generally, lime is found 
to be most effective in stabilizing heave and settlement of ex­
pansive clays. 

Geotechnical engineers know that excessive heaving and set­
tlement of clayey soils almost always cause serious damage 
to overlaying structures. In the past few decades, several in­
vestigators have conducted studies to evaluate the important 
factors that influence both heave and settlement of soils. In 
addition, various researchers have suggested different meth­
ods of stabilization to modify and improve soil properties (1-
3). Stabilization techniques are usually mechanical or chem­
ical, or both. Generally, the addition of chemical stabilizing 
agents, such as lime, cement, fly ash, salt, etc., are favored 
(1,2,4-7) . Lime has been the most widely used chemical for 
clays. However, most researchers have concentrated on the 
effect of lime on the swelling of expansive clays with little 
attention given to the compressibility problems in such soils. 

The effectiveness of lime in reducing the volume change of 
expansive cl:lys and the possibility of lime stabilization .to 
improve the compressibility characteristics of clays were m­
vestiga ted. 

LIME-SOIL REACTION 

When lime is added to clay soils in the presence of water, 
several rerictions occur that alter some of the soil properties. 
These changes cause amelioration (5,8). Commonly, lime sta­
bilization proceeds through a combination of (a) cation ex­
change, (b) flocculation and agglomeration, (c) carbonation 
reaction , and (d) pozzolanic reactions (7-10) . Furthermore, 
lime addition to soils increases the pH of the soil-water sys­
tem, reaching a maximum of about 12.3 when the soil is fully 

A. A. Basma, Jordan University of Science and Technology, Irbid, 
Jordan. E. R. Tuncer, Jordan University of Science and Technology, 
Irbid, Jordan. Current affiliation: East Mediterranean University, 
Gazi Magusa, Kibris, Mersin 10, Turkey. 

saturated with lime (11). In general, most researchers agree 
that fine-grained soils react favorably with lime, resulting in 
beneficial changes in soil plasticity , workability, and swell. 
Yet in some cases lime is not the ideal solution to the volume 
cha~ge problem. There are several cases in the literature on 
lime-induced heave (11,12); however, this phenomenon 
is rare. 

Hunter (11) stated that, under certain conditions, both tht: 
sulfate and clay minerals react with lime to form thaumasite 
and ettringite minerals, which cause the heave. Mitchell (12) 
reported a failure through ettringite growth in a parking lot 
in Wichita, Kansas. Additional cases of lime-induced heave 
were uncovered in Texas and Utah by Hunter (11). 

SOILS OF IRBID CITY 

lrbid city, located in the northern part of Jordan, has a semi­
arid climate. This climate is known to aggravate swelling prob­
lems, especially with the existing native soils. Generally , the 
soils in Irbid are mainly dark to reddish brown, weathered, 
firm, intensely fissured clay with an average clay content of 
about 65 percent. Most of these soils contain highly plastic 
and expansive clays (Figures 1 and 2) and hence have pro~­
lems caused by swelling. This fact inevitably calls for stabi­
lization. With the abundance of lime in Jordan, it seemed to 
be the most logical choice. For this study, two typical soils 
(termed Soils A and B) in Irbid were selected. The physical 
properties of the soils (Table 1 and Figures 1 and 2) and 
chemical analysis of the pore water (Table 2) are presented. 

SAMPLE PREPARATION AND 
EXPERIMENTAL PROGRAM 

The testing was conducted in two phases. Phase I entailed 
the determination of grain size distribution, consistency limits, 
and chemical analysis of the pore water in the soil that directly 
or indirectly affected both the volume change and compres­
sibility. Phase II consisted of ascertaining the swelling and 
compressibility characteristics of the soils. . 

The soil, oven-dried for 4 days at 50°C, was then mixed 
with a calculated amount of hydrated lime to obtain a pre­
determined lime percentage, which varied from 0 to 9 or 12 
percent. Water was added until it was equivalent to optimum 
water content plus 3 percent. The soil-lime-water was thor­
oughly mixed and kneaded by hand until the mixture became 
homogeneous. A specific weight of this mixture producing a 
wet unit weight as that in Table 1 for Soils A and B was then 
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compacted at maximum dry unit weight in a standard Proctor 
compaction mold and a consolidation ring (of 76-mm diameter 
and 20-mm height) for tests in Phases I and II, respectively. 
The specimens were wrapped in plastic and tightly encased 
in a plastic bag to prevent moisture loss and were set to cure 
at 22°C and 70 percent relative humidity for 1 hr, (0 days), 7 
days, and 28 days. After the prescribed curing period, about 
1 kg of the soil in the compaction mold was thoroughly sieve­
washed. The soil passing sieve #200 ( <75 µm) was oven­
dried ( 4 days at 50°C) for hydrometer analysis to determine 
the clay size distribution. The remaining soil in the mold was 
used for the consistency limits test. 

Similarly, the consolidation ring containing the soil was 
placed in the loading apparatus after the curing period. An 
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80 

initial seating pressure of 25 kN/m2 was applied, which was 
assumed to be the surcharge load. Dial readings were re­
corded until deformation stopped, which occurred within the 
first 2 min of loading. The specimen was then submerged in 
water and dial readings were recorded at%, Y2, 1, 2, 4, 8, 15, 
30, 60, 120 min, and 24, 48, and 72 hr. In most cases, full 
expansion occurred after 24 hr , when the specimen was con­
solidated under incremental pressure levels . The swell pres­
sure in this case is defined as the pressure required to con­
solidate a preswollen sample to its initial void ratio (or height). 

PRESENTATION AND ANALYSIS OF RESULTS 

Phase I 

Effect of Lime on Grain Size Distribution 

Variations in coarse grain fractions (>75 µm) and clay size 
fractions ( < 2 µm) of the soil for the various lime percentages 
and curing times are shown in Figures 3 and 4, respectively. 
Increasing lime percentage and curing time causes the clay 
particles to amass by cementation and to form silt and sand­
like grains. This assertion is further substantiated by scanning 
electron micrographs ( x 200 magnification) of Soil A with 0, 
3, 6, and 9 percent lime cured for 28 days (see Figure 5). 
Clearly, as the lime percentage increases, the soil becomes 
more granular. 

Effect of Lime on Chemical Composition 

Treated and untreated samples of Soils A and B were chem­
ically analyzed for Na +, K+, Ca2 +, Mg2 +, Mn2 + , AP +, N03 - , 

HC03 - , c1-, SO/- , and POl- by extracting the soluble 
ions in the soils at a water-soil ratio of 50:1. Figures 6 and 7 
show the changes in the anions and cations with varying per-



TABLE 1 PROPERTIES OF TESTED SOILS 

Phyeical Property 

Depth of sampling (meters) 

Natural water content, Wn (%) 

Dry unit weight, Yd (kN/m3) 

Optimum water content, wopt (X) 

Maxiaum dry unit weight, yd••• (kN/m3) 

Specific Gravity, Gs 

Initial void ratio, eo 

Liquid limit, LL (%) 

Plaeticity index, PI (%) 

Shrinkage limit, SL (%) 

Sand pe1·cent 

Course (2000 pm - 600 pm) 

Medium (600 pm - 200 pm) 

Fine (200 pm - 75 pm) 

Silt percent ( 75 pm - 2 pm) 

Clay percent ( < 2 pm) 

Liquid limit of particles < 2 pm (X) 

Plastic limit of particles < 2 pm (%) 

Activity, A 

Free Swell (X) 

Soil A Soil B 

1. 3 1.6 

33.8 29.2 

15.0 18.0 

30.5 26.8 

14.5 17.6 

2.67 2.75 

0.75 0.50 

81. 5 70.0 

44.1 35.5 

2.9 14.1 

o.o 1.0 

1.0 3.0 

4.0 6.0 

25.0 35.0 

70.0 55.0 

112. 0 98.0 

66.0 55.0 

0.63 0.65 

120.0 90.0 

TABLE 2 CHEMICAL ANALYSIS OF THE PORE WATER OF THE 
UNTREATED SOILS 

Soil A Soil B 

mg/g of X of total •g/g of X of total 
lone eoil mi lliequi valent/li ter soil 11illiequi valent/li ter 

Cations 

Na' 1. 41 51. 26 1.36 66.92 

K' 0.15 5.45 0.10 4.35 

Ca2 • 0.83 30.17 0.37 18.21 

Mg» 0,19 6.91 0.13 6.40 

Mn2 + o.oo 0.00 0.00 0.00 

Al" 0.17 6.18 0.08 3. 95 

Anions 

Noa- 0.02 0.40 0.03 0.93 

HCOa- 1. 51 39.81 1. 45 45.13 

c1- 1.50 39. 55 1.22 37 . 97 

S04 2 - o. 75 19.77 o. 50 15.56 

PQ4 3- 0.02 0.47 0.01 0.40 
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FIGURE 5 Scanning electron micrograph of Soil A with (a) 0 percent, lb) 3 percent, (c) 6 percent, and (d) '.I percent lime, cured for 
28 days. (Magnification: x 96) 
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cents of lime. Flocculating agents Ca2 + and Mg2 + increase 
with increasing lime, whereas deflocculating agents Na + and 
K+ decrease with increasing lime. 

Effect of Lime on Consistency Limits 

The results of the consistency limits test are shown in Figures 
8 and 9 for Soils A and B, respectively. The plasticity index 
(PI) values of the soils are substantially decreased and the 
shrinkage limit is increased with increasing lime. However, 
no significant effect of curing time is noted. The reduction in 
plasticity can be ascribed to the increasingly granular nature 
of the soils with lime. 

Phase II 

Effect of Lime on Volume Change 

Figures 10 and 11 show the effect of lime percentage and 
curing time on swell potential and swell pressure for Soils A 
and B. The swell pressure is obtained by consolidating the 
swollen sample to its initial height, i.e., the pressure in Figure 
12 at zero expansion. Figure 12 shows a typical result. As can 
be seen from Figures 10 and 11, lime percentage and curing 
time profoundly reduce swell potential and swell pressure. 
The optimum water content plus 3 percent and the maximum 
unit weight were used as initial values. The decrease in swell 
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the rebound index for Soils A and B. 

characteristics can be attributed to the reduced water ab­
sorption tendency of the calcium-saturated clay and the de­
velopment of a cementitious matrix that can resist expansion. 

Effect of Lime on Compressibility and Rebound 

Treated and untreated preswollen specimens with different 
curing periods were consolidated under incremental pressure 
levels. After the specimens were brought to their initial heights 
or beyond this point, the loads were gradually removed to 
study the rebound characteristics. Figures 12 and 13 show 
typical observed results. Using data from these figures, the 
compression and rebound indices are plotted in Figures 14 
and 15, respectively. These figures suggest that both percent 
of lime and curing time have influence both on compression 
and rebound indices, but the effect is more pronounced on 
the rebound index. This increased tendency to resist compres­
sion and rebound can be accounted for by the cementing 
ability of lime. 

Effect of Lime on the Type of Compression 

Using the deformation versus time plots, the immediate set­
tlement and primary consolidation were evaluated. Figures 
16 and 17 show the variation of percent immediate settlement 
and primary consolidation of the total compression with per-
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12 

cent lime and curing time at 800 kPa pressure level. These 
figures demonstrate an increase in immediate settlement and 
decrease in primary consolidation with increasing lime and 
curing time, indicating that the soils are approaching granular 
soil behavior. 

Effect of Lime on Rate of Compression and Swell 

The rate of compression, or consolidation in the case of satu­
rated soils, is usually governed by the rate at which the pore 
water can escape from the soil. One parameter commonly 
used to define the rate of consolidation is cv, which is de­
fined as 

k 
Cv - -­

mv 'Yw 

where 

k = coefficient of permeability, 
mv = coefficient of volume change, and 
'Yw = unit weight of water. 

Alternatively, 
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where 

Tv = time factor, 

12 

59 

d = one-half the thickness of the specimen for two-way 
drainage, and 

t,,c = time to a percent consolidation. 

If a is taken as 50 percent, for instance, then Tv = 0.196; 
and with d being almost constant for a given pressure incre­
ment , then cv will simply be a function of tac- Thus, the rate 
of consolidation will be defined in terms of t50c- For swelling, 
on the other hand, there is no readily available method for 
measuring the rate. Therefore, the rate of swell will be defined 
as the time to 50 percent swell, t50,, i.e ., the time to half the 
full swell. Figures 18 and 19 show t50c and t50s, respectively, 
as functions of percent lime and curing time for Soils A and 
B. Figure 18 was prepared for a pressure increment of 800 
kPa. From these figures, both the rate of compression and 
swell increase, i.e., t50c and t50s decrease , with increasing lime. 
In explanation, as the percent lime and curing time increase, 
the soil becomes more granular, which implies that the perme­
ability increases. 

LIME TREATMENT COMPRESSION RATIO 

One of the most important parameters usually used to define 
the compression of clays is the preconsolidation pressure, Pc· 
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Higher Pc values indicate smaller compressibility of the clay 
as long as the applied pressure is less than Pc· Using this 
concept, the preconsolidation pressures of lime-treated spec­
imens were estimated by Casagrande's method from the 
compression versus applied pressure plots. In order to deter­
mine how compressible a lime-treated specimen is in relation 
to an untreated specimen, the lime treatment compression 
ratio (LTCR) is defined as follows: 

(3) 

where pc(T) and Pc(U) are the preconsolidation pressures of 
treated and untreated specimens, respectively. Thus, higher 
L TCR implies lesser compressibility. Figure 20 shows L TCR 
in relation to the percent lime admixture for Soils A and B. 
Observe that L TCR increases with percent lime and curing 
time; therefore, compressibility decreases. Also, LTCR is in­
dependent of the type of soils tested. This observation, how­
ever, may not be true for different soils. Furthermore, the 
preconsolidation pressure of lime-treated sp~cimen bears no 
physical meaning, yet, it could still be considered as a good 
artificial measure of compressibility. 

CONCLUSIONS 

The effect of lime treatment on volume change and com­
pressibility of two soils from Irbid City was presented. Lime 
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was introduced as an admixture up to a maximum of 12 per­
cent by dry weight of the soil. From the results obtained and 
for the percentages of lime used, the following conclusions 
are warranted: 

1. The grain size distributions of the soils tested are greatly 
altered by the addition of lime . The coarse-grain fractions 
increased whereas the clay fractions decreased with increasing 
lime and curing time. 

2. Concentrations of calcium and magnesium ions in pore 
water increased, whereas those of sodium and potassium ions 
decreased with increasing lime. 

3. Liquid limit and plasticity index decreased whereas 
shrinkage limit increased with percent lime. No significant 
effect of curing time was observed. 

4. Addition of lime changed classification of treated soil 
from MH-CH for untreated to MH and ML at 3 and 6 percent 
lime for Soils A and B, respectively (see Figure 1). The clas­
sification at 9 percent lime was SM. 

5. The changes in the physical properties caused by the 
addition of lime decreased the potential expansiveness of the 
soils from very high to low (see Figure 2). This is further 
reflected both in swell percent and swell pressure measure­
ments, which decreased with increasing percent lime and cur­
ing time. 

6. A reduction in compression and rebound indices is 
achieved with increasing percent lime. Curing time had no 
marked influence . 

7. Increasing percent lime and curing time increased im­
mediate settlement and decreased primary consolidation. 

8. The rate of swell and consolidation increased with per­
cent time. 

9. The concept of LTCR was introduced and LTCR was 
found to increase both with percent lime and curing period. 
Higher LTCR signifies lower compressibility. 
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Overconsolidated Behavior of Phosphoric 
Acid and Lime-Stabilized Kaolin Clay 

FouAD M. GHAZALI, ZAKI A. BAGHDADI, AND AHMED M . KHAN 

~o.nsolid~tion and he~r strength properties of a kaolin clay sta­
bilized _w1tl! hydrated Lune. or _Phosphoric acid were investigated. 
Consohdauon test re ult ~ indicated that lime or phosphoric acid 
treatments cause a chemically induced preconsolidation effect of 
the normally consolidated kaolin clay. The overcoosolidation be­
havior caused by _chemical addition is influenced by the type and 
amount of chemical and the applied original preconsolidation 
pressure. Lime or pho phoric acid also decrease the rebound 
con:ipressibility index ( C,) of kaolin cl:iy . Consolidated, un­
dramed , shear box tests indicate that the addition of lime or 
phosphori~ ~cid to clay increases ii cohesion and its angle of 
mten~al. fncnon and that the trength ga in of chemically trea ted 
clay is .1ml?roved and accelerated by consolidation with aging. 
The e f111d111gs encourage con iderntion of chemical treatment a 
a possible alternative for the control of settlements of kaolin 
clayey soils . 

The improvement of cohesive soils by chemical additives has 
been widely practiced to improve soil properties such as high 
plasticity , poor workability , high volume change potential , 
and low shear strength. 

Efforts are made to select appropriate chemical stabilizers 
and to use them in the most efficient manner to improve poor 
soil conditions. Previous soil stabilization studies, for exam­
ple, Radnor and McGee (1), Demirel et al. (2), Demirel and 
Da~idson (3), Lyons and McEwan (4), Kelley and Kinter (5), 
Gumne (6) , T hompson (7), Kezdj (8), Ghazali (9), Baghdadi 
(10), Balasubramaniam am! Buensuceso (11), Fossberg (12), 
and Wissa et al. (13), indicated that hydrated lime and phos­
phoric acid improve many engineering properties of fine-grained 
soils, making them potentially competitive with other soil 
stabilizers, such as asphalt or portland i:t:111e11l. A rt:view of 
the present state of the art of lime or phosphoric acid stabi­
lization reveals that little work has been done on the consol­
idation behavior of chemically stabilized clays using lime or 
phosphoric acid and that there is not much detail on the 
compressibility behavior of stabilized-aged clay soil mixes . 

Thompson (7) investigated plastic soils (with plasticity in­
dex values of 8 to 29) stabilized with lime and studied their 
triaxial shear and unconfined compressive strengths. He con­
cluded that the shear strength of lime-treated soils increased 
primarily because of a greater increase in cohesion with small 
increase in the angle of shearing resistance. The shear strength 
of lime-soil mixtures increased with curing periods. 

Fossberg (12) investigated some fundamental engineering 
properties of a lime-stabilized montmorillonitic clay. He con­
cluded that lime-stabilized clays, in the saturated state , could 
be analyzed in terms of generally accepted concepts in regard 

Civil .Engi~eering Department , College of Engineering, King Ab­
dulaziz University, P.O. Box 9027, Jeddah 21413, Saudi Arabia. 

to consolidation characteristics, suction, permeability, and shear 
strength. He reported that the clay behaved like a precon­
solidated material on account of cementa ti on of particles. This 
effect further increased with higher stabilizer content and cur­
ing time. 

Wissa et al. (13) studied effective stress strength parameters 
of saturated soil-cement and soil-lime mixes. The study was 
conducted on Massachusetts clayey sill and Vii:ksburg Buck­
shot clay using consolidated undrained triaxial tests with pore 
pressure measurements. Mohr effective stress strength en­
velopes were essentially straight lines with slopes independent 
of curing time; but the cohesion intercept increased with in­
crease in curing time, and the strength envelopes (both for 
lime and cement mixtures) were sensitive to the type and 
amount of stabilizer and type of soil. 

Balasubramaniam and Buensuceso (J J) investigated the 
strength and deformation characteristics of lime-treated soft 
Bangkok clays under undrained and drained triaxial condi­
tions . They found that lime treatment causes a change in the 
strength and deformation characteristics of the soft clay from 
normally consolidated clay to that of an overconsolidated clay. 
They reported that this observation was valid for lime contents 
varying from 5 to 15 percent, and that the strength of treated 
clay increased with curing time. 

Radnor and McGee (J) studied compressive strength of 
fine-grained soils stabilized with phosphoric acid . They per­
formed series of unconfined and triaxial compression tests 
and found that the phosphoric acid caused an increase in the 
strength and that the strengths were higher for the soils with 
higher clay mntent. They also found that the confined strength 
was greater than the unconfined strength. 

Demirel et al. (2) and Demirel and Davidson (J) investi­
gated use of phosphoric acid for stabilizing clay soils and found 
that the strength and durability characteristics of compacted 
clays improved by phosphoric acid treatment. The improve­
ment depends on the amount of phosphoric acid used and on 
the types and amounts of clay minerals in the soil. They con­
cluded that there is an optimum amount of phosphoric acid 
content to produce the highest soaked and unsoaked uncon­
fined compression strengths of stabilized soils. They also found 
that there appeared to be a curing time beyond which the 
soaked strengths do not increase further and this time is de­
pendent on type and amount of clay minerals reacting and 
the amount of phosphoric acid available for the reactions. 
They reported that because phosphoric acid is a reactive 
chemical with the kaolin clay minerals (3), its addition to the 
fine cohesive soils may produce changes in the surface texture 
and increase angle of friction . But, with excess of acid , the 
lubrication of particles will tend to reduce angle of friction. 
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Such behavior was reported to be dependent on the dry den­
sity and water content of the soils investigated. 

Lyons and McEwan ( 4) did considerable experimentation 
with phosphoric acid and different types of clay soils with 
plasticity index values ranging between 13 and 44. They stud­
ied unconfined compression strength of each soil with differ­
ent acid content and found that the unconfined compressive 
strengths of all types of clays used increased with the increas­
ing amount of phosphoric acid. 

Kelley and Kinter (5) studied the plasticity, moisture­
density relations, volume change, and unconfined compres­
sive strength of several fine-grained plastic soils stabilized by 
phosphoric acid . They concluded that phosphoric acid in­
creased unconfined compressive strengths by various degrees. 
The addition of phosphoric acid brought the moisture ab­
sorption and volume changes to satisfactory levels. The 
moisture-density relationships changed slightly. 

These studies indicate that there is a strong interaction 
between stabilization and consolidation in relation to strength 
and deformation characteristics. As compared to lime, the 
literature on phosphoric acid stabilization contains relatively 
less information on its compressibility characteristics. 

An elaborate experimental investigation was carried out to 
explore the effects of chemical stabilization on compressibility 
of a clayey soil by choosing lime and phosphoric acid. Large 
amounts of data were collected over a 3-year period on the 
consolidation and shear strength properties of hydrated lime 
and kaolin clay mixes stabilized by phosphoric acid. 

MATERIALS AND TESTING METHODOLOGY 

The experimental investigation was carried out on pure kaolin 
clay. The clay was stabilized by adding varying percentages 
of lime and phosphoric acid. The properties of the tested 
materials are presented in Table 1. Mineral identification with 

TABLE 1 PROPERTIES OF MATERIALS USED IN 
TEST SERIES 

1. Kaolin clay 

2. 

3. 

Source: Saudi Ceramics Co., Riyadh, Saudi Arabia 
Mineral: Kaolin 
Atterberg limits: LL 56 % 

PL 35% 
SL 30% 

Hydrated Lime Cao 68.5 % (Powder) 
(Composition) Sio2 3.0% 

Al 2o3 - 1.0% 

Fe2o3 - 0.6% 

MgO 1.0 % 
so3 0.5% 

Ignition 
loss - 25.4 % 

Total - 100 % 

Orthophosphoric acid H3Po4 - 98 % (in liquid form) 

Source : BDH Chemicals Ltd. Poole, England 
Maximum limits of impurities: 

Chloride (Cl) 0.001 % 
Nitrate (N03) 0.002 % 

Sulphate (S04) O.Q1 % 

Calcium and 
Magnesium 0.01 % 
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X-ray diffraction methods for the pure kaolin clay is shown 
in Figure 1. The effect of stabilizers on the pH values of kaolin 
clay is shown in Figure 2. 

Saturated specimens were prepared at the respective liquid 
limits of treated kaolin depending on the type and amount of 
added stabilizer. In case of lime-treated samples, dry pulver­
ized kaolin was mixed with powdered lime and mixed thor­
oughly. To this, the required amount of moisture was added 
to mold test specimens. In case of phosphoric acid, dry pul­
verized kaolin and water were mixed together first, and to 
this mixture the required amount of liquid phosphoric acid 
was added and mixed. In order to compare the results with 
the pure kaolin condition, sets of data were obtained by run­
ning tests on pure kaolin at corresponding similar moisture 
contents. 

In the various consolidation and shear strength tests, the 
amounts of hydrated lime or phosphoric acid were arbitrarily 
chosen to be 4, 8, and 12 percent by weight of dry kaolin. 
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FIGURE I X-ray diffraction 
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The preconsolidation pressures used in the investigation were 
61, 122, and 245 kPa in all the test series. 

In case of consolidation tests on untreated as well as treated 
soils, the ASTM D2435 procedure was followed. The speci­
mens were loaded to the desired preconsolidation pressure, 
and then unloaded, and reloaded to 1 MPa. Taylor's square 
root fitting method was used to determine the coefficient of 
consolidation ( C.) values for various loading increments. 

In the shear strength test series, the specimens were first 
preconsolidated to the desired pressure in the odometer rings, 
from which they were trimmed to give shear box specimens. 
The applied normal stresses were kept equal to the precon­
solidation pressures. The specimens were sheared in un­
drained condition with a strain rate of 2 percent per minute. 

The strength behavior of treated clay specimens with aging 
was studied under two series over varying periods of time, 
namely, 0, 7, 14, and 28 days both for lime and phosphoric 
acid treatments. These tests were carried out for only 8 and 
12 percent chemical contents. In the first series (SR I), the 
unconsolidated, undrained, direct shear tests were conducted 
on stabilized-cured specimens at various ages. These speci­
mens were molded, wrapped, and cured at room temperature 
(20°C). In the second test series (SR II), similar specimens 
were tested in the consolidated undrained conditions. 

DISCUSSION OF TEST RES UL TS 

AUerberg Limits 

Atterberg limits decreased because of the addition of phos­
phoric acid to the kaolin clayey soil. The decreases in plastic 
limit and shrinkage limit were slight and were more pro­
nounced in the case of the liquid limit (Figure 3) . 

In case of lime treatment, the liquid limit decreased slightly, 
whereas the plastic limit increased and the shrinkage limit was 
almost the same as the value for untreated soil. The plasticity 
index values in both lime and phosphoric acid treatments 
decreased by the chemical addition, as shown in Figure 3. 
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FIGURE 3 Atterberg limits of phosphoric acid and 
lime-stabilized kaolin clay. 
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Consolidation Parameters 

From 40 consolidation tests, typical plots of settlement versus 
square root of time, and log P versus void ratio are shown in 
Figures 4 and 5, respectively, for pure kaolin, acid-treated, 
and lime-treated soils. 

Chemical Preconsolidation Ratio Versus Percent 
Stabilizer 

Figure 6 was obtained from the data presented in Figure 5, 
both for acid and lime treatments. Both acid and lime impart 
preconsolidation behavior on the soil. The term chemical pre­
consolidation ratio (CPR) has been used as a measure of the 
preconsolidation effects. CPR is defined as the ratio 

CPR= PJPco (1) 

where Pen is the new preconsolidation pressure frurn e-lug 
curve and Pco is the original applied preconsolidation pressure. 

Phosphoric Acid Stabilization The effect of the phosphoric 
acid stabilizer at different levels of Pco is indicated in Figure 
6. At low Pco (61 kPa), the addition of phosphoric acid in­
creases the CPR for all amounts of acid. At high values of 
Pco (122 and 245 kPa), the addition of phosphoric acid in­
creased the CPR of the 4 percent phosphoric acid . This in­
crease was higher than at low Pco (61 kPa), but for 8 and 12 
percent phosphoric acid there are decreases in the values of 
the CPR. This result indicates that the addition of high per­
centages of phosphoric acid combined with high values of Pco 
will not improve the CPR values. 

At a low percentage of stabilizer, the higher the precon­
solidation pressure, the higher the CPR. However, at higher 
percentages of stabilizer, the low preconsolidation pressure 
caused higher CPR. Thus, a low percentage of stabilizer and 
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a high precon olidation pres ure are more efficient in pro­
ducing preconsolidation effects of kaolin clayey soil. 

,c:,,o 
u u 

Cl. Q. 

4 
Lime StablHzation As indicated by Figure 6, at low to 
moderate percentages of lime, the lower the preconsolidation 
pressure, the higher the CPR value. Thus, a condition of low 
percentage of lime stabilizer and low preconsolidation pre -
sure is more efficient in producing preconsolidation effects of 
kaolin clayey soil. 
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FIGURE 6 Chemicol prcconsolidation ratios of 
phosphoric acid and lime-stabilized kaolin clay. 
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Rebound Compressibility Index (C,) 

The values of C, were calculated from the consolidation data. 
The values of C, (Figure 7) were chosen because of the 
overconsolidation effects produced as a result of the chemical 
treatment, and from a practical point of view, it is assumed 
that the loading will be within the overconsolidation range. 

The C, values were found to be higher in case of untreated 
soil at different levels of original precon olidation pressure 
(pc0 ) for all molding water content , (corre ponding to liquid 
limits of treated soil ), and variou percentage of stabilizer. 
The values of C, decreased by treating th soil either with 
pho phoric acid or lime. 

The decrease in C, was most often observed at moderate 
p,0 values (122 kPa); at the bjgher and lower Pco values (245 
kPa and 61 kPa), the change in C, was slight. furthermore 
C, values wen: generally higher for higher water content , 
which indicates more compressibility. 
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lime-stabilized kaoUn day. 
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Coefficient of Consolidation (C) 

Table 2 presents c. values for pure and treated kaolin clay, 
as calculated from data shown typically in Figure 4. Each Cv 
value is the average of three values of the overconsolidated 
portion of the e- log p curve. The overconsolidated Cv values 
were chosen because of the practical application. Table 2 
indicates that for all kaolin clay treated with phosphoric acid 
and lime, the c. values are generally equal or less than the 
Cv values of the untreated clay at equal water contents. This 
result may be caused by cementation effects and lower perme­
ability (12) . 

Shear Strength 

Figure 8 shows that the addition of chemicals to kaolin clay 
increased the shear strength both for phosphoric acid and lime 
treatments at different levels of preconsolidation pressures. 
The increase in shear strength was higher in case of lime than 
for phosphoric acid. Also, both for cases of lime and phos­
phoric acid, the shear strength increased with increasing per­
centages of the chemicals and the applied preconsolidation 
pressures. 

Values of the cohesion c and the angle of internal friction 
<!> were obtained from the total failure envelopes of pure and 
stabilized kaolin clay by different percentages of phosphoric 
acid or lime (Figure 9). The plots of the untreated soil were 
at the same water contents as that of the treated soils, cor­
responding to saturated conditions of all samples. From the 
data for c and <!> in Figure 9, lime treatment may be more 
effective than acid treatment in producing higher shear strength, 
characterized both by cohesion and angle of internal friction 
values. The figures also show that increase in shear strength 
is mainly caused by increase in cohesion, which is probably 
caused by the developed cementation. 

Effect of Aging and Consolidation on Shear Strength 

In order to study the effect of aging, the undrained shear 
strength (Su) was obtained for a typical normal stress of 122 

TABLE 2 COEFFICIENTS OF CONSOLIDATION (C.) OF 
PURE AND TREATED KAOLIN CLAY AT EQUAL 
WATER CONTENTS 

L.L. Preconsolidation Pressures (Pcol (kPa) 

% 61 I 122 245 
Chemical Acid Lime Acid Lime Acid Lime Acid Lime 

Coefflolent of consolidation (Cy) cm•/mln 

0 46 48 0 .30 0.30 0.31 0.28 0 .33 0 .29 

4 46 48 0.16 0.30 0.30 0.31 0 .18 0 .33 

0 38 56 0.25 0.33 0.34 0 .35 0 .42 0.40 

8 38 56 0 .25 0.32 0.24 0.32 0 .35 0.32 

0 32 50 0 .23 0.36 0.45 0.47 0.41 0.47 

12 32 50 0 .20 0.36 0.26 0.35 0 .15 0 .30 
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FIGURE 8 Shear strength of phosphoric acid 
and lime-stabilized kaolin clay. 
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kPa of each series (SR I and SR II). Two values, 8 and 12 
percent, of both stabilizers were used. 

T he data shown in Figure 10 indicate increase in S,, with 
increase in curing period and amount of stabi lizer. However , 
the value of S,, were higher for the consolidated chemically 
treated clays (SR II) than for the uncon olidated chemically 
treated clays (SR l). The effect of consolidation is indicated 
by the hatched areas in Figure 10. 

Another way of ·tudying th data is shown in Figure 1 J, 
where the ratio of undrained shear , trength S,.II/S,,1 are plot­
ted against aging days. Figure 11 indicates that the ratio is 
high for aging periods up to 14 days, and it is higher for the 
12 percent than for the 8 percent samples; after that, the ratio 
decreases, though till greater than I· it becomes almost equal 
to 1 for 12 and 8 percent amples, for aging beyond 14 days. 
This result may lead to the recommendation of tarting.con­
solidation of chemically treated oils soon after placement or 
addition of chemicals. The results shown in Figures 10 and 
11 indicate that consolidation improves and accelerates the 
strength gain of chemically treated kaolin clayey soils. 
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Hypothetical Example for Settlement Calculations 

Problem 

It is proposed to construct a 5.0-m-high embankment ori top 
of a 2.0-m-thick pure kaolin clay layer underlain by dense 
sand. The properties of the pure kaolin and embankment 
material are shown in Figure 12. 

Solutions 

An analysis of the settlements of the kaolin clay both in treated 
(with 8 percent lime or phosphoric acid) and untreated con­
ditions has been carried out using the following formulas (14 ,15): 

llH = [H0/(l + e0)]C, log (P0 + llPIP0 ) 

where 

llH = settlement, 
H 0 = layer thickness, 
e0 = initial voids ratio, 
P0 = original pressure, and 

llP = incremental pressure . 

. $$Mf/M&.W4!~V///&-'W//Aw<W!4 
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. . . :·· 
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.... ·-. .. . . . . . ... . . . .. ' . . . .. . 
. . . : · .... ..... : ~ ··.· · ... .. 

FIGURE 12 Example soil profile 
showing treated clay layer and 
embankment fiU. 

(2) 
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TABLE 3 SUMMARY OF EXAMPLE TEST DATA AND 
COMPUTED RESULTS 

Material Water "Yt eo Cr 

content 
% kN/m3 

Pure kaolin 38 16.68 1.1539 0.0264 
clay 

Pure kaolin 56 16.68 1.4670 0.0254 
clay 

Kaolin clay 38 16.68 1.1278 0.0178 
+ 8% phosph. 
acid 

Kaolin clay 56 16.68 1.4640 0.0143 
+ 8% lime 

where 

T = time factor, 
HDP = length of drainage path, and 

t = time. 

Cv 6H lg 0 

cm2/min cm min 

0.34 2.015 24942 

0.35 1.690 24229 

0.24 1.375 35333 

0.32 0.950 26500 

(3) 

The data and calculated results are presented in Table 3. 
The settlements (ilH) of lime- and phosphoric acid-treated 

soils have been reduced by 44 and 32 percent of the untreated 
kaolin, respectively. This result means that there are consid­
erable improvements in the settlement behavior of chemically 
treated kaolin clay, in addition to the improvements of shear 
strength. However, the settlements in case of treated clay 
take longer periods of time to achieve 90 percent consolida­
tion, mainly because of reduced permeability. 

On the basis of these results, chemical treatment is rec­
ommended as a possible alternative to reduce settlement, 
because of the chemically induced preconsolidation effects. 

CONCLUSIONS 

The study results warrant the following conclusions: 

1. The addition of lime or phosphoric acid to pure kaolin 
clay decreases the Atterberg limits. 

2. Low percentage of pho phoric acid stabilizer and high 
preconsolidation pressure are more efficient in producing pre­
consolidation effects of kaolin clay. 

3. Low percentages of lime stabilizer and low preconsoli­
dation pressure are more efficient in producing preconsoli­
dation effects of kaolin clay. 

4. C, values decrease when treating the kaolin clay either 
with phosphoric acid or lime. The decreases in C, values occur 
most often at moderate preconsolidation pressure. 

5. At equal water contents, values for Cv of stabilized kaolin 
clay, when treated either with lime or phosphoric acid, are 
less than the Cv values of pure kaolin. 

6. The addition of phosphoric acid or lime to pure kaolin 
clay increa es its c and <!> values at saturated conditions and 
equal water contents. These increa es are greater for lime 
treatment than for phosphoric acid treatment. 

7. The shear trength increases with the application of p.re­
consolidation pressure both for lime- and phosphoric acid­
stabilized kaolin clay mixes. 
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8. Consolidation with aging up to 14 days improves and 
accelerates the strength gain of chemically treated kaolin clay 
for either lime or phosphoric acid. 

9. Consolidation of chemically treated kaolin clay is rec­
ommended to start soon after the addition of chemicals. 

10. For the control of settlements of kaolin clayey soils, 
chemical treatment is recommended as a possible alternative. 
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Strength and Stress-Strain Characteristics 
of a Lime-Treated Cohesive Soil 

ERDIL R. TUNCER AND ADNAN A. BASMA 

Strength and stress-strain characteristics of a cohesive soil in nat­
ural and lime-treated tate were investigated and compared. For 
this purpose, a cohesive oil from a . emiarid region in Jordan 
was selected and subjected to various laboratory tesis. Th ex­
perimental program involved three level of treatment (3 .6, and 
9 percent) with hydrated lime and a range of curing time (0, 7, 
14, 21 , and 28 days). The experimental results indicated tha.t 
increa ing the percent lime increases grain size ca lcium ion , and 
the pH value wherea$ it decre;i e the plasticity index, odium 
ions, and <lisper ion. The compacti.on characteristics of the soil 
studied were not significantly affected by lime. Furthermore , the 
unconfined compres ive trength and the undrained angle of in­
ternal friction increased because o[ the addition of lime and curing 
time . The undrained cohesion decrea ed with lime treatment up 
to 3 percent and increased for lime content > 3 percent. The lime 
treatment srrength rati (LSR), defined a the ratio of the un ­
conrined Compres ·ive strength of a treated pecimen to an un­
treated one, was introduced. Greater values of LSR indicate that 
lime is more effective in stabilizing the soil as far as strengr·h i 
concerned. For the soil studied, L R increased both wirh lime 
percentage and curing time. In addition, the undrained modulus, 
Eu, increased ignificantly for values of LSR between 1.0 and 2.0. 
For LSR > 2.0, the increment in Eu was much smaller. 

The stabilization of cohesive soi ls by lime has been of great 
interest for many years. In practice, lime has been used as an 
effective additive to improve various engineering properties 
of cohesive oils. Lime treatment in cohesive oils generally 
cau es a decrease in plasticity , dispersion, comprc ibility, 
and volume change potential and an increase in particle size, 
permeability , and strength (1 - 3). Such changes in engineering 
properties can be attributed basically to two types of chemical 
reactions that occur when lime is added to a wet soil. First, 
there are the reactions that take place immediately after mix­
ing lime with soil-within a few minutes to an hour. These 
reactions are colloidal in nature and involve cation exchange 
and agglomeration-flocculation reactions that take place be­
cause of varying double-layer characteristics of individual clay 
particles. In this first stage, immediate change occur in soil 
plasticity, workability, volume change potential, strength, and 
deformation properties. Second, the pozzolanic reaction is 
time dependent and takes place for a long period of time, 
several years in some instances. This reaction causes tht: for­
mation of various types of cementation products that increase 
the strength and durability of the mixture much more than 
do the products from the reactions in the first stage (4- 6). 

The basic objective was to thoroughly study the stress- train 
behavior in terms of the undrained modulus of elasticity and 

E. R. Tuncer, Jordan University of Science and Technology, Irbid, 
Jordan. urrent affiliation: East Mediterranean University, Gazi Ma­
gusa Kibris, Mersin 10, Turkey. A. A. Basma, Jordan University of 
Science and Technology Irbid, Jordan. 

axial strain at failure as obtained from the unconfined 
compression test. This approach provides better insight to 
the general strength behavior and durability of cohesive oils 
treated with lime. Furthermore, the strength of lime-treated 
cohesive soils has been investigated by many researchers u ing 
the unconfa1ed compressive strength more so than any other 
strength parameter. Therefore, as a second objective, the 
triaxial compr~sion test was used to examine the variation 
in undrained cohesion and undrained internal friction angle 
caused by Lime treatment. For this purpose, a cohe ive oil 
located in a semiarid region in northern Jordan was selected. 
Also, a parameter for judging the effectiveness of lime treat­
ment as far as strength is concerned was defined. 

LABORATORY INVESTIGATION 

The selected cohesive soil was from the lrbid city area located 
in a semiarid region in northern Jordan. Samples were col­
lected from a depth of 1 m below the ground surface. Previous 
studies performed on Irbid clay indicated that it is highly 
pla tic, fissured , overconsolidated at shallow depths because 
of desiccation and highly expansive in character (7). 

The experimental program entailed three different levels 
of lime treatment: 3 6, and 9 percent by dry weight of the 
soil. The specimens were cured at 22°C and 70 percent relativt: 
humidity for 1 hr (0 day) , and 4 7, 21 , and 28 days. Hydrated 
lime, which is produced and commercially available.in Jordan , 
was used throughout the study. 

The soil characteristics studied here can be divided into two 
groups. The first group involved physical, compositional, and 
compaction characteristics that were measured with the in­
tention of studying the effect of lime on them and to search 
for any systematic influence of these properties on the general 
trength behavior of the soil. (However, in determining these 

pr µerties, curing was not taken into account except for con­
sistency limits.) The second group comprised strength and 
stress-strain characteristics for which the effects of lime con· 
tent and curing time were investigated in detail. 

Physical, Compositional, and Compaction 
Characteristics 

The soil both in natural and lime-treated states was subjected 
to various laboratory tests in accordance with ASTM standard 
procedures. These tests included grain size distribution, con­
sistency limits, and standard Proctor compaction. A fourth 
level of treatment with 12 percent lime was considered only 



Tuncer and Basma 

for consistency limits. The results are presented in Table 1, 
which also includes the plasticity index (IP) values and the 
classification according to the Unified Soil Classification Sys­
tem. The effect of curing time on consistency limits was also 
studied in soils treated with lime and no significant variation 
was recorded. 

In order to examine the effect of lime on the concentration 
of soluble ions existing in the soil, two extreme cases, natural 
and 9 percent lime-treated specimens of the oil, were ana­
lyzed for Ca, Mg, Na, K, Mn, Al , S04 , N03 P04 , and Cl 
ions . Pore water specimens extracted at a water-soil ratio of 
50:1 were used for lhis purpose. Cations were analyzed using 
an atomic ab orption spectrophotometric method. Anions of 
P04 , S04 , and N03 were analyzed using the ame method , 
whereas Cl was studied using a titration procedure. The results 
are presented in Table 1. 

The pH values of the natural soil and all the soil-lime mix­
tures were also mea ured. For this purpose, all specimens 
were extracted at a water-soil ratio of 1:1. An electronic pH 
meter with glass electrodes was used. The resu lts are pres­
ented in Table 1. Marks and Haliburton (5) stated that pH 
values > 10 increase the solubility of quartz and silica, and 
thus act as a catalyst to accelerate pozzolanic reaction in the 
soi ls. As presented in Table 1, the pH values obtained for 3, 
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6, and 9 percent lime treatment levels were all > 10, ensuring 
the solubility of quartz and silica. 

In order to study the effect of lime treatment on soil dis­
persion, the double hydrometer test was performed both on 
the natural soil and on all the soil-lime mixtures. In this ex­
periment, the specimen was first subjected to the tandard 
hydrometer test in which a disper ing agent was used; then 
the specimen wa tested without u ·ing a di per ing agent. 
Oven-dried soil passi.ng the No. 200 ieve wa used in both 
cases. The percent dispersion is defined as the percent of 
particles smaller than 0.005 mm without using a dispersing 
agent divided by the percent of particles malle r than 0.005 
mm using a dispersing agent. The percent dispersion values 
obtained for the natural soil and soil-lime mixtures are also 
presented in Table 1. 

Strength and Stress-Strain Characteristics 

Specimens, one in each set, were subjected to a standard 
unconfined compression test to obtain the unconfined com­
pressive strength (qu) and the stress-strain behavior of the 
natural soil and all the soil-lime mixtmes. In addition , the 
effect of a range of curing times on these parameters was 

TABLE 1 PROPERTIES OF NATURAL AND LIME-TREATED 
SOILS 

Percent Li•e 

Property 0 3 6 9 12 

Grain-size Distribution 

Sand, X (2 •• - 15 11•) 2.3 6.1 30.5 59 . 1 -
Silt, X ( 75 11• - 2 11•) 43.7 77 . 9 65.5 38.8 -

Clay, x ( < 2 µ11) 54 . 0 16.0 4.0 2 .1 -
Consistency Limits 

.Llquid u.1 t, WL I x 74. 7 57 . 2 54.5 50.7 50.5 

Plastic ll11it , .,., X 35.7 46.7 47.2 45. 3 46.8 

Pln.stic i ty Index , 1., x 39.0 10.5 7.3 5.4 3. 7 

Unirled SoU Clo.asification CH-MH Mil Mil SM -
Co•pactlon 

Wopt., x 31.0 29.0 30.0 29. 5 -
Y4 •• ,..• kN/ml 13.9 14. 2 14.1 14. 2 -

Ion concentration, mg/ l iter 

Na 8.16 - - 6.06 -
K 0. 44 - - o. 46 -
Ca 7. 47 - - 15.49 -
Mg 1.11 - - 0.03 -
Al o. 20 - - 0.21 -
Hn 0.06 - - o.oo -

Cl 28.20 - - 28. 20 -
NOJ 1. 90 - - 3.20 -
so. 17 .oo - - 17.00 -
POc 0.68 - - 0. 68 -

pH value. 7.9 10.5 11.2 11. 5 -

Percent dis.persion 66 . 7 60 . 4 32.7 32. 7 -

11 11 indicates that the specimen was not tested f or that property 
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studied. All specimens were compacted before testing by us­
ing a standard Proctor compaction effort at 30 percent water 
content, which was within a ± 1 percent rang of the optimum 
water content value (see Table 1). Furthermore, specimens 
were tested in an uncon olidated-undrained (UU) triaxial test 
to determine the undrained cohesion c,, and angle of internal 
friction cj:i,, . In this test, three all-around pressures were u ed : 
150, 300, and 450 kPa . The results of the trength test are 
pre ented in Table 2, which contains the compressive strength 
(q,.), the undrained modulus of elasticity (£11) (as obtained 
from the initial tangent of the stress-strain diagram) , the axiaJ 
strain at failure (e1), and the undrained hear strength param­
eters c,. and cp,, for various levels of lime treatment and curing 
times. 

DISCUSSION OF EXPERIMENTAL RESULTS 

Physical, Compositional, and Compaction 
Characteristics 

The combined results of sieve and hydrometer analyses for 
the natural and lime-treated soils indicate that the percent of 
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sand particles increases and the percent of clay ·ize particles 
decreases as the lime content increa es. Figure 1 shows the 
influence of lime treatment on particle ize characteristics of 
the soils studied. The increase in particle ize by the addition 
of lime can be attributed to the cation exchange phenomenon 
taking place at the surface of the clay particles by which the 
particles become electrically attracted to one another, causing 
flocculation and aggregation . 

The results obtained from the double hydrometer test in­
dicate that the percent dispersion decreases with increa ing 
lime content up to 6 percent and remains constant beyond 
thi point. Previou studies bave also hown that the addition 
of Lime converts a dispersive soil into nondi persive erosion­
resistant soil (2,8). Although the sodium ion is known to be 
the most effective factor cau ing di persion in soils, the cal­
cium ion i commonly accepted to be a flocculating agent (9) . 
As indicated in Table 1, addition of lime causes the calcium 
ion concentration to increase and the sodium ion concentra­
tion to decrease. These effects in turn affect the double layer 
characteristics of clay parlides and lead to an increase in 
attraction, thus causing flocculation and aggregation and con­
sequently a decrease in dispersion . 

TABLE 2 STRENGTH TEST RESULTS 

Unconfined Compression Triaxial Co•preuion 
Curing 

Percent Time, qu Eu Ef Cu flJu 
Lime days kPa MP a x kPa degrees 

0 0 200 16.7 3. 25 212 Z.8 

4 316 17. 5 3.00 - -
7 359 19. 3 3.25 - -

14 326 23.7 2.00 - -

21 342 27. 9 1. 50 - -
28 483 25. 6 2.50 - -

3 0 306 20. 2 2.00 139 18. 7 

4 ~70 29. 6 1. 50 - -
7 321 22. 9 1. 50 141 25.8 

14 415 27. 6 1. 75 - -

21 387 30. ~ 1. fiO - -
28 445 37. 9 1. 25 146 27. 4 

6 0 385 28. 7 1. 25 219 20. 5 

4 729 44.1 2.00 - -
7 949 47.3 2.25 313 28.8 

14 1267 53. 7 2.50 - -

21 1383 54.5 2. 50 - -
28 1540 50.6 3.00 368 37. 2 

9 0 390 29.1 1. 50 243 22. 3 

4 959 45. 1 2. 25 - -

7 993 52.7 2.00 356 32. 6 

14 1640 57.8 3.00 - -
21 1737 56. 6 3.00 - -
28 2049 56. 6 3. 50 418 38. 3 

" " indicates that the specimen was not teated for that property 
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FIGURE 1 Effect of lime treatment on particle size 
characteristics. 

The effect of lime treatment on consistency limits is indi­
cated in Table 1. A lime content increases, causing a reduc­
tion in the plasticity index the liquid limit decreases and the 
plastic limit increa es. On the other hand , the curing time did 
not have any significant effect on the values of consistency 
limits. These results can be attributed to the flocculation of 
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the clay particles by lime treatment, producing a oil with 
coarser particles and causing less plastic character. 

The variations in particle size distribution and con i tency 
limits also influence the classification of the oil. As shown 
in the pla ticity chart of Figure 2, the natural soil is almost 
on the A-line in che high plastic range, but by the addition 
of lim at 3 and 6 percent levels, the soil becomes highly 
pla tic silt, MH type of soil well below the A-line. At9 percent 
lime treatment level the soil i a coar e-grained soil with 
about 60 percent sand-size particles, and can be cfassified as 
silty-sand, SM type of soil. 

The effect of lime treatment on the compaction character­
istics is also presented in Table 1. From these re ult , it i 
clear that the ma:<imum dry unit weight -y,1 , and optimum 
water content, w0P" are not significantly affe~t~d by lime. This 
observation seems to contradict the general conception that 
lime reduces 'Ydmu and increases Wop• · However, E l-Rawi and 
Awad (1) indicated that an increase in wop, is attributed to 
poz.zolanic reaction aad a decrease i possibly caused by cation 
exchange. Thus, a balance between these two mechani ms 
wil.I result in little OI no change in w"P'' and con equently 
'Ydm., is unchanged. This balance seems to be the case here. 

Strength and Stress-Strain Characteristics 

The variation of unconfined compressive strength with the 
level of lime treatment and curing time is shown in Figure 3. 
The natural soil exhibited a marginal gain in strength with 
time, indicating that it is slightly rbi.xotropic in character. This 
observation is in agreement with the general thixotropic be· 
.havior of overconsolidated clays. As Figure 3 shows the ad­
dition of 3 percent lime resulted in a relatively small increa e 
in strength even after 28-day curing indicating that thi level 
of treatment is not sufficient to produce the required degree 
of pozzolanic reaction for the formation of adequate cemen­
titious product . On the other hand, 6 and 9 percent lime 
treatment increa ed the unconfined compressive strength rather 
significantly. Thus, the unconfined compressive strength has 

CH 

MH 
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FIGURE 2 Plasticity chart. 
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FIGURE 3 Effects of lime content and curing time on unconfined 
compressive strength. 

a tendency to increase a the lime content and curing time 
increa e. Becau e the increment in strength i small imme­
diately after the addition of lime and larger increments require 
time it i clear that the pozzolanic r action is responsible for 
strength gain. 

Tbe specimens for the triaxial UU-test were prepared by 
compaction at optimum water content. They were not fully 
a.turated for testing. Tbis latter fact expl:iin the nonzero 

measured values of <1> 11 for all tested specimen , a indicated 
in Table 2. Tbe effects of lime content and curing time on c. 
and <!> .. are shown in Figures 4 and 5, respectively. These 
figures indicate that c,, decreases as <!> .. increa es at 3 percent 
lime treatment. This observation may be ju tified by the ear­
lier assertion in particular, that 3 p rcent lim merely cau 
cation exchange to take place with little pozzolanic reaction . 
Consequently, 3 percent lime content would be adequate 
enough to resu lt in flocculation and aggregation but insuffi­
cient to form c:ementitious products. The basic chnngcs there­
fore taking place with this amount of lime are in particle ize 
and plasticity of the soil. Clay size content for instance, drops 
drastically from 54 percent to 16 percent and pla ticity index 
decreases from 39 .0 to 10.5 percent immediately after the 
soil is treated with 3 percent lime. These variations in pity ical 
properties sugge t !hat the soil i approaching a granular na­
ture thus , causing a decrease in c,. and an increase in <j>,.. 
With 6 and 9 percent lime on the other hand the pozzolanic 
reaction becomes more effective resulting in cementation and 

consequently in higher cohesion and internal friction angle . 
Furthermore, Figures 4 and 5 indicate that the curing time 
influences c,, and <1>11 ; however, its impact i more pronounced 
at higher levels of lime treatment. As expected, varying phys­
ical characteristics affect the internal friction angle more di­
rectly. Figures 6 and 7, respectively, how the effects of vary­
ing plasticity index and percent nonclay fraction on <!> .. together 
with the influence of curing lime. 

Flocculation and cementation proces es re uJting from 
chemical reactions in .lime-treated soil. are expected to pro­
duce a brittle material. Such materials generally have steeper 
stress- train diagrams associated with 11igher modulus of elas­
ticity and are known to fail abruptly at the ultimate com­
pressive load. omparing various soils of similar trengths, 
the more brittle the soil is the mailer the axial strain at failure. 
The stress-strain diagrams presented in Figure 8 indicate that 
lime treatment lead to a more brittle behavior. Thi as ertion 
i.:au be justified by the fact that, although the increasing level 
of lime treatment does not cause any significant increase in 
strength at 0 days' curing, the axial strain at failure has a 
tendency to decrease whereas the undrained modulus of elas­
ticity increases as the diagrams become steeper. At 28-day 
curing, both the natural and 3 percent lime-treated soil · do 
not gain much trength , but they have an even smaller e1 and 
greater E,, . The soils treated with 6 and 9 percent lime gain 
high strengths and they exhibit an abrupt type of failure at 
the ultimate comprt:Ssive stress. Because of this high strength, 
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they resist failure until they undergo larger axial strains. The 
modulus values, on the other hand, become greater with steeper 
stress-strain relationships. Figures 9 and 10 show the varia­
tions in Et and Eu with varying lime content and curing time, 
respectively, in a more descriptive manner. Figure 11 shows 
the combined effects of lime content and curing time on the 
stress-strain characteristics, in particular, Et and Eu. 
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A parameter relating the effect of lime on strength char­
acteristics of soils may be useful. With such a parameter, it 
should be possible to classify different types of soils in their 
response to lime treatment in terms of strength. Thus, the 
lime treatment strength ratio (LSR) is defined as the uncon­
fined compressive strength of lime-treated soil compacted at 
optimum water content divided by the unconfined compres­
sive strength of natural soil compacted at optimum water 
content. Figure 12 shows the variation of LSR with varying 
lime content and curing time. For up to 3 percent lime treat­
ment, LSR remains at about the same value for any curing 
period. However, higher amounts of lime and curing time 
result in a significant increase in LSR. This suggests that up 
to the 3 percent level of lime treatment a gain in strength is 
not produced. Higher percentages of lime and longer periods 
of curing, however , will ensure a higher value of LSR, leading 
to a stronger soil caused by cementation, which is a direct 
result of pozzolanic reaction. 

0 .o -!"------.--.--..----r---r--..-----r-~-+ 

Figure 13 relates Eu with LSR. As this relation indicates, 
Eu increases in large amounts as LSR increases within the 
range of 1.0 to 2.0. For values of LSR >2.0, the increment 
in Eu becomes much less. This observation indicates that the 
stress-strain diagram steepens more at the initial stages of 
strength gain. After this stage, large increments in strength 
would not cause much change in Eu. This argument can be 
justified by studying Figure 10. In this figure, Eu reaches its 
maximum value almost within 7-day curing, especially with 6 
and 9 percent lime-treated soils, whereas the strength keeps 
on increasing (Figure 3). 
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FIGURE 8 Stress-strain diagrams of the natural 
and lime-treated soils. 
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CONCLUSIONS 

On the basis of the findings of this study and the conditions 
evaluated, the following conclusions can be reached: 

• Lime treatment influenced the physical, compositional, 
and compaction characteristics as follows: 

- Particle size increased; 
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-Liquid limit decrea ed and plastic limit increased, con­
sequenlly, plasticity index decreased; 

-Percent dispersion decreased; 
- Na ion concentration, which is respon ible for disper-

ion , decreased , whereas flocculating Ca ion concentration 
increased; 

-The pH increased; and 
- Maximum dry density and optimum water content re-

mained practically at the same level. 
• The strength characteristics studied included unconfined 

compressive strength, qu, undrained cohesion, cu, and un­
drained internal friction angle, <!> .. . The effects of lime treat­
ment on these parameters are as follows: 

-q., had a tendency to increase with jncreasing lin1e con­
tent and curing time, as long as tbe amount of lime was 
sufficient to cause the pozzolanic reaction required to form 
adequate cementitiou p!'oducts. 

- c,. decreased slightly during the initial stages of lime 
treatment (up to 3 percent lime) and then appreciably in­
creaseu with increa ing lime and curing time. This behavior 
indicates that to have an increa e in c., , a sufficient amount 
of lime must be added to the soil to cause the occurrence 
of pozzolanic reactions. 

-<!> .. exhibited a significant increase even at low levels 
of lime treatment and curing time indicating that the cation 
exchange phenomenon is effective in addition to pozzolanic 
reactions. Cation exchange causes variation in the physical 
properties that bring the soil to a more ~ranular nature. 
• Lime treatment made the soil more brittle and the stress­

strain behavior of a lime-treated soil was similar to that of a 
brittle material. This point can be readily justified by exam­
ining the variations in strength, undrained modulus of elas­
ticity, and axial strain at failure that resulted from lime treat­
ment. 

• A parameter termed' lime treatment strength ratio," LSR, 
is introduced. LSR i defined as the ratio of the uncorriined 
compressive strength of the lime-treated soil to an untreated 
soil compacted at optimum condition. LSR was found to in-

5 6 7 8 

Lime Treatment Strength Ratio, LSR 

FIGURE 13 Relation between E. and LSR. 
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crease both with lime and curing time. In addition, for the 
soil studied herein, the undrained modulus, E", increased 
significantly as LSR increased within the range of 1.0 to 2.0. 
However, for values of LSR > 2, the increa e in Eu is less. 
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California Bearing Ratio Improvement of 
Remolded Soils by the Addition of 
Polypropylene Fiber Reinforcement 
c. SCOTT FLETCHER AND W. KENNETH HUMPHRIES 

The California bear.ing ratio ( BR) of a micaceou sill common 
to the Piedmont in the ·outheastern United States, ,;a ignifi­
cantly enhanced by the addition of discrete polypropylene fiber 
reinforcement. Dosages of fiber ranging from 0.09 to 1.5 percent 
of rhe oil'~ dry unit weight were u ed in soil compacted to 100 
P_Crcen~ of its t~mdard Proctor maximum dry den ity. Fiber con­
figuratwn consisted of monofitament fiber of 0.38- and 0. 76-mm 
diameter a well as an equivalent fibrillated fiber of 0.38-mm 
diameter, a lattice-work comprising smaller-ctia.meter webs and 
terns. Fiberlengths were 19 and 25 mm . The addJ tion of fiber 

increa ed the CBR values 65 to 133 percent over unreinforced 
specirnen.s depending on fiber configuraiion and dosage. CBR 
values usmg 25-mm-long, 0. 76-mm monofilament uber reinforce­
ment increased significant ly up to a dosage of 1 percent then 
began t decrease. The test results indicated that there i an 
optimum fiber dosage as well a. an optimum configuration for 
improving a compacted soil.'s CBR value. 

Limited data and research are available concerning improve­
ment of the engineering properties of soils cau ed by the 
addition of random di crete fibers . Far mor research ha 
been performed on o.riented soiJ-geosynthetic systems. in­
cluding fabrics , geogrids, and fibers oriented perpendicular 
to a direct-shear failure plane. Of the re earch performed 
u ing random fibers , granular soils were typically u ed. Fibers 
u. ed included fibergla s polypropylene lee!. and cellulo e 
(wood byproducts, reeds, etc .. 

Compacted granular materia ls generally have excellent 
strength , incompre sibility, and bearing ratio , and are not 
typically thought of a · needing improvement . Thu , one of 
th primary objectives of this research was to identify if the 
addition of discrete , commercially available fibers could en­
hance the atifornia bearing ratio (CBR) of soil wirh a ig­
nificant cohe ion ·trength component. Cohesive oils typically 
exhibit BR values inferior to thos of granuJar oils. The 
fibers thems Jves sh uld be readily available durable, and 
capable of being easily integrated into fill placement and com­
paction. Ea e of placement implies that the fiber should be 
re istant lo curling, bulking, clumping, etc. Furthermore the 
testing a sociated with this approach should be routinely per­
formed by the practicing geotechnical engineering community 
because the applicability and design va lue ' btained from this 
technique must be verified in local practice. 

. S. Fletcher, Atlanta Testing & Engineering, 11420 Johns C1cek 
Park~vay , Duluth, SJa. 30136. W. K. Humphries, Swearingen Engi­
necrmg Center, U111vers1ty of Sourh Carolina, Columbia S. . 29208. 

LITERATURE REVIEW 

Virtually no published research is available concerning the 
effect on California bearing ratio from the addition of discrete 
fibers to compacted soil. Several papers have been published 
that ruscuss the effects of fiber reinforcement on compacted 
soil-cement. Craig et al. (1) performed testing on fiber­
reinforced soil-cement test specimens. Fibers tested included 
straight steel, hooked tee!, polypropylene, and fiberglass. 
Two fiber dosages were u ed (either 0.75 and 1.5 percent, or 
1.0 and 2.0 percent) pre umably added on the basis of percent 
dry weight. The soils tested consisted of a clean sand and a 
clayey sand. The tests performed included compressive strength, 
split tensile strength, direct shear strength, freeze-thaw, and 
wet-dry tests. Test results were variable, indicating that var­
ious fibers either enhanced or detracted from properties com­
pared _with unreinforced specimens, oo the basis of fiber type, 
matenal tested , and the test performed. 

atyanarayana et al. (2) performed split tensile and 
compression tests of fiber-reinforced, soil-cement specimens 
where the tested soil consisted of a clay with a plasticity index 
(PI) of 33. Fibers tested consisted of asbestos and fiberglass, 
with dosages ranging from 1 to 3 percent by weight. Cement 
content values were 6, 8, and 10 percent. Both the tensile 
and compressive tests indicated a significant enhancement 
of strength at all cement content values and with all fiber 
dosages. 

LeFlaive (3) and LeF!aive and Liausu ( 4) presented a pat­
ented process by which continuous strands of monofilament 
fiber were integrated into the subgrade. Triaxial strength test­
ing of granular specimens reinforced in this manner indicate 
enhanced strength and modulus. Polypropylene fibers were 
typically used at dosages of 0.14 and 0.2 percent. 

Gray and Ohashi (5) performed direct shear tests of beach 
sand reinforced with a variety of materials, including reeds, 
PVC plastic, or copper wire. The reinforcing was placed at 
varying angles to the shear plane both in dense and loose 
sand. Gray and Al-Refeai (6) performed triaxial tests using 
beach sand with reeds or fiberglass filament reinforcement 
oriented randomly throughout the specimens. This testing 
indicated that the shear strength typically increased with the 
addition of more fiber, and increased with an increase in fiber 
length. Their research also indicated that there was a critical 
confining stress above which failure envelopes for the fiber­
reinforced material paralleled the failure envelope for the 
unreinforced material. Below a critical confining stress, the 
failure envelopes for the fiber-reinforced soils were steeper 
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than the failure envelope for the unreinforced material in­
dicating a higher apparent angle of internal friction. The ad­
dition of fiber tended to increase the compression modulus 
over unreinforced sand. 

Gray and Al-Refeai (6) also studied the effe.cts of fiber 
dosage. For a given length-to-diameter ratio (aspect ratio) 
there seemed to be an asymptotic relationship between dosage 
and shear strength increa . Gray and Al-Refeai (6) also sug­
gested that the critical confining stress could vary significantly 
with fiber smootbnes , i.e., moother fibers could exhibit a 
higher critical confining stress. Data also indicated that pro­
gressively higher aspect ratios decrease the critical confining 
stress. 

Freitag (7) performed unconfined com pres ·ive trength 
testing on both reinforced and unreinforced sandy clay with 
a pla ticity index of 22. Several polymer-based fibers were 
u ed , and the ;reinforced soil exhibited higher unconfined 
compressive strength values than the unreinforced . oils. The 
percent strength gain was most apparent in specimen re­
molded at moisture ·contents wetter than optimum. Modulus 
values of all reinforced specimens were comparable to slightly 
inferior to the unreinforced specimens. 

Noorauy and Uzdavines (8) and Maber and Wood (9) have 
performed dynamic testing on randomly oriented fiber within 
sand. In both instances, there was a iguificant increa e in the 
reinforced sand's shear modulus. Polypropylene fiber of var­
ious configuration was used. Dosages were 0.38 percent by 
weight (8) and from 1 to 5 percent by weight (9). Maher and 
Woods (9) also indicate that shear modulus i a function of 
aspect ratio, i.e., a higher aspect ratio yields a higher rein­
forced shear modulus. Furthermore, this research indicate 
an asymptotic relationship between fiber content and im­
provement in soil propertjes. 

Setty and Chandrashekar (JO) performed laboratory plate 
load tests on a clayey sand (PJ = 10) reinforced with poly­
propylene fiber at do ages of 1 2, and 3 percent by weight. 
The 1 and 2 percent dosages showed an increase in ultimate 
bearing capacity over the unreinforced specimens, with the 2 
percent dosage bowing the most improvement. The 3 percent 
dosage had a decrease in ultimate bearing capacity compared 
to the unreinforced specimens. For a given load the 1 and 2 
percent reinforced specimens demonstrated less ettlement 
than the unreinforced specimens. The 3 percent reinforced 
specimens had greater settlement than the unreinforced pec­
imen. 

Sbewbridge and Sitar (11) describe a model for quantifying 
the effects of fiber reinforcement on the basis of shear zone 
width, fiber length , stiffues , and concentration. Their work 
was performed using large direct shear apparatus and a lay­
ered reinforcement-sand system. Reinforcement con isted of 
parachute cords bungee cord , wood , aluminum, and 
steel rods. 
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A recent article published in the Texas Contractor (12) 
indicated the commercial feasibility of blending polypropyl­
ene fiber into soil for subgrade stabilization. Fibrillated pol­
ypropylene 25 mm long was blended into the soil at a rate of 
109 g/m2

• A 7 percent cement stabilizer was also added. Fibers 
were spread with a specially modified former manure spreader 
and blended into the soil with a Bomag MPHlOOR. The fiber 
added an immediate load-carrying capacity to the processed 
subgrade, allowing quicker access by heavy construction 
equipment. 

INITIAL TESTING 

Purpose and Scope 

The initial te ting phase was conducted in 1985 and designed 
more as a qualitative " what will happen' to the CBR value 
of a cohesive material if discrete polypropylene fiber were 
blended. The soil selected was a residual silt derived from the 
in-place weathering of rock. The fiber elected was 0.76-mm 
monofilament polypropylene cut to 25-mm length (aspect ra­
tio = 33) . The fiber dosages were Y2, 1 and J Y2 percent , by 
weight , of the dry soil sample. These dosages were elected 
on the basis of perceived economics, as the greater co l of 
fiber at hjgher dosage was a umed to negate an increase in 
benefit. Polypropylene was chosen because of its availability , 
resi tance to ultraviolet degradation chemical stability, and 
reasonably high strength characteristics. The 25-mm length 
was deemed compatible with the sampl size (152.5-mm di­
ameter) and piston diameter (49.5 mm) and exhibited excel­
lent resistance to bulking and curling. Bulking and curling 
were perceived as the primary impediment to easily blending 
the fiber dUiing commercial placement. Table 1 pre ent the 
pertinent material properties and configuration of the initial 
test fiber. 

The soil selected was a residual reddish brown fine sandy 
silt derived from the in-place weathering of metamorphic bed­
rock. The ample location was Simpson South Carolina . 
Over treet and Bell (13) found that the ample location is 
within the Southern Piedmont physiographic province. Likely 
parent material of the soil is a Precambrian graniloid gneiss 
within the Charlotte Group of rocks. The reason this soil was 
selected is that the Piedmont-derived silts typically exhibit 
poorer CBR characteristics than Coa ·tal Plain material found 
witl1in the same general area of practice. Table 2 present the 
index properties of this material. 

Test Procedures 

All testing was performed in general accordance with the then 
current edition of the American Society for Testing and Ma-

TABLE 1 INITIAL STUDY FIBER PROPERTIES 

Tensile Tensile 
Diameter, Length, Specific Strength, Modulus, 

Fiber mm mm Gravity kPa x 105 kPa x 105 

Monofilament 
Polypropylene 0.76 25 0.91 9.9 7.5 
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TABLE 2 TEST SOIL INDEX PROPERTIES 

Property 

Specific Gravity 
Gravel, % (>4.75 mm) 
Sand, % (>0.o75 mm; <4.75 mm) 
Silt, % {>0.00S mm; <0.075 mm) 
Clay, % ( <.005 mm) 
Liquid Limit, % 
Plasticity Index, % 
Natural Moisture Content, % 
Unified Soil Classification 

Test Results 

2.79 
0 
13 
30 
57 
52 
17 
24 

MH 

terials (ASTM), Volume 4.08 (14). Three standard Proctor 
compaction tests (ASTM 0698) were performed on each of 
the soil-fiber mixtures a$ well as a control (nonfiber) speci­
men . AIJ tests were performed by technicians working in the 
geotechnical laboratory of a geotechnical consulting firm, with 
the testing integrated into the everyday routine of the firm. 
The Proctor samples were first oven-dried, and each Proctor 
soil specimen was weighed to the nearest gram . The dosage 
of fiber was calculated, and the fiber was weighed on an 
electronic balance to :!: 0.01 g. The fiber was then added to 
the ample and blended by hand until a uniform mix wa 
visually obtained . Water, measured to the nearest milliliter, 
was then added and the mixture again hand blended to achieve 
a uniform consistency. The samples were then allowed to cure 
for a period of at least 24 hr before molding. This blending 
procedure was used in all subsequent phases of testing. 

The maximum dry density and optimum moisture content 
for each soil and soil-fiber group were taken as arithmetic 
averages of the three tests, and this information was used to 
mold the CBR specimens. The CBR tests were performed in 
general accordance with ASTM 01883 (14). The CBR spec­
imens were molded to a density equal to approximately 100 
percent of the soil's or soil-fiber's standard Proctor maximum 
dry density, approximately at its optimum moisture content. 
The samples were molcled in six lifts using a manual tamp 50 
mm in diameter wil'b mach ined graduations to obtain ap­
proximately equal lift densities. Three specimens per dosage 
(including control specimen ) were molded in this manner. 

The CBR specimens were then placed in a water bath in a 
controlled temperature environment, and allowed to soak for 
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a period of 96 hr. A surcharge stress of about 3.64 kPa was 
applied using steel weights. Volume change mea urements 
were taken with a dial gage accurate to the nearest 0.03 mm 
(0.001 in.). 

After the 96-hr soaking period, CBR tests were then per­
formed . Deflection readings were taken with a dial gage ac­
curate to 0.03 mm (0.001 in .) and load was obtained from an 
8.9-kN proving ring. CBR wa calculated according to ASTM 
01883 (14) , and the arithmetic average of the three te t was 
calculated per dosage. 

Initial Test Results 

Table 3 presents the average Proctor test results . As can be 
identified from this table, the addition of increasing volume 
of fiber generally caused a modest increase in maximum dry 
den ity as well as a slight decrease in optimum moisture con­
tent. Note that the moi ture content wa calculated as the 
weight of water divided by the weight of solids , including soil 
and fiber. This approach was deemed the mo t practicaJ , as 
it wa difficult to separate and remove the individual fibers 
from the o.il. Although the maximum dry den ily at l percent 
fiber was the same as for the l/2 percent fiber dosage, the 
maximum dry density generally increa ed with a higher fiber 
content. The no net change in maximum dry density from l/2 
to 1 percent dosage would tend to ·ubstantiate the general 
premise by Hoare (15) that the inclusion of fibers increased 
the resistance to densification . However, a dosage of fibers 
at 11/2 percent of the oil's dry weight increa ed the maximum 
dry density of the soil-fiber mix. 

The CBR test results are presented on Table 4. No cor­
rections to CBR values were required becau e all plots of 
penetration versus stress were initially linear. The calculated 
CBR values at 5.08 mm were, in aU instances, greater than 
those at 2.54 mm. Thus, the higher CBR values at 5.08 mm 
are presented in Table 4. An increase in fiber content actually 
tended to decrease the CBR value. Recall thal the maximum 
dty <l~nsity for the soiJ with 1 1/2 percent fiber by weight was 
greater than the maximum dry density for both the 1/2 percent 
and 1 percent fiber dosage. An increase in density logically 
should yield a higher CBR value. However more swell oc­
curred in the 1 and l 1/2 percent do age than in the unrein­
forced specimens. The swell in the 112 percent dosage was 

TABLE 3 INITIAL STUDY PROCTOR TEST SUMMARY 

Average Maximum Average Optimum 
Material Dry Density, kg!m3 Moisture Content, % 

Soil 1505.8 28.0 

Soil Plus 
0.5 % Fibert 1531.S 26.7 

Soil Plus 
1.0 % Fiber1 1531.5 26.1 

Soil Plus 
1.5 % Fiber1 1541.l 25.5 

'0.76 mm monofilament polypropylene, 25 mm long, weight of fiber based on dry 
weight of soil, i.e., fiber weight = (percent/lOO)(dry soil weight) 
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TABLE 4 INITIAL STUDY CBR TEST RESULTS 

CBR at 
Average 5.08 mm 

Material Swell,% Penetration 

Soil 0.14 5.4 

Soil Plus 
0.5 % Fiber1 0.13 11.7 

Soil Plus 
1.0 % Fiber1 0.28 12.6 

Soil Plus 
1.5 % Fiber1 0.17 11.7 

10.76 mm monofilament polypropylene, 25 mm long, weight of fiber based on dry 
weight of soil 

comparable to lightly less than the swell obtaineo for the 
unreinforced specimens. 'The greater number of coarse fibers 
may have created more avenue for water to infiltrate the 
specimens, contributing to a higher swell. Greater swell could 
also have occurred because of elastic expansion of the ran­
domly oriented fibers. 

The data how a decrease in CBR values for the lY2 percent 
dosage, indicating there is an optimal fiber dosage beyond 
which CBR values decrease. It is possible that the larger 
volume of fibers in the l 'h percent dosage caused many of 
the fibers to be in contact with one another. The slick finish 
of the fibers would tend to decrease the punchin., shear resis­
tance if there were considerable fiber-to-fiber contact. 

The results of this initial testing were deemed favorable. 
These results formed the basis of subsequent laboratory test­
ing performed in 1988. 

SUPPLEMENTARY TESTING 

Purpose and Scope 

Crude calculations of likely in-place costs , even with only a 
'h percent inclusion of 0. 76-mm mouofilament polypropyl ne 
fiber , indicated that the process may not warrant widespread 
use simply because the cost ot the fiber was significanl com­
pared with th likely benefit obtained in a thinner pavement 
section. Io order to reduce the cost, an equivalent number of 
0.38-mm monofilament polypropylene fiber was substituted 
to determine if the number of fibers wa a principal governing 

criterion rather than its diameter. Also, an equivalent 0.38-
mm-diameter fibrillated polypropylene fiber, composed of a 
lattice-work array of webs and stems that could stretch lat­
erally, was selected to identify if style of fiber could possibly 
influence the CBR value. The number of fibers for this new 
phase of testing was based on the previous Yz percent fiber 
dosage. 

In a further attempt to minimize the weight of fiber and 
subsequent in-place costs, the fiber length was reduced from 
25 to 19 mm. For example, the number of 0. 76-mm fibers per 
cubic meter is approximately 744,150, based on a 1/z percent 
by weight fiber dosage. The weight of 25-mm-long fibers in 
each cubic meter would then be 7.68 kg. If the same number 
of fibers were used, but the diameter reduced to 0.38 mm 
and the length reduced to 19 mm, the resulting weight of fiber 
per cubic meter would be reduced to 1.46 kg. Thus, the cal­
culated dosage of the 0.38-mm fiber that would yield the same 
number of fibers as the Yz percent dosage of 0.76-mm fibers 
is 0.09 percent, by weight. The length reduction increased the 
aspect ratio of the new fibers to 50. Table 5 presents a sum­
mary of the fiber properties used for the supplemental testing. 

The fibrillated fiber comprises webs and stems, and resem­
bles a lattice-work when stretched. The fiber is also a flat, 
rectangular tape shape rather than the cylindrical shape of 
the monofilament fiber . The individual fibers that make up 
this lattice-work are of much smaller equivalent diameter (0.11-
mm stems and 0.08-mm webs) than the composite diameter 
of 0.38 mm. The lattice-work would likely break apart to 
various degrees during blending, thus disseminating a larger 
number of smaller-diameter fibers implied by the previous 
calculations. 

TABLES SUPPLEMENTAL STUDY FIBER PROPERTIES 

Tensile Tensile 
Diameter, Length, Specific Strength, Modulus, 

Fiber mm mm Gravity kPa x lOS kPa x lOS 

Monofilament 
Polypropylene 0.38 19 0.91 5.7 7.5 

Fibrillated 
Polypropylene 0.381 19 0.91 6.2 7.1 

1Composite diameter comprised of 0.11 mm stems and 0.08 mm webs 
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Supplementary Test Procedures 

The test procedures u ed for this phase o.f te ting were the 
ame a those procedures used for the initial phase of te ting. 

The nee sary Proctor tests both for tl1e 0.3 -mm rnonofila­
rnent and 0.38-mm fibrillated fibers were performed to iden­
tify the maximum dry den ity and optimum moisture content 
to which test specimens would be molded. 

Supplementary Test Results 

Proctor test results are presented in Table 6. The control 
specimen and 1/2 percent, 0.76-mm do age test remits are 
included for comparison. Addition both of the 0.38-mm mon­
ofilament and 0.38-mm fibrillated fiber caused an increase in 
the average maximum dry density beyond that of the control 
(nonfiber) and '12 percent 0.76-mm monofilament specimen, . 
The optimum moisture contents for the new fiber types were 
Jess than the control and '!? percent O. 76-mm monofilament 
specimens. The 0.38-mm fibri llated fiber pecimen · exhibited 
the highest maximum dry density and lowest (or comparably 
lowe t) optimum moisture content of all specimens te ted, 
including the previously te ted 11/2 percent 0.76-mm fiber­
reinforced specimens. 

BR test results are presented in Table 7. Again no cor­
rection to CBR values were required becau e f the linearity 
of the iJ1itial portion of the plot of penelration versu tress. 
The calculated CBR values at 5.08 mm were again greater 
than tho e at 2 .54 mm. ln all instances addition of fibers 
significantly increa. ed the CBR value , compared with those 
of unreinforced specimens. The sample with the 0.38-mm 
fibrillated fiber came clo e t to duplicating results achieved 
with the larger-diameter , longer, 0.76-mm monofilament 
fiber. However, neither of the smaller-do age, maller­
diameter fiber-reinforced specimens matched the CBR value 
of the previously tested 1/2 percent, 0. 76-mm monofilament, 
fiber-reinforced specimens. 

The smaller-dosage smaller-dinmctcr, fiber-rei11 (urcetl 
specimens ·welled approximately twice the magnitude of the 
control and larger-do age larger-diameter specimens. An in­
crease in dry density of the smaller-diameter reinforced spec-
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imens is probably responsible for the majority of the swell 
increase. 

CONCLUSIONS 

The addition of polypropylene fibers signiJicantly improved 
the CBR value of the soil tested . The improvement ranged 
from a 65 percent increase for the 0.09 percent , 19-rnm-long 
0.38-mm-diameter monofilament fiber do age to a 133 per­
cent increase for the LO percent, 25-mm-long, 0.76-mm­
diametcr, monofilament fiber dosage. 

The in:itial research sugge ts that there is an optimal fiber 
dosage for improvement of the CBR value. Table 4 indicates 
that the dosage that yield the greatest improvement in CBR 
value is approximately 1 percent. Dosages greater than the 
optimal dosage decrease the CBR value. With increa ing fiber 
con1ent , there wa a decrease iJ1 confining soil between th 
fibers, possibly to the extent that slid ing occurred at fiber-to­
fiber contact points. 

Soil reinforcement with the same number of shorter 19-
mm-long, 0.3 -mm-diameter monofilament fiber reinforce­
ment did not produce the same CBR as specimens reinforced 
with the 25-mm-long, 0.76-mm-diameter monofilament fiber. 
The longer length and greater cross sectional area of the 0. 76-
mm-diameter fibers compared to the 0.38-mm monofilament 
fibers appear to be more important criteria than the number 
of fibers in enhancing the CBR. Gray and Ohashi (5) found 
that a decrea ·e in fiber length shoLLld decreas shear resis­
tance. Conversely, Gray and Al-Refeai (6) describe data that 
indicate there should be a shear strength increase with in­
creasing aspect ratio. The aspect ratio for the 0.38-mm­
diameter monofilament fiber wa 50 compared with 33 for the 
0.76-mm-diameter monofilament fiber. Thi difference sug­
gests that the concept of increasing the fiber ' a pec,t ratio to 
achieve a higher ·trength or CBR is probably only valid for 
one fiber type where only tbe length i varied not comparing 
several fibers of similar configuration who e lengths and di­
ameters vary . 

Specimens reinforced with the same number of 19-mm­
long, 0.38-mm equivalent diameter fibrillated fibers yielded 
a 16 percent higher CBR than the 0.38-mm-diameter mon-

TABLE 6 SUPPLEMENTAL STUDY PROCTOR TEST SUMMARY 

Material 

Soil 

Soil Plus 0.5 % 
0.76 mm Monofilament 
Fiber, 25 mm Long 

Soil Plus 0.09 % 
0.38 mm Monofilament 
Fiber, 19 mm tong 

Soil Plus 0.09 % 
0.38 mm Fibrillated 
Fiber, 19 mm Long 

Average Maximum 
Dry Density, kgim3 

1505.81 

1531.51 

1537.9 

1558.7 

1Test results from initial study 

Average Optimum 
Moisture Content, % 

28.01 

26.71 

26.0 

25.6 
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ofilament fiber-reinforced specimens and came close:;r m du­
plicating the CBR values for the 25-mm-long 0.76-mm­
diameter monofilament fiber-reinforced specimen (see Table 
7) . These results suggest that fiber configuration or shape can 
significantly affect CBR values. The fibrillated fiber is a rel­
atively flat and rectangular tape shape compared with the 
cylindrical configuration of the monofilament fiber. A small 
percentage of the fibriUated fiber did break apart into smaller 
egments of webs and sterns, and thu the total number of 

discrete fibers disseminated throughout the soil mass was more 
than that calculated. Thus, the lightly greater number of 
fibrillated fiber could have contributed slightly to the greater 
CBR value of the fibrillated fiber-reinforced specimens. 

Addition of fiber generally increased the standard Proctor 
maximum dry density. The increa e in Proctor maximum dry 
density does not substantiate the premise by Hoare (75) that 
the inclusion of fibers increases the resi tance to densification. 

Table 6 indicates that 0.38-mm, fibrillated , fiber-reinforced 
specimens exhibited the highest maximum dry density and 
lowest optimum moisture content of all the pecimens tested. 
A logical expectation would be that. these pecimen should 
exhibit the highest CBR value of all pecimens tested. How­
ever, the highest CBR value was obtained with a specimen 
reinforced with a 1 percenl dosage of 0. 76-mm-diameter mon­
ofilament fiber 25 mm long that exhibited a dry density ap­
proximately 2 percent less and an optimum moisture conlent 
approximately 2 percent more than the 0.38-mm, fibrillated, 
fiber-reinforced specimen. Thus, assessme~t of traditional 
nonreinforced ·oil mechanics indices of maximum dry density 
and optimum moi tw·e content to postulate the result of CBR 
test on fiber-reinforced specimens is probably n.ot valid. 

Likewi e, use of swell measurements a indicators to predict 
CBR result of fiber-reinforced soil does not appear to be 
valid. Table 4 indicates that the swell for the l percent do ·age 
of 0.76-mm-diameter fiber i approximately double the swell 
of both the \12 and l Y2 percent do ages. However, the CB R 
value for the 1 percent dosage is about 8 percent greater. 

DISCUSSION OF RESULTS 

The addition of polypropylene fiber significantly improved 
the CBR values of the soils tested. These results, coupled 
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with the dynamic testing re ult btained by Noorany and 
Uzdavines (8) and Maher and Wood (9), suggest a potentially 
significant approach to improvh1g soil subgrade support char­
acteri tics. 

The 1986 AA HTO Guide for Design of Pavement truc­
lures (16) recommends that the oil 's re ilient modulu be 
used in the design of flexible pavements and that the soil's 
modulus of subgrade reaction be used for the design of rigid 
pavements. From the Literature review it is apparent that the 
addition of fiber significantly improves the dynamic shear 
modulu of the materials tested , and that the bearing capacity 
and incompres ibility of a fiber-reinforced oil can be superior 
to an unreinforced soil. It i , therefore, likely that the addition 
of fiber could improve the resilient modulus as well as mod­
ulus of subgrade reaction used for these designs. Detailed 
research should be performed to quantify the degree of im· 
provement, taking into account fiber fini h, length, hape, 
and dosage. The research should focu. on commercially avail­
able fibers that can easily be blended into the s ii. 

The subgrade stabilization project in Texas (12) demon­
strated that di crete fiber can be ea. ily mixed and compacted 
in.to subgrade oils by equipment commonly used in subgrade 
stabilization. The fibrillated fiber used in fhis application is 
also commercially available, and i identical to the fibrillated 
fiber used in the previously discu sed research. Tbe testing 
a sociated with this re earch could have been performed by 
numerous public agencies and commercial firms , not just uni­
versity environment research facilities. Although continuing 
re earch mu t still be performed to properly quantify the 
mecbani ms of CBR enhancement, there is ufficieot evidence 
in the literature and this current research to indicate that the 
addition of fiber to improve soil subgrade support is a prac­
tical, quantifiable, and biddable process. 

The research indicates that there could possibly be "de­
signer fibers" that could have application for different type 
of soil. Fiber is manufactured in many hapes and finishes 
and it is possible that these different manufactured product 
could provide an optimal CBR increase for different soils. 
For example, the cape shape may be more beneficial for CBR 
enhancement in cob ·ive oils, and the monofilament hape 
may be more beneficial in granular soils. Further research 
should be performed to study the effect offiber finish , length , 

TABLE 7 SUPPLEMENTAL STUDY CBR TEST RESULTS 

Material 

Soil 

Soil Plus 0.5 % 
0.76 mm Monofilament 
Fiber, 25 mm Long 

Soil Plus 0.09 % 
0.38 mm Monofilament 
Fiber, 19 mm Long 

Soil Plus 0.09 % 
0.38 mm Fibrillated 
Fiber, 19 mm Long 

1Test results from initial study 

Average 
Swell,% 

0.141 

0.131 

0.26 

0.30 

CBR at 
5.08 mm 

Penetration 

5.41 

11.71 

8.9 

10.3 
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shape, and dosage on CBR values. Again, the research should 
focus on fibers that are commercially available and can easily 
be blended into the soil. 
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Full-Depth Reclamation with 
Calcium Chloride 

JAMES M. SHEPARD, JAMES PICKETT, AND MICHAEL KIENZLE 

Low-volume secondary roads requiring rehabilitation can be re­
stored using the full -depth reclamation process with calcium chlo­
ride to achieve increased bearing capacity, minimize frost heave 
damage, and reduce highway maintenance expense. Full-depth 
reclamation uses a pulverizer to grind the asphalt surface, blend­
ing it with rhe gravel base to a depth of 8 in. The road i then 
reshaped and approximately three-quarters of the required cal­
cium chloride is added. Additional pulverization is performed to 
ensure a uniform mixture of road material and calcium chloride. 
Following this, the road is graded , rolled, and final application 
of calcium chloride is made. Testing of full -depth reclamation 
with and without calcium chloride addition indicates that u e of 
the reclamation process achieves a dense , stable, granular layer, 
improving overall pavement strength compared to original pave­
ment condition. The addition of calcium chloride enhances this 
stabilization of the granular layer 10 percent beyond strength 
mea ured in the untreated reclaimed road ection. A SO to 60 
percent reduction in frost heave can be expected in reclaimed 
sections of road using calcium chloride. 

In a full-depth reclamation process, existing bituminous sur­
faces are pulverized and blended with a predetermined amount 
of granular ba e material i-n place, resulting in a more uniform 
and denser base. Calcium chloride aids in this densification 
process and provides the added benefit of reducing fro. t heave. 
Full-depth reclamation may be used to upgrade almost any 
secondary roadway. Full-depth reclamation with calcium 
chloride is of particular benefit to roads with structural de­
ficiencies in the surface or base course. This proces will not 
correct subgrade deficiencies. City and suburban treet county 
and secondary roads, parking lot and torage areas, as well 
as airport runways and highway shoulders have all benefited 
from the process of full-depth reclamation. 

A ca e study of full-depth reclamation with and without 
calcium chloride is described to demonstrate the benefits 
achievable with calcium chloride addition in low-v lume ec­
ondary road maintenance. 

ACTIVE PROPERTIES OF CALCIUM 

ln order to choose projects where calcium chloride can be 
successfully used, a description of its active properties and 
their relationship to soil stabilization is necessary. 

Calcium chloride i a hygroscopic and deliquescent chem­
ical. Hygroscopicity is the property of absorbing moisture 
from the air; deliquescence is the property of dis ·olving in 
this moisture to form a liquid solution. When calcium chloride 
deliquesces, the resulting solution is hygroscopic and absorbs 

J. M. Shepard and M. Kienzle, General Chemical Corporation, 6300 
..,ltiladelphia Pike, Claymont Del. 19703. J. Pickett, General Chem­

r:orporation, 90 East Halsey Road, Parsippany, N.J. 07054. 

moisture until equilibrium is reached between the vapor pre ·­
sure of the solution and that of the surrounding air. Figure 1 
hows the atmospheric conditions under which calcium chlo­

ride will deliquesce. A project u ·ing calcium chloride mu ·t 
be located in an area where relative humidity i greater than 
40 percent. Table 1 indicates the water ab orption capability 
of calcium chloride olutions at 77°F and various relative hu­
midity levels. Calcium chloride olutions will act to add or 
remove water from the environment , until equilibrium i 
achieved. 

The vapor pressure of calcium cl1loride olution is ignif­
icantly less than that of water at the same temperature . Be­
cause evaporation is a direct function of vapor pressure, it 
takes place at a much slower rate from a calcium chloride 
solution versus water at any given temperature and relative 
humidity. Surface tension of calcium chloride solutions is higher 
than that of pure water-a property further inhibiting evap­
oration versus pure water. 

The effect of hygro copicity , dcliquescence , lower vapor 
pressure and increased surface ten ·ion provided by a calcium 
chloride solution is a 'tabilization project that maintains an 
optimum moisture content longer than if calcium chloride 
were not present- an important factor in obtaining and re­
taining maximum density in a well-graded mixture. 

In order to achieve . oil tabilization with calcium chloride, 
clay oil similar to those shown by the AASHTO group 
A - 2 classification are required . The positively charged cal­
cium ion reduce the negative charge on the clay particle. Thi. 
serves to reduce the repulsion between clay particle and the 
thickness of their insulating water film . The reduced repulsion 
coupled with a surface ten ion greater than plain water re ult 
in a tremendou magni.fication of the attractive forces between 
clay particle . The binding ability of the fines i · thereby greatly 
increased a i road stability. 

Calcium chloride solutions freeze at extremely low tem­
peratures. Figure 2 show this relationship . When a solution 
containing less than 29.8 percent CaCl2 is gradually cooled, 
crystals of ice will form as the saturarion curve is inter ected. 
Further cooling will serve to increase the calcium chloride 
content of the remaining liquid solution with complete olid­
ification only occurring at -67°F. Thu , calcium chloride de­
presse the freezing point of capillary water in oil that serves 
to minimize frost heave damage in road maintenance projects 
using calcium chloride. 

PROCESS DESCRIPTION 

Preliminary testing and inspection of the road must be per­
formed before reconstruction, including the evaluation of ex-
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TABLE·l HYGROSCOPICITY OF CALCIUM CHLORIDE SOLUTIONS 

RELATIVE HUMIDITY 
% 

WATER ABSORBED 
BY ONE POUND OF 
CALCIUM CHLORIDE 

POUNDS 

STRENGTH OF 
FINAL SOLUTION OF 
CALCIUM CHLORIDE 

% 

50 

VAPOR PRESSURE 
OF FINAL SOLUTION 
OF CALCIUM CHLORIDE 

mm OF Hg 
==----====--================-=-==--======--==:===:.=·=--==-====--=======·===== 

95 8.2 8.5 

90 4.5 14.5 

85 3.3 18.3 

80 2.5 22.0 

75 2.1 25.0 

70 1.8 27.5 

65 1.6 29.8 

60 1.4 32.0 

55 1. 3 34.0 

50 1. 2 36.0 

45 1.1 37.9 

40 1.0 39.9 

35 0.9 42.l 

30 0.8 44.5 

(Atmospheric humidities in equilibrium with Calcium Chloride solutions at 770 
NOTE: At 77°F the vapor pressure o~ pure water is 23.8 mm of Hg and itr 

tensic-n is 71.9 dynes per cm . 

22.2 

21.0 

20.3 

18.9 

17.5 

16.6 

15.5 
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FIGURE 2 Ice saturation and apparent solidification of commercial calcium chloride solutions. 

isting road conditions and determining the desired project 
requirements. Content and thickness of the existing asphalt 
structure and base material, in concrete with load requir -
ments, will dictate the type and amount of any additives nec­
essary to obtain the highest structural value for the invest­
ment. The depth of the bituminous surface must be checked 
to determine the design depth of pulverization. On the basis 
of these results, the engineer may choose the correct process 
for the given road conditions, thus allowing a contractor to 
select the proper equipment to accomplish the job. 

The process of full-depth reclamation involves preparation 
of existing road material, including full-depth pulverization 
and mixing of asphalt pavement and granular base material. 
Pulverization is a mechanical process that physically breaks 
and crushes the asphalt pavement and a porti')n of the under­
lying base material to a suitable gradation. The pulverized 
asphalt cement acts as a binder in the base material , producing 
a stronger, homogeneous base that will upporl heavier loads. 
The design depth of pulverization is usually taken as twice 
the depth of the bituminous surface layer (approximately 8 
in.). A pulverized bituminous layer blended with granular 
base material distingui ·hes full-depth reclamation from cold 
in-place recycling. 

The pulverization process is performed by reclaiming ma­
chines, pulvimixers, stabilizers, or crushing units. These ma­
chines provide gradation and mixing requirements in one or 
two passes. These machines are self-propelled and usually 
consist of a rotating cutter mandrel equipped with carbide­
tipped teeth. The unit breaks up existing asphalt pavement, 
while simultaneou ly pulverizing and blending it with the gravel 
base material. After pulverization i complete, excess material 
may be removed and redistributed or additional aggregate of 
proper gradation added depending on project requirements 
and design specifications. 

With pulverization complete to proper gradation, additives 
such as liquid calcium chloride, asphalt emulsions, cement, 

or lime may be added to the reconstructed ba e to obtain 
longer-term performance. Wbcn calcium chloride is used a 
an additive, the aggregate ma s i pulverized a required to 
thoroughly mix all material and to meet the following gra­
dation requirements: 

U.S. Sieve 
Designation 

2 in . 
1 in . 
No. 200 

Openings (in.) 

2.00 
1.00 
0.0029 

Percent by 
Weight 
Passing 

100 
30-65 
3-12 

The total recommended amount of 35 percent liquid calcium 
chloride co be used is 1 gal/yd2 ( 4. 70 lb/ydZ) of road surface. 
The first application of 35 percent liquid calcium chloride i 
applied after the first pulverization at a rate of 0.75 gal/yd2 

(3 .60 lb/yd2) of road surface. The aggregate is then pulverized 
a econd time to en ure proper gradation and mixing of the 
asphalt gravel, and calcium chloride. A 1horough mixing of 
calcium chloride is essential. After the material a.re shaped, 
graded, and compacted , the exi ting base i sealed with 0.25 
gal/yd2 (1.10 lb/yd2) of 35 percent liquid calcium chloride. 

The stabiljzation effect of the calcium chloride i ufficiently 
immediate and the u e of this process is for low-volume roads. 
The resultant urface may be opened to peed-controlled traffic 
if required without experiencing excessive wear or deterio­
ration. The base course with calcium chloride. should be al­
lowed to cure for ' everal weeks before construction of the 
final wearing urface. The length of time nece sa.ry for proper 
curing of the base course is dependent on climatic conditions 
of humidity and rainfall . 

In order to achieve long-lasting results, a wearing course 
should be set on top of the base. Depending on traffic load 
this wearing urface may consist of a ingle- or double- eal 
coat cold mix or varying thicknesses of asphalt cement. 
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FIELD TRIAL DESCRIPTION 

Studie and tests of full-depth reclamation with and without 
calcium chloride base tabilization were conducted. The ob­
jectives of the case study (1) were 10 determine the effects of 
full-depth reclamation with calcium chloride stabilization on 
a low-volume road pavement structure. Data were acquired 
on both a tabil.ized test section and a cootrol ection. 

The town of Caledon, Ontario, 10 mi north of Toronto, 
defined the tudy section of the Chinguacousy Road to be in 
need of base stabilization to remedy known structural defi­
ciencies. The Chinguacousy Road i a rural two-lane roadway. 
Over the year , the study section had undergone surface treat­
ment and hot-mix asphalt patching to maintain a dust-free 
trafficable surface. The tudy section on hinguacou y Road 
was selected on the basis of the relative uniformity of the 
bituminous surfacing thickne sand the granular material type. 

The test area was divided into two 500-ft-long sections with 
an intermediate buffer area 65 ft in length dividing the two 
seclions. Figure 3 bow this area . 
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The pavement conditions before reconstruction were de­
termined by ampling through test pits. These condition are 
described with re pect to subgrade soil type, granular quality, 
and bituminous surfacing. 

The subgrade soil, clayey silt to silty clay till, is part of the 
Halton Peel till stratigraphic unit. The liquid and plastic limits 
were determined to be 30 and 17 percent, respectively. The 
classification of the subgrade soil is A-2-6 in the AASHTO 
classification system and SC in the unified classification 
system. 

The granular layer is a mixture of sand and gravel, com­
posed primarily of hard carbonates. Gradation of the granular 
layer is presented in Table 2. Residual chloride levels (buildup 
from winter salting operations) were in the range of 850 to 
910 ppm at depths from 3.20 to 6.0 in. in the pavement. 
Granular thickness of the base course varied between 8.0 and 
12.0 in.; the granular thickness of the sub base course was 
irregular and not present in several areas. 

The bituminous surfacing consisted primarily of a hetero­
geneous mixture of hot-mix asphalt and surface treatment. It 
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FIGURE 3 Test site diagram for Chinguacousy Road, Caledon, Ontario. 

TABLE 2 BASE COURSE GRADATION ON CHINGUACOUSY ROAD, CALEDON, ONTARIO 

U.S. sieve 
Designation 

Opening 
(inches) 

Granular Base 
Before 

Pulverization 
Test Area 1 

Percent By Weight Pas sing 

Granular Base 
Before 

Pulverization 
Test Area 2 

Granular Base 
Before 

Pulverization 
Test Area 3 

Granular Base 
After 

Pulverization 
Test Area 4 

======-==:-----==-~:::----=--========== ==== ======- ===- - ======:==:--== 

1 Inch 1.00 100 100 100 100 

3/4 Inch 0.75 97 100 99 100 

Number 10 0.0787 43 20 34 30 

Number 40 0.0165 21 12 17 13 

Number 200 0.0029 7 7 7 6 

===-=r=--::c.:.c:: ·:::=========-=====--==t=:::-=======-=-======r=-::te=-===-rm=::::::-~=-=•==:====-c.=========::=-==:=.=:= 
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had a fairly uniform th ickne s of 2.4 to 3.2 in . throughout. 
The average asphalt content was found to be 5.1 percent with 
an average asphalt penetration of 22. 

The study section of the Chinguacousy Road was recon­
structed by the process of full -depth reclamation. Both the 
control section and the test section were treated with the same 
equipment, materials, and procedures. The only difference 
in construction was application of calcium chloride to the 
granular base of the test section. 

The existing bituminous surface layer was pulverized and 
blended with the underlying granular base to a design depth 
of approximately 6 in. using one pass of a reclaiming machine. 
The machine traveled at a speed of 55 ft/min and produced 
an average aggregate top size of 0.75 in . The exposed aggre­
gate was then graded for full road width to restore crossfall. 
Addjtional imported sand and gravel granular base course 
was placed on the test and control sections u ing end-dump 
and belly-dump methods. Water wa applied using a tanker 
truck with a pray bar attachment to achieve suitable moisture 
conditions. The total average additional granular thicknes 
was approximately 2 in . after grading and shaping. Liquid 
calcium chloride (35 weight percent solution) was applied at 
a rate of 80 gallyd2 (3.80 lb/yd'2) to the graded granular base 
of the test section. This application repr~ ent approximately 
1.0 percent calcium chloride by weight of dry aggregate for 
a 6-in. layer thickness. The loose granular was mixed with a 
reclaiming pulvimixer with one pass , and then graded and 
shaped. A single steel drum vibratory compactor compacted 
the loose granular. A final application of liquid calcium chlo­
ride was made at a rate of 0.20 gal/yd2 (0.90 lb/yd2). After 
curing from August 11 to August 29, 1989, the road surface 
was double surface treated with stone chips and emulsion. 

A residual chloride test from October 1989 on granular 
sample obtained from test pit indicated that the effective 
depth of the calcium chloride was approximately 6 in. A vi ual 
inspection of the te t pit under in situ granular conditions 
found a comparatively greater moisture content and darker 

91 

color to a depth of approximately 6 in. Residual chloride data 
from October 198 are presented in Table 3. 

Nuclear compaction tests on the granular bas material 
were taken both in the control and te t ection on August 29 
1989, just before the application of the surface treatment by 
the town of Caledon. Compaction results indicate that the 
average percent compaction on both section wa 98 percent 
standard Proctor maximum dry density (SPMDD) with a range 
of 94 to 100 percent PMDD in the test section and 96 to 100 
p~rcent SPMDD in the control section. The re ults are based 
on an average SPMDD of the pulverized and blended granular 
of 138 lb/ft3

• 

FIELD TRIAL RESULTS 

Falling weight deflectometer (FWD) testing was canied out 
in August 1989, October 19 9 April 1990, and Augu t 1990. 
The FWD is a nondestructive testing device that imparts a 
dynamic load impulse to the pavement surface imilar to a 
moving vehicle. The deflection resp nse of the pavement co 
the applied loads i measured by seven seismic tran ducers. 
At Chinguacousy Road, FWD testing wa undertaken in the 
outer wheelpath of the north- and southbound lane at a 
spacing of 33 ft. The applied load ma&nitude of the north­
and outhbound lanes were 6,000 9,000, and 12,000 lb . 

The FWD center deflections, normalized to 9,000 lb and 
70°F which are a m asure of the overall compo ite strength 
of the pavement (including subgrade soil) immediately under 
the loading point, are pre ented in Table 4. The data indicate 
a relative increase in pavement strength of 3.4 to 15. l percent 
in the test section as compared with the control secti n over 
12 months . April 1990 FWD results indicate a decrease in 
pavement strength both in the te t and control sections with 
the test section exhibiting a lower loss. easonal variability 
of road strength i a well-known phenomenon. As shown 

TABLE 3 RESIDUAL CHLORIDE ON CHINGUACOUSY ROAD, CALEDON, ONTARIO 

Sample Location and Chloride Concentration in ppm 

Sample Depth 
(inches) 

o to 3 

3 to 6 

6 to 8 

8 to 12 

Borehole 6 
Before 

Stabi lization 

- ( 2) 

910 (3) 

Borehole 7 
Before 

stabil i zation 
Saw-cut #1 

(Test Section) (1) 
Saw-Cut #3 

(Control Section) (l) 
-=======- ===-=====-======:===-=======----

2090 730 

a50( 3 ) 1160 460 

620 590 

460 440 

=====·===·=====·---·-=-==-=---=-===================::::======:r;~·-======--==== 

(l) Test data from samples obtained approximately two months after Calcium Chloride 
stabilization. 

(2 ) - Indicates Area Untested 

(J) Test data represent benchmark chloride concentrations in original pavement 
structure before stabilization . 
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TABLE 4 SUMMARY OF FWD-NORMALIZED CENTER DEFLECTIONS 
~ =======::=.=============·==-, . ---================- ======== 

Section 

Initial 
Mean Deflection 

August, 1989 
(inches) 

Mean Deflection 
October, 1989 

(inches) 

Mean Deflection 
April, 1990 

(inches) 

Mean Deflection 
August, 1990 

(inches) 

Percent 
Reduction 

In 
Deflection 

(12 Months) 
-=--~-- .--==-=========.========-=~-===:=-===-==·========·==-==.======-== 

Test Section 

Northbound 
Lane 0.052 0.035 

Southbound 
Lane 0.049 0.035 

Cont;r;:ol section 

Northbound 
Lane 0.042 0.033 

Southbound 
Lane 0.041 0.031 

======--~=-~----~-

in Figure 4, the strength loss in April 1990 is an expected re­
sulr (2). 

The calculated deflection basin areas, as defined by Hoff­
man and Thompson (3), are presented in Table 5. The ba i11 
area is a measure of the ability f the pavement to di tribute 
an applied load. In general , the magnitude of the basin areas 
tend to be higher a pavement load distribution improves. 
Table 5 indicates an overall increase of approximately 2 per­
cent in the calcium chloride- stabili.zed test section ver us the 
untreated control section over the 12-month period. Once 
again, the expected seasonal impact can be noted when 
comparing results from April 1990 to October 1989 or Au­
gust 1990. 

ROAD 
STRENGTH 

0.059 .033 

0.052 .033 

0.050 .033 

0.047 .029 

36.5% 

ll_,_1% 

34.6% 

21.4% 

25.4% 

Resilient moduli tests were performed on both the calcium 
chloride-treated granular and untreated granular samples that 
were recovered from the on-site pulverization and mixing 
process. The re ·iJient moduli testing wa carried out u ing 
closed-loop electrohydraulic MTS equipment at McMa ter 
University Hamilton Ontario. Te ting was based on the in­
terim SHRP protocol (4,p.46) with . ome modifications to 
the preparation of granular test specimen . The amples were 
prepared at 100 percent standard Proctor density and were 
frozen to facilitate handling and etup in the MTS triaxial cell 
unit. A load duration of 0.1 ec and a cycle duration nf 1 c 
were used with a haversine stressed pulse. The resilient mod­
ulus is a measure of the applied axial stress over the recover-

ROAD IN FREEZING CLIMATE 

.............................. ... ~....,.,~ ... 
.. ···· 

.......... · 
.. . 

····· ... 

··. ·········· ·· ········· 
ROAD IN MILD CLIMATE _..,#"· ...... ······ 

January June 

Time Of Year 

FIGURE 4 Seasonal variability of road strength. 

December 
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TABLE 5 SUMMARY OF FWD BASIN AREAS 
======---==---======---~==-===========--

section 

Initial 
Mean Deflection 

August, 1989 
(inches) 

Mean Deflection 
October, 1989 

(inches) 
======- =-=-===============·==·=·=---=-
Test Section 

Northbound 
Lane 0.0165 0.0189 

southbound 
Lane 0.0173 0.0193 

c on t x:o l Se c tion 

Northbound 
Lane 0.0173 0.0189 

Southbound 
Lane 0.0173 0.0189 

======~ -====~==- =-====::-==·= 

able train for given magnitudes of load, load durauon, and 
bulk stress conditions. Test results from Table 6 show that 
the calcium chloride-stabilized granular has a 24 to 36 percent 
higher modulus than untreated material for conditions of low 
bulk stress. The moduli of the stabilized and nonstabilized 
material are similar at higher bulk stress conditions. 

Slate's work states that there is reduced freeze-thaw sus­
ceptibility of materials treated with calcium chloride and that 

Mean Deflection 
April, 1990 

(inches) 

o. 0177 

0.0185 

0.0177 

0.0177 

Mean Deflection 
August, 1990 

(inches) 

0.0185 

0.0185 

0.0188 

0.0185 

Percent 
Increase 

In 
Deflection 

(12 Months) 

12.1% 

~% 

9.5% 

8. 7% 

7.8% 

==============-=====--========~====== 

there is atisfactory long-term retention of calcium chloride 
in the pavement structure. Samples treated with 1.0 percent 
calcium chloride by weight of dry aggregate may experience 
50 to 60 percent reduced frost heaving, compared to untreated 
samples (5). 

Residual chloride testing was conducted on the test section 
of the Chinguacousy Road in August 1990. Samples were 
analyzed from the edge and center of the road at depths 

TABLE 6 SUMMARY OF RESILIENT MODULI TEST RESULTS 

Test Load 
(Cell Pressure = 3 psi) 

==:=:=:=·===-==:::::.=-=-=====·=====-= 

Load 55 pounds 

=:==--==·=====----- - ------

Load 90 pounds 

===z:=-:me--::c==----=~====-===--

Load = 128 pounds 

Resilient Modulus (psi) 

Sample A 
(not stabilized) 

====== 

I Sample B I Sample C 
(stabilized) (stabilized) 

=======-==============----=---===========-================= 
59,600 81,400 I 74,300 

====-==-==:;;-====::=.==------==-===-===:::== 

35,000 34,600 I 40,600 

= -=====·===:::c==:====-===-=-======= 

24,700 22,100 I 26,100 

==:-===~=====--========----=====::===~=-=== - ==== =-============------ -===== 

NOTES: 1) Loading duration was 0.1 seconds with a cycle duration of 1 second and a 
haversine-shaped stress pulse 

2) Stabilized samples treated with 1.0 percent cac12 by dry weight of aggregate 

3) All samples prepared at 100 percent Standard Proctor Density and approximately 
7 percent moisture content 
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TABLE 7 RESIDUAL CHLORIDE ON TEST SECTION OF CHINGUACOUSY ROAD , CALEDON, ONTARIO, AUGUST 1990 
(PARTS PER MILLION) 

Sample Depth 
(inches) 

Before 
Stabilization 

October,1989 
Test Section 

August,1990 
center of Road West Edge 

Test Section 
~===---~==========•======= =-=- -==.:::·==·~ 

0 - 3 - ( 1) 2090 3690 2250 

3 - 6 910 (2) 1160 2620 2140 

6 - 8 620 1260 1960 

10 - 12 460 639 1820 

12 - 18 496 1860 

18 - 24 933 1540 

24 - 30 541 1190 

30 - 36 326 809 

36 - 42 320 532 

-=---==-:::a: =-- -========- - ====c=- ========-====-----=~=============-- _ _.== 

Indicates area untested (1) 

(2) Test data represent benchmark chloride concentrations in original pavement 
structure before stabilization 

varying from 0 to 42 in. Table 7 indicate that the calcium 
chloride ha been retained in the road tructure over the 12-
month period. 

Visual condition urveys conducted Augu l 1989. October 
1989, January 1990, April 1990, and August , 1990 had good 
cros - ectional properties and no potholes in both eetion ·. 

CONCLUSION 

Calcium chi ride addition to the full-depth reclamation proc­
ess provides an optimized maintenance procedure for low­
volume roads in g ographic areas where humidity and oil 
clay content uppon ca lcium chloride use. Data presented 
consistently indicate road strength has been improved in lhe 
te t section using calcium chloride addition versus the control 
section with no additive. 

Resilient moduli te ting indicates an increa e in strength 
(modulus) in the calcium chlori.de- tabilized ection over the 
untreated granular section in the range of 24 to 36 percent at 
conditions of low bulk stress. Normalized FWD deflections 
indicate an in-place overall pavement strength increase in the 
test section compared to the control ecti n was 3.4 to 15.1 
percent over a 12-month period. Both the test and control 
ection incurred a trength loss in April 1990 with lhe te t 

section exhibiting a lower percentage loss from original val­
ues. These results reflect moisture retentio11 (hygro copic) 
properties of calcium chloride. 

Residual chloride testing 12 month · after application in­
dicates retention of ca lcium chloride in the test section has 
been excellent. Previous studies (6) indicate sati factory long­
term retention of ca lcium chloride in pavement structures can 

be expected. Reduced freeze-thaw susceptibility is also in­
dicated. 

The analysis of AASHTO design methods for low-volume 
aggregate-surfaced roads given in the AASHTO Guide for 
Design of Pavement Structure (7) indicates that for the Chin­
guacousy Road test section the strength improvement in the 
granular base layer becau e of calcium chloride stabilization 
should result in an increase in allowable standard-axle traffic 
loadings of 40 to 50 percent, or an increased pavement life 
of 3 to 5 years. 
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Epoxy-Resin-Based Chemical Stabilization 
of a Fine, Poorly Graded Soil System 

ABAYOMI AJAYI-MAJEBI, WILLIAM A. GRISSOM, L. SHELBERT SMITH, 

AND EUGENE E. JONES 

Results are described of a research effort on the epoxy-based 
treatment of fi.ne, poorly graded soil found at ome localized low­
duty airport ites and in tJ1e north slopes of Ala ka. Statistical 
models are developed for rhe stabilization of clay- ilt pavement 
systems at low-duty airports. A nontraditional method of oil 
stabilization that improves the subgrade trengt·h properties of 
poorly graded clay-silt was identified. This oil ystem is consid­
ered one of rhe most diffioult soil types to stabilize, in part because 
of its poor particle size distribution. Among several organic ad­
ditives tested, rbe two-part epoxy system- bispheuol Alepi­
chlorohydrin resin plus a polyamide hardener- gave the best 
result a measured by the dry California bearing ratio (CBR) test. 
The choice of the dry CBR test performed to ASTM specification 
was motivated by a need to capture optimum moisture content 
as an experimental variable. Within the limit of the laboratory 
test conditions, the statistical regression models developed sup­
port the hypothesi that the marginal increase in CBR values 
caused by a 1 percent increase in epoxy re in application is 11 .1 
and the marginal degradation of CBR caused by a 1 percent 
increase in moisture level is - 5.6. Also, only additive level , mois­
ture content, and temperature are significant variable influencing 
soil strength. 

Materials engineers are frequently confronted with the prob­
lem of improving the bearing strength of unsuitable soils through 
soil stabilization. FAA provides guidance to airport owners, 
operators, and designers on methods to increase the load­
bearing capabilities of the subgrade to support aircraft loads 
(1,2). Existing methods include the application of various 
combination of lime, cement and Oy ash to native materials 
and the replacement of unsuitable material with improved, 
higher-quality material. Commercial airport pavements that 
serve aircra.ft with high landing gear loads are required to be 
stabilized in a manner that ensures adequate strength of the 
supporting layers . 

However, in small remote airports serviced by low-duty 
aircraft such as some on the north slopes of Alaska and in 
major portions of Florida where incompetent subgrade con­
ditions exist, the difficulty of obtaining materials for taudard 
methods of soil stabilization are evident. The need therefore 
exi ts to quantify the manner in which ome nontraditional 
additives interact to increase the stability of native incom­
petent ubgrade material . 

The engineering properties of a clay-silt sy tern were altered 
by use of a nontrnditio.nal chemical additive that when mixed 
uniformly into the soil system cbanged the urface molecular 

A. Ajayi-Majebi and W. A. Grissom, Manufacturing Engineering 
Department; and L. S. Smith, Chemistry Department; Central State 
University, 114-A Jenkins Hall, Wilberforce, Ohio 45384. E. E . 
Jones, Tractell, Inc., 4490 Needmore Road, Dayton, Ohio 45424. 

properties of the soil grain and, in most cases cemented the 
grains together, resulting in increased strength. The clay used 
was kaolinite. The use of mecbanical and traditional chemical 
stabilization techniques on the clay-silt system was precluded 
in this research. 

RESEARCH OBJECTIVES 

An aggregate framework was developed for understanding 
the strength behavior of clay-silt systems and the ubsequent 
formulation of a statistically based model for airport pavement 
subgrade stabilization through the combined use of an epoxy 
resin , bi phenol A/epichlorohydrin, and a polyamide hard­
ener as a stabilization agent. The model presented nable 
the airport pavement designer to predict expected soil strength 
and effect design under a wide range of fea ible combinations 
of these variables at a variety of potentially low-duty airport 
sites. 

The research scope includes a state-of-the-art investigation, 
automated data collection, and analysis of full-scale labora­
tory data and formulation of a statistically based model for 
soil stabilization of airport pavement subgrades. This research 
is applicable to low-duty airport pavement . These pavements 
are defined as "landing facilities to accommodate personal 
aircraft or other small aircraft engaged in nonscheduled ac­
tivities such as agricultural, industrial , executive, or indu trial 
flying. " Such pavements will not be required to handle aircraft 
load exceeding a gross weight of 30,000 lb . The total depth 
of pavements for low-duty airport pavement · rarely exceed 
22 in. , this being the limit for clay-silt oil with low CBR 
value, typically 3 to 4 (3). 

LITERATURE REVIEW 

Review of literature revealed that little work has been done 
on clay-silt soil stabilization using organic additives; however, 
much work has been documented in the literature on the use 
of traditional additives such as lime, cement, and fly ash . 

A study by McLaughlin sugge ted that engineers will be 
more inclined to use stabilization techniques to strengthen 
pavement stTuctures in the wake of such factors as increasing 
aircraft payload , traffic frequency , scarcity of sites with good 
subgrade bearing values , and the dwindling supply of con­
ventional aggregate ( 4) . McLaughlin ( 4) revealed that soil 
mixtures with lime, cement, and fly ash (LCF) base courses 
have been used extensively, and complex, long-lasting chem-
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ical reactions that produce resultant material with acceptable 
mechao.ical properties we re obtained under the righl condi­
tions of temperatw·e and moisture . However, hostile in situ 
pavement condition, , if allowed, could lead to a weak pave­
ment system because of infiltration of sulfate- and carbonate­
bearing moisture or a strong alkaline ground water condition. 

Simp on et al. (5) report about the succe sful application 
of the Shell EPON® epoxy resin as an asphalt binder. The 
paving material epoxy a phalt concrete (EAC) is a combi­
nation of graded mineral aggregate and an a phallic binder 
containing epoxy resin that i converted into a polymer with 
unusual solvent and heat resistance (5). The EAC cou ld be 
used as an overlay on existing pavement or as Lhe major 
structural element in a pavement. Construction using the EAC 
required conventional hot-mix plants , conventionaJ self­
propelled paving machines or hand-raking, and normal rub­
ber-tired rollers for compaction. In a series 0f comparative 
te ts conducted EAC out-performed asphaltic concrete in 
terms of added trength load-carrying capacity witJ1 minimum 
thickness resistance to chemical attacks rutting, and high­
temperature jet blasts. Specific area of successful appljcation 
of EAC reported included overhaul and maintenance areas 
used for jet planes at several military airbases. 

Kinter (6) documents the results of 20 years of cooperative 
effort between the FHWA and the chemical industry to in­
ve ligate and develop pecific compounds (or combinations 
thereof) , industrial product , and wastes for the purpose of 
soil stabilization or compaction aids, 0r both . About 50 chem­
icals and proprietary products were tested (7). The study con·­
cluded that no single chemical or combination of chemical 
has been found effective as a major soil stabilizer. 

Carpenter and Lytton (8) report that clay-silt systems will 
experience a volumetric c0ntraction on freezing in a condition 
of constant moisture content. The freezing process reorient 
the clay particles leading to volumetric contraction. This re­
search helps to quantify the magnitude of the freeze coeffi­
cient to be used in pavement design under frost conditions 
and damage assessment. 

Edris and Lytton (9) characterized the performance-related 
characteristics of fine-grained subgrade oi l containing 20 to 
70 percent day. Tbey developed tatistical models for resilient 
modulus, resilient strain relations, and permanent deforma­
tion per unit length or residual strain. The research demon­
strated that dynamic properties of fine-grained soil such as 
modulus of resilience depend strongly on traffic volume (mea­
sured by load cycle ), climatic factor (measured by oil suc­
tion and temperature), and soil composition. 

Chou investigated the marginal effect of the variability of 
design parameters in the California bearing ratio (CBR) equa­
tion on pavement performance (10). The re earch i.ndicated 
that pavement integrity is significantly a[fected by variations 
in pavement thickness , in wheel loads, and in subgrade CBR 
value. Variations in tire contact area had the least influence 
on pavement performance. 

Erab ton (1 J) investigated the FAA soil compaction criteria 
for airport pavement ubgrades u ing laboratory compaction 
and triaxial te ts to determine resilient and permanent axial 
strain . Three soil types compacted to densitie at or below 
current FAA compaction criteria were subjected to repeated 
axial loading in a triaxial tests ch.amber. The FAA use ASTM 
standards as compaction criteria (12). 
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RESEARCH METHODOLOGY 

ASTM D1883-73 CBR test procedure was adopted for strength 
quantification (12).. The CBR test is a generally accepted and 
reliable strength mea urement approach and is appHcable to 
airport pavement design methodology. 

The choice between using a dry CBR test and a wet one is 
influenced by many factors chiefly the condition of the oil 
sy tern in th field on a short- and long-term basis. The dry 
CBR test was adopted because it allowed the pecification of 
clay-silt soil optimum moi ture content as an experimental 
variable for analysis. Also moisture control i more practical 
and implementable at locaJized low-duty airport ites. 

In order to gain control over the various factors that influ­
ence field CBR, representative ranges of all the selected var­
iables hypothesized as influencing CBR were tested and an­
alyzed. 

EXPERIMENTAL DESIGN 

The variables hypothe ized a influencing the resistance of a 
soil to deformation as measured by the CBR value were ad­
ditive content (percent), moisture content (percent), clay-silt 
ratio, and curing temperature (0 f). 

Factorial Design 

There are several advantages in studying the effects of ·everal 
independent variables on a dependent variable, say CBR value, 
using factorial design . Fir t , and most significant it is possible 
to determine whether the experimental independent variables 
interact in their effect on the dependent variable. Although 
an independent variable may affect a relatively small pro­
portion of the variance of a dependent variable, its interac­
tions with other independent variables may affect a large pro­
portion of the variance. Thi phenomenon cannot be understood 
by the study of the independent variables in isolation. 

Second, factorial designs afford the researcher greater sta­
tistical control , and therefore more discriminatory tali tical 
tests tl1an tho e tests typicaJJy associated with single variables. 
FactoriaJ experiment allow the testing of the separate and 
combined effect of everal variable using the same number 
or fewer experimental runs that would have been the ease for 
several single-factor experiments. 

The experimental design was fashioned to fit a factorial 
design matrix. Factorial designs facilitate the visualization and 
comprehension of similarities and simplifications in the ex­
perimental process and thus assist the ta k of model building 
and the estimation of main effects and interaction arising as 
a result of changes in the model experimental variables. 

For the hypothesized experimental variables, a 4 x 3 x 3 
x 3 (i.e., 4 x 33) factorial design in additive, moisture , clay­
silt ratio, and temperature, requiring 108 CBR experimental 
runs, was used. 

Levels of Variables 

The levels of various variables hypothesized as affecting CBR 
were specified as follows: 
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Experimental 
Variables 

Additive percentage 
Moisture percentage 
Clay-silt ratio 
Temperature (°F) 

Factorial 
Design 
Levels 

0, 1/2, 1, 4 
13, 17, 21 
0.4, 0.5, 0.6 
40, 65, 90 

No. of 
Levels 

4 
3 
3 
3 

An important consideration was the specification of the range 
of applicable moisture content for the experimentation. The 
dry density values obtained for a clay-silt ratio of 0.4 was 
about 114 lb/ft3 . For a clay- ilt ratio of 0.6, it was about 107 
lb/ft3 • Corresponding optimum moisture contents were 16 and 
20 percent for clay-silt ratios of0.4 and 0.6, respectively. The 
analysis indicated that maximum dry densities obtained for 
the three level of clay-silt ratios corresponded to optimum 
moisture contents between 13 and 21 percent. The levels of 
moisture content were fixed at 13, 17, and 21 percent on the 
basis of earlier control test results obtained from the curves 
of maximum dry density versus moisture content under mod­
ified AASHTO compaction; also, because moisture content 
was desired at three equidistant levels in the factorial exper­
imentation, 13, 17, and 21 percent were selected as represent­
ing practical values of optimum moisture content and opti­
mum dry density variations for the day-silt system. 
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Testing Procedure 

The ASTM D1883-73 procedure for CBR testing was adopted 
for determining the rrength of the clay-silt soil sy tern (12). 
The phy ical properties of the clay and silt sample te ted are 
pre ented in Table 1. The clay and silt sample were prepared 
in a manner closely following the ASTM Dl557 method (12) . 
The tests were carried out on un. oaked ample because the 
clay silt optimum moisture content was specified as an ex­
perimental variable. 

The batching of various ratios of clay to silt by weight wa 
done and resulted in a representative clay-silt sample weighing 
over 12 lb, to which was added the required amount of water. 
The sample was mixed to a uniform con istency and the epoxy­
resin system wa applied to the wet sample and mixed uni­
formly and manually to an even texture. 

The sample treated with the epoxy-resin ystem were com­
pacted in standard CBR molds specially lined with aluminum 
foil to preserve the molds and reduce demolding effects. The 
compacted specimen were trimmed to specification and cov­
ered with nylon wrappers for moisture pre ervation before 
being thermally soaked in a pecially prepared curing chamber 
for 3 days, which was considered enough time for the attain­
ment of steady state conditions. 

TABLE 1 SUMMARY OF PHYSICAL PROPERTIES OF CLAY AND SILT TESTED 

SOIL '.1,'.YPES 

Pro:eerties Q!ll Silt Cla:y:-Silt s:y:s"tams 

1. Liquid Limit % 60 22 37 - 45 

2. Plastic Limit % 32 19 24 - 27 

3. Plasticity Index % 28 3 13 - 18 

4 . Optimum Moisture 
Content % 13 - 21 

5 . Absorbed Moisture % 
(Hygroscopic) 1.5 0.5 1.0 

6 . Soil Classification 

a) FAA E-8 E-6 E-7 

b) Unified System CL ML CL/ML 

c) AASHO A-7 A-4 A-5 to A-7 

7. Specific Gravity 2.63 1. 84 2.33 

8 . Percent Passing 
No. 200 Sieve 100% 100% 100% 

9 . Hydrogen Ion Cone. 
pH, dry clay at 20% J.5 -
solids, airf loated 5.0 

10. Clay Fraction 100% 0% 40,50,60% 
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In order to facilitate the acquisition and reduction of the 
CBR test data, a microcomputer-based automatic data col­
lection system wa u ed (Figure 1). CBR testing of the ther­
mally cured clay-silt stabilized sample was done using 
the motorized and automated SOILTEST CBR testing 
equipment. 

The data collection system con isted of (a) the motorized 
SOIL TEST CBR testing equipment complete with a loading 
platform , plunger, pJOviog rings, force and displacement dial 
indicator , and other attached accessories; (b) displacement 
transducers; (c) linear variable displacement tran former· (d) 
signal conditioner; (e) digital di play ; (f) crew terminal boards 
(panel )· and (g) personal computer ( ee Figures 2 and 3). 

The automated data collection system fabricated in-hou e 
was used to record and analyze in real time the displacement 
and re istance to deformation of clay- ilt samples prepared 
and compacted to tandard specifications after thermal soak­
ing in a temperature-controlled chamber. Occasional manual 
checks on the collected data were made for correlation and 
validation purposes. The data collected are presented in 
Table 2. 

ADDITIVE SELECTION 

In considering possible materials for the stabilization of the 
clay-silt system, the use of traditional methods was reviewed 
but not considered. Mo t of the traditional materials will, in 
small quantities less than 5 percent by weight , not impart 
ufficient strength to the clay-silt y tern under study to meet 

FAA requirements. This property is caused by the poor clay­
silt sy tern particle ·ize di tribution and accompanying loss of 
frictional strenglll component, coupled with the degradation 
of cohesive strength that could quickly result with the infil­
tration of moisture . 

LV DT #1 SIGNAL 
Trans - Tek 040-000 CONDITIONER 
DC-DC LVOT or 
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Traditional methods of clay- ·ilt stabilization currently in 
use are given by Yoder and Witczak (3). 

The result of CBR tests on the untreated clay-silt system 
support the position that effort hould not be placed solely 
on the effects of increa ed compaction and reduced plasticity 
enhancement as a means of soil tabi lization of clay- ilt sys­
tem . Equally vital to the task of clay- ilt soil stabilization are 
the combined effects of additive application, effective con-
truction practices, provision of adequate roadway drainage 

and ditches, in addition to good compaction and plasticity 
enhancement techniques. 

The search for effective additives that could adequately 
meet flexible pavement design requirements for low-duty air­
port pavements was therefore focused on organic materials 
and polymers. Candidate materials were screened through a 
survey of chemical companies, material testing laboratories 
in-house material testing and personal contact. 

EPOXY-RESIN HARDENER SELECTION 

The final stabilization additive selected consisted of a two­
part epoxy resin system. The first part is a bispbenol A/ep­
ichlorohydrin resin of the epoxy resin family. This resin has 
negligible solubility in water is a very viscous liquid, very 
light yellow in color , with a specific gravity of 1.17. Though 
a stable material , in the presence of a strong mineral or Lewis 
acid or a tTOng oxidizing agent, the epoxy resin can react 
vigorously to release con iderable heat, but hazardou polym­
erization will not occur. The heat release during the u e of 
the resin in this research was minimal and generally unno­
ticeable at the 11.i to 4 percent thresho.ld of additive application. 
Preliminary tests at higher concentration of epoxy i;esin , say 
10 percent and more , released a noticeable amount of heat. 
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FIGURE 1 Schematic of automated data collection and display system. 
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FIGURE 2 Automated data collection and display system. 
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TABLE 2 CBR VALUES FOR STABILIZED CLAY-SILT SYSTEM, FULL FACTORIAL EXPERIMENTAL DESIGN DATA 
MATRIX (EPOXY RESIN ADDITIVE, 3-DA Y CURE PERIOD) 

C/S "= 0.4 C/S = 0_5 C/S = 0.6 

%A %A %A T 
%M 

0 .25 1 4 0 .25 '1 4 0 -25 1 4 (°FI 

13 12)* 121 I 1 I (21 IH* 121 121 I 1 I (31* (21 (21 ( 1) 

61.2 55.8 71.0 86.2 68.3 50.15 62.9 84.2 37.7 44.9 48.8 89.6 

17 ( 11 (1) ( 11 ( 1) (2) I 1 I (2) ( 11 121 ( 11 (21 ( 11 
40 

3.9 16.2 19.1 42.5 19.9 37.4 31.45 44.3 35.0 60.6 5.3.86 66.4 

2'1 
I 11 I 11 131 (31 I 11 ( 11 ( 1) (3) ( 11 121 111 121 
0.8 4.2 14.5 47.0 1.5 8.2 9.3 23.2 3.9 11.3 18.6 25.0 

13 
I 11 ( 11 ( 11 ( 11 ( 11 ( 11 ( 11 I 1 I '11 \11 ( 11 t 1 I 

39.6 44.6 68.3 103.7 24.6 41.2 71.9 100.6 22.7 38.0 52.0 96.2· 

I 11 I 11 ( 11 ( 11 ( 11 I 11 I 1 I 12) I 11 I 11 t 11 I 1 I 
17 4.4 10.0 24.8 47.0 21.7 36.0 42.6 60.5 34.2 55. 7 62.0 93.4 65 

( 11 I 1 I I 1 I ( 1 I ( 1, I 1 I I 1 I ( 1) ( 1) ( 11 ( 1) ( 11 
2'1 1.2 4.4 20.9 64.0 2.4 7.1 14.7 40.0 5.0 17.8 31.7 39.3 

(2) 12 I ( 1) ( 11 (2) 12 I ( 11 (21 (21 I 1 I I 11 (21 
13 

82.0 89.5 45.6 135.4 67.2 52 • .3 86.4 134.2 26.9 33.9 51.3 ~15.9 

121 121 I 1 I ( 1-1 12) 121 (21 I 11 ( 11 I 11 ( 11 11 I 
17 

3.5 6.8 28.5 47.38 13.7 26.6 36.6 70.05 45.7 59.0 64.15 93.52 90 

( 1) I 11 ( 11 151 ( 11 ( 11 (31 131 I 11 I 11 ( 11 ( 11 
21 

0.7 9.5 27.2 87.1 1 .4 14. 1 20.0 48.7 6. 1 6.1 44. I 33.8 

• Denotes number of CBR values averaged to obtain indicated CBR 

The second prut of the two-part epoxy resin ystem a curing 
agent is a vi cous, water-insoluble polyamide, tan i.n color 
with a specific gravity of 0.97. ln the pre ence of ll ~1rnng 
oxiilizing agent it could react to form nitrogen oxides and 
carbon monoxide or to release free polyamides that are also 
deleterious to health. The likelihood ofthis reaction occurring 
in the field is 1 w becau e f protective surface treatment . 
The polyamide, however, could be replaced without loss of 
strength with amidoamines (13). 

Epoxy resin is an organic chemical group composed of po­
lymerized molecules consisting of split oxygen molecule. bonded 
with two carbon atoms already united in some way. Epoxy 
resin is an amorphous, natural organic sub tance that could 
be of plant extra lion or synthesized by, for example , the 
dehydrohalogenation of the chlorohydrin prepared by the re­
action of epichlorohydrin with a suitable di- or polyhydroxyl 
ubstance or other molecule containing active hydrogen (13) . 

Numerou (over 20) types of epoxy resin are possible and 
resin formulation to suit a particular application is almost 
always nece ary. or the achievement of high strength the 
use of a hardener or setting or curing agent is always es ential 
for cross-linking between the epoxy re in and hardener mol­
ecule. The mix of epoxy resin and curing agent used in all the 
tests was 1:1 by weight. 

Though epoxy resins harden through exothermic reactions, 
the quantities needed for stabil.ization, generally 4 percent or 
less, would not generate heat and tress that could lead to 

cracks and other imperfections. The addition of clay and silt 
as fillers for the epoxy re in system pro ides heat sinks, and 
the release of the heat generated can be controlled through 
choice of hardeners or variation of hardener concentration to 
control the duration the hardening requires. Though epoxy 
resin can se t in a short a time a 20 min , they can be designed 
to set in 3 hr, thereby easing and making flexible the time 
required for construction procedure preparatory to tabili­
zation and subsequent construction equipment cleanup. 

An important strength delivery factor in epoxy re in ap­
plication is the mixing quality. Thorough mixing of the two­
part sy tern for a definit length of time until mixing resistance 
drop o[f n ticeably i · imperative for effective cross-linking 
and strength development. 

EPOXY RESIN COST VERSUS EFFECTIVENESS 
TRADE-OFF 

The cost of epoxy (bisphenol A/epicblorohydrin) re in and 
polyamide hardener varie depending on the type and appli­
cation. At an average cost of $1.76nb j the cost of the epo:xy 
ystem is much higher than those associated with traditionally 

u ed additives such as lime, cement or fly ash which cost 
about $0.04flb. How ver , with an effective di pen ing mech­
anism, the fractional weight application level of an epoxy 
system for achievement of the same eCfectivenes a · judged 
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by CBR strength delivery may range between % and Y2s, or 
less, of that required using stabilization agents such as cement 
or fly ash. 

With the advent of high-technology epoxy application tech­
niques since the 1970s, the gap in the total cost advantages 
of using conventional material such as lime, cement , or even 
fly ash rather than epoxy resin in engineering construction 
is beginning to narrow when such factors as high strength 
delivery, lowe.r unit weight of epoxy ystem required, and 
total cost , including labor material , and other indirect cost 
factors are all considered (13). The advantages of epoxy resin 
include 

1. Reduction in direct cost of repairs by substituting high­
technology application techniques for costly manual labor. 

2. lntroduction of improved consistency and quality leading 
to savings in terms of reduced deterioration because of the 
strength and durability of epoxy-treated materials. 

3. Accelerated strength attainment within a few hours be­
cause of the formation of a solid, dense material capable of 
withstanding inclement weather, heavy traffic, and chemical 
attack. The strength of epoxies is borne out by the fact that 
broken chunks of concrete bonded together by epoxy resin 
become stronger than before disintegration (13). 

4. Reduction in indirect cost of repairs, such as delayed air 
traffic, can be substantial in addition to the reduction in the 
frustration of aircraft and vehicular operators caused by these 
unwelcome delays. 

Through use of the rapid setting properties of epoxy re in -, 
runway closure resulting in delay and di rupcion of air traffic 
operations could be reduced from a time span of months to 
hours because of the ignificant engineering propertie of epoxy 
resins. 

Large-scale applications based on epoxy resin have been 
gaining considerable acceptance in the construction industry. 
In PhiladelJ?hia, for example, a successful use of over 10,000 
gal of epoxy resin was reported in the con truction and struc­
tural repair of the city's Schuylkill Expressway (14). 

SOIL STABILIZATION COST ANALYSIS 

An analysis of the cost of an actual laboratory oil stabilization 
validation experiment conducted at Wright-Patterson Air Force 
Base in Dayton, Ohio, is presented. The analysi all.ow a 
comparison of the cost of epoxy resin appl.ication with that 
of conventionaJ stabilization materials such as cement, as pre­
sented in Table 3 using the following data: 

Item 

Additives 
Epoxy resin 
Polyamide hardener (V-40) 

Reference additive (cement) 
Aggregates 

Cost ($per indicated unit) 

1.62/lb 
1.89/lb 
2.78 per 80-lb bag 

Clay soil 6.00/ton 
Silt soil 6.00/ton 

Labor 15.00/hr-person 

In the validation study, a time base of 1 hr was assumed for 
stabilizing 6.25 ft3 of material using the productive capacity 
of one worker. 
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Overhead costs are specified at 50 percent of the total labor 
and material costs. 

Clay-silt stabilization requires 20 to 30 percent of cement 
by weight for effectivene s (3) . In the foregoing analy is , 25 
percent was u ed. Clay-silt ·pecific gravity was 2.67· and water 
specific gravity was 1.00. 

Total weight of 6.25 ft3 of stabilized material used in the 
validation experiment is approximately 1,043 lb . 

REGRESSION ANALYSIS 

The results of the 33 x 4 factorial design experiments in 
temperature (TEMP) , clay-silt ratio (CS) moisture percent­
age (PM) , and additive percentage (PA) , respectively, were 
subjected to descriptive and inferential tatistical analy es. 
These analyse yielded e timate of the effect of the various 
independent variables on CBR the dependent variable. These 
regression analy es were performed to determine the form of 
the statistical models uitable for predicting the CBR of a 
clay- Ht sy tern when tabilized at variou levels of the inde­
pendent variables . T he comprehen ive second-order, step· 
wise, multiple linear regre sion analy is was performed. The 
key feature of thi procedure is that a number of i·ntermediate 
regression models are obtained adding one variable at a time. 
The variable added at each step is the one that make th 
greatest improvement in the goodness-of-fit. The significance 
level for staying in the model was et at 0.05, and that for 
exiting at 0. 10. These values correspond to confidence level 
of 0.95 and 0.90, re pectively. 

A graphical di play of the CBR data in Table 2 is provided 
in Figures 4-6. The figures all show a striking and imilar 
CBR response of the clay-silt system to additive treatment at 
the temperatures of40°F, 65°F , and 90°F . The CSR-degrading 
influence of moisture in the clay-silt soil sy tern is generally 
emphasized by all the plots and particularly by the evenly split 
clay-silt mixture (OS = 0.5) . 

The main regres ion model postulated for the prediction of 
clay-silt sy tern soil strength was obtained by pooling all of 
the experimental data. The result obtained u ing the stepwise 
regression procedure involving first-order terms only i 

CBR = 91.69 + ll.07(PA) - 5.62(PM) + 44.97(CS) 

+ 0.14(TEMP) 

(R2 = 0.76) (1) 

where 

PA = epoxy resin additive level (percent), 
PM = moisture content level (percent). 
CS = clay-silt ratio (decimal), and 

TEMP = temperature of curing (°F). 

All the regression coefficient were significant at the 3 per­
cent level. The model therefore supports the hypothesis that 
moisture content increase leads to a degradation of CBR val­
ues by it reduction of the cohesive and frictional strength of 
the soil particles. The CBR test measures the shear resi ranee 
of a soil to deformation under applied load . Because a clay­
silt system is being tested, increases in the clay content of a 



TABLE 3 SOIL STABILIZATION COST ANALYSIS (IN DOLLARS PER TOTAL WEIGHT OF 
STABILIZATION (1,043 lb)] 

COST ELEMENTS CONTROL 
CASE 

EPOXY 
ADDITIVE 

CASE 
CEMENT 

CASE 

Weight Cost* Weight Cost* Weight Cost* 

MATEBXM! QOST ANALXSIS 

CLAY* 

SILT* 

WATER (MOISTURE) 

ADDITIVE 

IQl'.Mi MA7.'.ERl~L QOIU'. 
PER 6.25 CU. FT. 

LAIOR COST ANALYSIS 

1 Pers. @ $15.0/Hr. 
for 1 Hr . 

OVERHEAD COST 

50% OF LABOR + MATL 

TOTAL QOST 

COST RATIOS 

530 

357 

132 

0 

COST 

o.o 519 o.o 

o.o 346 o.o 

o.o 143 o.o 

0.0 33 58.1 

0 58.10 

15.00 15.00 

7.50 36.50 

22.50 109.60 

1.00 4.87 

(Labor Rate : 1 person@ $15.00/hr. for 1 hr.) 

*Material is not Imported 

519 0.0 

346 o.o 

143 o.o 

216 7.5 

7.50 

15.00 

11.25 

33.75 

1.50 
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FIGURE 4 CBR versus moisture content by additive at three levels of clay­
silt ratio (curing: 3 days at 40°F). 

clay-silt soil lead to increased cohesive strength and an overall 
increase in the shear strength and consequently the CBR. 
This result is consistent with Coulomb's law of shear resis­
tance. 

The marginal increase in the clay-silt CBR values caused 
by a 1 percent increase in additive content was 11.07 units. 
The temperature component of the CBR model has a positive 
coefficient that supports the hypothesis that increased tem­
perature leads to increased strength formation with the use 
of the epoxy resin. 

A nomograph for clay-silt soil system CBR prediction using 
epoxy resin as the stabilizing agent is shown in Figure 7. The 
chart is used by first connecting the molding temperature and 
clay-silt ratio scale values with a straight line that cuts the 
auxiliary line Fl. The intersection with Fl is next connected 
by a straight line to the molding (optimum) moisture content 
scale values to yield an intersection of F2 that is finally con­
nected to the additive percentage scale value to yield the 
predicted CBR. 

An alternative model was specified using a two-step regres­
sion method as suggested by Edris and Lytton (9). In the first 
step, a linear multiple regression analysis of the logarithms 
of the dependent and independent variables is obtained. Tak­
ing the antilog of the coefficients specifies the best unbiased 
linear estimator of the powers of the independent variables . 
For the second step , a linear multiple regression of the inde­
pendent variables raised to the powers determined in the first 
step is performed. The appeal of this approach is that there 
is no predetermined polynomial form, rational function, or 
power law expression for the model , and it is reported that 
this method produces a consistently higher coefficient of de­
termination (R2

) (7). 
The results obtained from the two-step procedure follow. 

Step 1: 

Ln CBR = 16.102 + 0.040 Ln PA - 4.257 Ln PM 

+ 1.511 Ln CS + 0.139 Ln TEMP 



TRANSPORTATION RESEARCH RECORD 1295 

13 17 21 13 17 

Ano!TIVE (%) 
------- ~% 
___ ,. ___ 1~ m 
---· ---- 1Jli'.1. 
- - - - (J?, 

I 
I 
" 

120 

- llO 

IDl 

70 

50 

- 30 

20 

ID 

~b!STl~E UJNrENT 

FIGURE 5 CBR versus moisture content by additive at three levels of clay­
silt ratio (curing: 3 days at 65°F). 

(R2 = 0.71) 

Step 2: 

CBR = 6708.25 + 10.58(PA)1
•
041 

- 6431.74(PM)0 0 142 

+ 106.80(CS)4 532 + 0.06(TEMP) i. 149 

(R2 = 0.77) 

(2) 

(3) 

A casewise multiple linear regression analysis of the data 
at fixed levels of selected independent variables was per­
formed. The results for fixed levels of additive, clay-silt ratio, 
and temperature are as follows: 

Fixed additive level: 

• Additive level = 4 percent: 

CBR = 160.87 - 7.47(PM) + 0.57(TEMP) 

(R2 = 0.75) 

• Additive level = 1 percent: 

CBR = 125.78 - 4.95(PM) (R2 = 0.61) 

• Additive level = Y4 percent: 

CBR = 117.85 - 5.lO(PM) (R2 = 0.56) 

• Additive level = 0 percent: 

CBR = 90.50 - 5.43(PM) + 56.00(CS) 

(R2 = 0.70) 

(4) 

(5) 

(6) 

(7) 
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FIGURE 6 CBR versus moisture content by additive at three levels of clay­
silt ratio (curing: 3 days at 90°F). 

Fixed clay-silt ratio: 

• Clay-silt ratio = 40 percent: 

CBR = -423.20 + 13.38(PA) + 516.62(PM) 

+ 0.39(PM)2 + 0.19(TEMP) 

(R2 = 0.88) 

• Clay-silt ratio = 50 percent: 

CBR = -75.7 + 10.lO(PA) + 1693.44(PM) 

(R2 = 0.85) 

• Clay-silt ratio = 60 percent: 

CBR = 233.09 + 10.16(PA) - 1785.80(PM) - 0.30(PM)2 

(R2 = 0.79) 

(8) 

(9) 

(10) 

Fixed temperature: 

• Temperature = 40°F: 

CBR = -101.37 + 7.lO(PA) + 1684.45(PM) + 0.54(CS) 

(R2 = 0.83) 

• Temperature = 65°F: 

CBR = - 81.33 + 12.33(PA) + 1330.43(PM) + 0.48(CS) 

(R2 = 0.81) 

• Temperature = 90°F: 

CBR = -74.60 + 14.37(PA) + 1683.76(PM) 

(R2 = 0.76) 

105 

(11) 

(12) 

(13) 
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FIGURE 7 Nomograph for clay-silt system CBR prediction using epoxy-resin stabilizing agent (see Equation 1). 

DISCUSSION OF RESULTS 

In problem airport sites where an exclusive preponderance of 
clay and silt exists, the use of epoxy resin as a stabilizing agent 
has been demonstrated as a viable method of improving the 
bearing strength of clay-silt mixtures. This assertion is based 
on the analysis of experimental data obtained through the 
stabilization of a clay and silt mixture using a two-part epoxy 
system. The first part is a bisphenol A/epichlorohydrin resin 
and the other a polyamide hardener. 

The CBR values obtained from the experimental test runs 
were either at 1 or 3 days after thermal soaking in a test 
chamber regulated to 40°F, 65°F, or 90°F. 

STABILIZED CLAY-SILT SYSTEM RESULTS 

The design of airport pavements depends on several important 
inputs, one of which is the strength of the subgrade. Thi ' 
parameter, in turn, depends both on the native moisture con­
tent and soil density, and, in cases involving chemical stabi­
lization, the addilive properties. U ually, the soaked CBR 
test is used in det .rmining the subgrade strength. This repre­
shents the worst-possible field condition; however, in cases 
where factor such as ambient moisture content and compa -
tion cbaracteri tics are known with certainty, use of the un­
soaked CBR strength is justified and wa used in this study. 

Plots of CBR value versu moi ture content by clay-silt ratio 
stratification are shown in Figures 4- 6 for all tested temper­
atures. The general simi larity of the plots attest to the in­
ternal validity of the generated data. The variations in the 
graphs indicate the effects on the CBR of the variables whose 
changes are being stdied. In particular, the plots in Figures 
4-6 indicate that in the presence of epoxy resin as additive 
for the clay-silt system the CBR value increa, e with tem­
perature from 40°F to 90°F. 

The increase in CBR value with temperature is explained 
partly by the increased physical bonding between the clay-silt 
particles made po sible by the epoxy re in. The trength gain 
is also explained by the accelerated curing of the tabilized 
clay-silt mixture in response to increased curing temperatures. 
The implication is that temperature loss will cause a decrea c 
in CBR value. 

Figures 4-6 indicate that for a 4 percent epoxy resin ap­
plication at 40°F the range of CBR improvement over the 
unstabilized clay-silt soil case varies approximately from 10 
to 60 units. At 90°F, the strength increase obtained over the 
un tabilized cause from application of 4 percent epoxy varies 
from approximatdy 27 to 90 CBR units. At lower percentages 
of epoxy application proportionately lower CBR increases 
are obtained. The plots reveal that at lower clay- ilt ratios 
the greater relative improvements in CBR are generally po -
sible at higher moisture contents whereas at higher clay-silt 
ratios , greater relative improvements occur at lower moi ture 
content ranges. 

Superimposing the effect of pore water pressure caused by 
increased moisture content on the preceding hypothe i ex­
plains the effectivenes of the epoxy resin both at higher mois­
ture contents for low clay-silt ratios and at lower moisture 
contents for higher clay-silt ratios. The adsorption of water 
by the flat, clay particles of .high surface area is smaller for 
samples with lower clay-silt ratios ; con equently, the effect 
of pore water pressures on the molded samples is smaller, 
and relatively greater CBR improvements are possible. For 
sampJ s with higher clay- ilt ratios (0.6) , the pronow1ced ef­
fect of pore water pressure leads to a further degradation of 
CBR over and above that resulting from the deemphasizing 
of stronger resin- ilt particle bonds caused by an i_ncreased 
proportion of clay particles. The clay-silt ratio of 0.5 repre­
sents roughly the onset of the threshold of CBR improvement 
caused by varying levels of clay particles in the stabilized clay­
silt mixture. 
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Explanation for the relatively better performance of CBR 
values at a lower clay-silt ratio (0.4) is that, because increases 
in clay content increases the clay skin around the larger silt 
particles leading to increased specific surface of the mixture , 
avenues for effective bonding between the silt particles and 
epoxy resin additive become increasingly limited in favor of 
the clay-siJt physical bond enhanced by compaction. The rel­
atively weaker clay-silt physical bond fails quickly under shear­
ing forces imposed by the CBR plunger, leading to lower CBR 
test result compared to the situation in which a lower clay­
silt ratio allows for the formation of only a lower degree of 
clay-silt bonds in favor of stronger bonds that lead to higher 
CBR values. 

The use of multivariate analysis of variance technique 
(MANOVA) on the full factorial data in Table 2 supports the 
hypothesis that thefocreases in CBR values caused by epoxy­
based treatment compared to the untreated soil CBR value 
are significant. These increases are stati tically explained by 
the variables, additive percentage, and temperature and their 
interactions. 

CONCLUSIONS 

1. The effectiveness of a two-part epoxy system, bisphenol 
Nepichlorohydrin re in plu a polyamide hardener ,' in en­
hancing the soil bearing stTength of clay-silt ystems has been 
demonstrated against a baseline of an unstabilized clay-silt 
system (Table 2). The dry CBR test served as an evaluation 
tool for appraising the effectiveness of additive application. 
The dry test was chosen to enable the estimation of the effects 
of moisture content on the relative soil strength of a stabilized 
clay-silt system. 

2. Within the ranges of the experimental variables and the 
data obtained in this research, the two-part epoxy system 
studied is effective for additive applications between Y4 and 
4 percent at the least. The largest unsoaked CBR value ob­
tained was 135 at the 4 percent level of epoxy application. 

3. The nomograph for dry CBR value prediction developed 
from this research effort allows a quick estimate of the ex­
pected CBR for specified levels of soil stabilization parame­
ters incorporated into the model. The marginal increases in 
CBR values caused by a 1 percent increase in epoxy resin 
application level, clay-silt ratio, temperature (°F), and mois­
ture level are 11.1, 0.45, 0.14, and -5.6, respectively. The 
degradation of dry CBR value with increasing moisture con­
tent is consistent with engineering experience. 

4. In this study, the influence of moisture content in de­
grading the CBR value has been found to depend on the 
curing condjtion, the ratio of clay to silt, and temperature . 
At the 4 percent level of resin application, a waterproofed 
stabilized soil system is not obtained; therefore, a limited 
number of wet CBR tests have been performed. These wet 
CBR tests confirmed that soaked CBR values ranging from 
27 to 63 can be obtained even under 3 or 7 days of soaked 
test conditions. Above the 10 percent level of epoxy resin 
application, a waterproof system of stabilized clay-silt soil was 
obtained. Under unsoaked testing conditions the onset of 
CBR degradation occurs at moisture levels of about 14, 17, 
and 18 percent for clay-silt ratos of 0.4, 0.5, and 0.6, respec­
tively, on the basis of a cutoff dry CBR value of 40. In ad-
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dition, the combined effects of clay-silt ratio and temperature 
were found to be significant in influencing dry density, and 
consequently CBR values . This result is confirmed by the 
work of Carpenter and Lytton (8) that explains the internal 
forces at work in clay-silt systems and the contraction and 
heave behavior of such samples under different temperature 
conditions. 

5. On the basis of the cost of a laboratory validation ex­
periment succe sfully conducted to verify the effectiveness of 
the chemical tabilization method outlined in this study, the 
cost of epoxy resin chemical stabilization may vary between 
one and one-half to about four times the cost (of material, 
labor, and overhead) per cubic yard of conventional stabili­
zation (using materials such as cement). This cost does not 
take into account the pavement failure costs associated with 
construction on an unstabilized terrain. The higher estimate 
of relative cost factor, specified as four-fold, would probably 
be lower as the labor cost of construction increases, other 
factors remaining constant. Other factors that could conceiv­
ably affect the parameter include the prevailing clay-silt soil 
condition , equipment sophi tication, labor efficiency, volume 
or scale of epoxy resin stabilization, epoxy resin demand and 
production economics, and other market forces . 
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