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Foreword 
Under the constant pressure of materials source depletion, land-use 
zoning, and urban development the engineer has been forced to seek 
more and better ways of utilizing the earth materials in place for the 
construction of roadway support systems. In this search the techniques 
of stabilizing soils by addition of cementitious materials have been de
veloping through the years. 

The eight papers in this RECORD add to the knowledge regarding 
soil-lime and soil-cement stabilization in a way that should contribute 
to a more economical utilization of in-place earth materials. The con
tents of this RE CORD will be of interest to design, construction, and 
materials engineers as well as soils engineers. 

The first four papers deal with aspects of lime stabilization of soils. 
Thompson and Dempsey present confirming data to the long-held opinion 
that there is an autogenous healing of lime-stabilized soils. After initial 
strength losses due to freeze-thaw procedures and "stress flaw" forma
tion the tested specimens have evidenced significant strength regains. A 
theory of design based on residual strength is thus substantiated. The 
results of a study of a 10-year-old lime-stabilized plastic subgrade and 
the upgrading of marginal base course materials indicate, although not 
quite so dramatically as other road tests have, that the addition of lime 
in the proper amounts can substantially prolong the life of inferior ma
terials and permit the use of otherwise unacceptable subgrade soils. 
Ramsey and Lund report on the many aspects of this project. 

In the study of the deformation characteristics of lime-stabilized 
soils, Fossberg points up the effects of stress history and the resilient 
modulus, thus reiterating that lime has an immediate effect on the true 
angle of internal friction but that long-term strength gains occur through 
an increase in tbe true cohesion. Esmer, Walker, and Krebs back up 
the findings of Thompson and Dempsey concerning the regain of strength 
folloWing freeze-thaw cycles. These conclusions serve to emphasize 
the importance of prohibiting late-season construction. The authors 
also contribute an interesting observation with their comments on the 
possibility of pore openings increasing due to the freeze-thaw process 
and offer the additional comment that this contributes to a decrease in 
subsequent freeze-thaw damage. 

The next four papers present aspects of the continuing search to im
prove and refine the art of soil-cement stabilization. 

Roderick and Huston describe the construction and performance of a 
field test of soil-cement treated subbase and base courses in comparison 
with asphalt macadam base courses and gravel subbase courses. Pre
liminary results indicate no substantial differences, with the ever
present cracking problem remaining. Deflection and roughness mea
surements show interesting comparisons. 

George presents evidence to conclude that creep and shrinkage of 
soil-cement mixes are not independent phenomena. This leads him to 



state that prolonged curing of the soil-cement base should produce nar
rower cracks. Reduction in overall crack widths should lead to less 
crack reflection and subsequent deterioration. 

Huang and Roderick describe the possibility of using x-ray fluo1·es
cence as a means of determining the cement content of soil - cement 
mixes. They propose that field control could be accomplished through 
the use of a portable x-ray spectrometer, grinder mills, analytic balance, 
hydraulic press, and a desk caleulator. Wo1·king curves must be estab
lished, after which cement contents of the mix may be quickly determined. 

Arman and Dantin propose U1at the use of retarders to soil-cement 
mixes will provide a bond between layers by allowing them to be scarified 
and knit together, thereby permitting two- or three-layer soil-cement 
systems to be constructed utilizing the materials in place at considerable 
cost savings. 
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Autogenous Healing of Lime-Soil Mixtures 
M. R. THOMPSON and B. J. DEMPSEY, University of Illinois 

Autogenous healing characteristics of 2 lime-reactive soils were 
evaluated. Freeze-thaw testing with intermittent curing periods 
and initial "stress flawing" with intermittent curing were used 
to study the magnitude and significance of autogenous healing 
effects in lime-soil mixtures. Data from the study indicated 
that autogenous healing (strength gain in a flawed material) does 
occur following stress flawing or cyclic freezing and thawing of 
lime-soil mixtures. In fact, the terminal strengths of cured 
mixtures sequentially subjected to cyclic freezing and thawing, 
additional curing, and additional freezing and thawing were 
greater than the original cured strengths. 

This limited study of two lime-reactive soils indicated that 
autogenous healing does occur in lime-soil mixtures under fa
vorable curing conditions. It would be expected, based on past 
laboratory and field experience, that the conclusion is generally 
applicable to most lime-soil mixtures that display a substantial 
initial strength increase. The residual strength philosophy for 
establishing quality requirements for lime-soil mixtures to be 
used for various purposes (modified subgrade, subbase-base) is 
a valid concept. With favorable curing conditions, deterioration 
produced by various factors during critical portions of the mate
rials service life will likely be restored by the autogenous heal
ing process. 

•IN recent years lime has emerged as one of the most effective additives for improving 
the engineering properties of fine-grained soils. Numerous studies have shown that 
when lime is added to a fine-grained soil, plasticity is reduced, workability improved, 
shrinkage decreased, and with reactive soils, substantial strength increases are ob
tained and durable (freeze-thaw resistant) materials are produced. 

When lime-stabilized soils are used as pavement layers, it is apparent that the struc
tural integrity and load carrying capacity of the layer will be reduced as a result of 
cyclic freeze-thaw (Fig. 1), shrinkage and swell, weathering, fatigue, and stresses 
caused by overloading. However, if the stabilized soil has the ability to regain strength 
or heal with time, the distress produced will not be cumulative since autogenous heal
ing during favorable curing conditions would serve to restore the stability of the mate
rial. 

Autogenous healing studies of lime-fly ash aggregate mixtures by Callahan and Ahl
berg (2) and published (3) and unpublished data for lime-soil mixtures have indicated 
that autogenous healing may occur with these types of mixtures. 

The purpose of this study was to determine whether lime-soil mixtures, whose struc
tural integrity had been reduced by initial overloading or cyclic freezing and thawing, 
would regain strength or "autogenously heal" with time. 

PREPARATION OF TEST SPECIMENS 
Materials 

Two typical Illinois soils which react well with lime, Illinoian till (SangamonCounty) 
and Bryce B, were used in the study. Properties of the soils and lime-soil mixtures 

Paper sponsored by Committee on Lime and Lime-Fly Ash Stabilization and presented at the 48th 
Annuol Meeting. 
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are given in Table 1. A hydrated high calcium lime containing 96 percent available 
Ca(OH)2 with 95 percent passing the No. 325 sieve was used in all of the test mixtures. 

Mixture Design and Preparation 

Only that portion of the soil which passed the No. 4 sieve was used in the test mix
tures. The amount of lime added to the soil consisted of the optimum percentage (dry 
weight basis) determined from previous strength studies by Thompson (4). The re
quired amounts of soil and lime were initially dry mixed with a Lancaster mortar mixer 
to insure unifor m distribution of the lime. After dry mixing, enough water was added 
to the mixture to bring it to optimum moisture content and mixing continued for approx
imately three minutes. After mixing, the lime-soil mixture was tightly covered to pre
vent moisture loss and allowed to mellow for one hour before compaction. 

TABLE 

NATURAL SOIL AND LIME-SOIL MlXTURE PROPERTIES 

Soil 

General description 

Natural soil properties: 
AASHO classification 
< 2-µ clay, percent 
Liquid limit, percent 
Plasticity Index, percent 
Carbonates 
pH 
Predominant clay mineral 

Llme-suii rniALu1·~ v1·uvt.L i.~it:~. 
Lime treatment, percent 
AASHO T-99 compaction 

Optimum water content, percent 
Maximum dry density, pcf 

Compaction, blows/ layera 

Bryce B 

Humic-gley (B horizon) 
derived from thin loess 
over Wisconsinan drift 

A-7-6(18) 
52 
53. l 
28. 8 
Noncalcareous 
7.4 

Illlte 

5 

25. 8 
97.3 
45-30-15b 

~Number of blom per layer used in compacting 2-in. diameter by 4-in . specimens. 
Top-middle-bottom. 

Illinoian Till 

Typical lllinoian till 

A-6(6) 
14 
25.5 
11. 0 
18. 6 pel'cent 
8.3 

Illite-chlorite 

13. 0 
121 
60-35-lOb 



Compaction Procedures 

The specimens for the study were prepared by compacting the lime-soil mixtures 
into 2-in. diameter by 4-in. high circular steel molds in three equal layers. Each 
layer was scarified before placing the next layer to insure bonding . Compaction was 
accomplished by means of a hammer with a 2-in. diameter base which fits inside the 
mold. The compactive effort was applied by a 4-lb weight falling through a distance 

3 

of 12 in. Pilot studies indicated that when equal compactive effort was applied to each 
layer, nonuniform densities would occur in the 2- by 4-in. specimens. The compactive 
effort was greatest on the top layer and least on the bottom layer. This method of 
compaction produced a uniform density throughout the specimen height. The average 
density was equivalent to that obtained from AASHO T-99. The water content and den
sity of each specimen were carefully controlled in order to obtain nearly identical 
specimens. 

Curing Procedure 

Immediately after compaction, the lime-soil specimens were removed from the 
molds, marked, weighed, placed in plastic bags, and sealed. Tlie plastic bags pro
vided an effective means of maintaining the optimum moisture content in the compacted 
specimens during the curing period. The test specimens were placed on rigid boards 
after removal from the molds in order to prevent handling damage. An accelerated 
initial curing period of 48 hours at 120 F was used. 

LABORATORY METHODS 
Initial Overloading 

The split tensile strength test as described by Thompson (5) was used for measuring 
the strength recovery in lime-soil mixtures with time. For each lime-soil mixture, 24 
specimens were cured for 48 hours at 120 F in enclosed containers. After initial cur ing, 
12 of the specimens were flawed by loading in unconfined compression (0.05 in ./min ). 
The load was reversed immediately after the ultimate load had been reached. Four 
flawed specimens and four unflawed specimens were tested immediately in split tension. 
The remaining specimens were placed in plastic bags and recured for periods of 28 or 
56 days at 77 F. Four flawed and four unflawed specimens were tested in split tension 
after each of the recuring periods. Test results are given in Table 2. 

Cyclic Freeze-Thaw 

For each lime-soil mixture, 16 specimens were prepared and initially cured. Fol
lowing curing all specimens were subjected to a 24-hr water soaking period. After the 
soak period, 4 specimens were tested in unconfined compression (0.05 in ./min). 

The r emaining 12 specimens were subjected to 9 cycl es of freezing and thawing. The 
freeze-thaw t est was a directional freezing test (top-bottom) with a free water table at 
the bottom of the specimen. Each cycle consisted of 16 hr of freezing (22 F) followed 

TABLE 2 

INITIAL OVERLOADING STUDY DATA 

Unconfined 
Split Tensile Strengthb (psi) 

Lime-Soil Mixtures Initial Curing Compressive Additional Curing (days at 77 F) Strength a 
(psi) 

0 26 56 

lllinoian till, (1) 48 hr at 120 F 529 51 88 94 
3 percent lime (2) 48 hr at 120 F Unflawed 69 106 118 

Bryce B, (3) 46 hr at 120 F 240 32 36 41 
5 percent lime (4) 46 hr at 120 F Un flawed 33 45 49 

~Averoge of 12 specimens. 
Average of 4 specimens; split tensile strength is approximately 13 percent of the unconfined compressive 
strength (~). 
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TABLE 3 

CYCLIC FREEZE-THAW DATA 

Lime-Soil Mixture 

Illinoian till, 3 percent lime 

Bryce B, 5 percent lime 

0
Average of 4 specimens. 

Curing and Exposure 
Conditions 

(a) 48 hr at 120 F + 24- hr soak 
(b) a + 9 F-T cycle s 
(c) b + 48 hr at 120 F 
(d) c + 9 F-T cycles 

Same as (a) above 
Same as (b) above 
Same as (c) above 
Same as (d) above 

Unconfined 
Compressive 

Strengtha 
(psi) 

341 
280 
481 
466 

178 
137 
298 
196 

by an 8-hr thawing period at ambient room temperature. Details of the procedure 
are given elswhere (1). 

After 9 F -T cycles, 4 of the sp ecimens (randomly selected) were tested in compres
sion. The 8 remaining specimens were cured in sealed containers for an additional 48 
hr at 120 F. Following the second curing period, which would represent a summer 
condition following a severe winter of several F-T cycles, 4 of the specimens were 
tested in unconfined compression and the r emaining 4 were subjected to an additional 9 
freeze-thaw cycles before tested in unconfined compression. Test results are given in 
Table 3. 

ANALYSIS AND DISCUSSION OF AUTOGENOUS HEALING DATA 

Initial Overloading 

The effects of additional curing on the split-tensile strengths of the flawed and un
flawed lime-soil mixtures are shown in Figures 2 and 3. For both the Illinoian till and 
Bryce B mixtures, the flawed and unflawed strengths increased with additional curing at 
77 F . 
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The average strength differences between the Illinoian till flawed and unflawed spec
imens were 18 psi after initial curing and 24 psi after 56 days additional curing at 77 F. 

The flawed strength of the Bryce B mixture did not vary greatly from the unflawed 
strength after initial curing, but a difference of 8 psi was noted after 56 days additional 
curing at 77 F. The flawed specimens gained 9 psi and the unflawed specimens gained 
16 psi during the additional cui·ing periods. 

A randomized complete block factorial analysis of the data (Table 4) indicated that 
there was a significant influence (o: = 0.05) of curing time on strength. The interaction 
between flaw condition and curing time was not significant (a = 0.05) indicating that 
strength increase with time occurred regardless of whether the specimens were initially 
flawed. This phenomenon, strength gain in flawed material, is more commonly known 
as "autogenous healing." 

TABLE 4 

INITIAL OVERLOADING STUDY: ANALYSIS OF VARIANCE 

Source of Variation Degrees of Variance Freedom 

Total 47 
Replicates 3 15. 35 
Soll type 1 28, 275 
Flaw conditiona l 2, 015 
Curingb 2 3, 748 

Interactions: 
Soil type-flaw condition 1 609 
Soil type-curing 2 1,386 
Flaw condition-curing 2 42.8 
Soil type-flaw condition-curing 2 23. 7 

Error 33 56. 9 

~(a) No initial loading or (b) initial loading to ultimate compressive strength . 
Curing: O, 28, or 56 days at 77 F following initial cure of 48 hr at 120 F. 

*Significant F, C( = 0.05 . 

Calculated F 

496.9* 
35.4* 
65.8* 

10. 7• 
24.3* 
0. 75 
0.42 
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Cyclic Freeze-Thaw 

The effect of cyclic freezing and thawing, subsequent curing, and additional cyclic 
freezing-thawing is shown in Figure 4. It is apparent that autogenous healing has oc
curred to a substantial exlent for both s oils. In fact, the t er minal strengths of both 
mixtures , following 18 freeze -thaw cycles, are equal to or greatel' (a = 0.05) than the 
initial strengths. 

The general trend of str ength versus number of freeze-thaw cycles indicates that if 
freeze-thaw damage is cumulative from year to year, a low strength mater ial would 
eventually be pr oduced. However, damage is not cwnula:tive (Fig. 4) and autogeaous 
healing tends to restore the quality of the mixtures. 

Since many field projects have been providing satisfactory service for several years 
in some locations, this would also indicate that cyclic freeze-thaw deterioration is not 
cumulative. If a mixture satisfactorily survives the first winter of service, the strength 
of the material will incr ease, due to a sustained lime-soil reaction, to the extent that 
subsequent freezing and thawing will not reduce the mixtu.re strength to a critical level. 
The above concept was initially hypothesized in a st\ldy by Dempsey and Thompson (1), 
and the data of this study substantiate the position. -

General 

Callahan et al (2) have indicated t hat autogenous healing in lime-pozzolan-aggregate 
mixtur s was significant, especially at ear ly ages (after a small amount of initial cure) . 
They further stated that the amount of healing depended on the curing conditions, degree 
of contact of the fractured surfaces, and age at which initial fracture occurred. 

The effects of variable initial curing were not analyzed in this study since only one 
initial curing period (48 hr at 120 F) was used. This curing is approximately equivalent 
to 30 to 60 days of summer curing in Illinoi s. The pozzolanic r eaction in lime-soil mix
tures (a reaction between soil silica and/ or alumina and lime to form various types of 
cementing agents, primarily calcium silicates and/or calcium aluminates) which is re
sponsible for the strength increase will continue as long as free lime is available in the 
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soil and reactive soil constituents are present. Since the pozzolanic reaction in lime
soil mixtures occurs over a period of many years, it is apparent that strength loss 
caused by excessive load stresses, shrinkage and swell, or durability deterioration may 
be partially or completely recovered under appropriate curing conditions. 

It is possible that the formation of flaws in a lime-soil mixture may create new re 
action surfaces which may expedite strength r ecovery. The method (unconfined com 
pressive test) used in this study to introduce flaws into t he lime-soil specimens caused 
some of the flaws to open up rather widely. Autogenous healing probably did not occur 
along some fractures since there was no contact between the flawed surfaces. 

The autogenous healing process has several practical implications. If a soil will 
initially react with lime to produce a substantial strength increase, the results of this 
study suggest that subsequent lime-soil reactions may repair flaws produced in the ma
terial by various factors and may, in fact, produce a higher quality material than the 
one obtained following initial curing. 

Fatigue damage will be offset or minimized since during the summer months flexural 
stresses in the lime-soil layer will be reduced (due to stiffer subgrade support) and 
strength increases will be produced by the autogenous healing process. The preceding 
factors produce a combined effect of reducing the applied stress level when expressed 
as a percentage of ultimate flexural strength. 

Based on the above concepts one can justify basing initial strength requirements for 
various lime-soil mixture applications on the philosophy of residual strength. If the 
residual strength following the fir st winter of service is sufficient for the mixture usage 
(base-subbase-modified subgrade), sub sequent deterioration probably will not be of any 
major consequence since autogenous healing processes will tend to restore the quality 
of the mixture prior to additional freezing and thawing. The "residual strength concept" 
has been used by Thompson (6) for establishing general quality requirements for various 
lime-soil mixture applications . 

SUMMARY AND CONCLUSIONS 

This limited study of two lime reactive soils indicated that autogenous healing does 
occur in lime-soil mixtures under favorable curing conditions. It would be expected, 
based on past laboratory and field experience, that the conclusion is generally applica
ble to most lime-soil mixtures that display a substantial initial strength increase. 

The residual strength philosophy for establishing quality requirements for lime-soil 
mixtures to be used for various purposes (modified subgrade, subbase-base) is a valid 
concept. With favorable curing conditions, deterioration produced by various factors 
during critical portions of the materials service life will likely be restored by the autog
enous healing process. 
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Experimental Lime Stabilization in Nebraska 
W. J. RAMSEY and O. L. LUND, Nebraska Department of Roads 

In 1956, the Nebraska Department of Roads constructed an experimental 
project using hydrated lime in the stabilization of plastic subgrade soils, 
and in the upgrading of inferior base course materials. A previous re
port (1) gave early details of this project. This paper reports and sum
marizes the tests and observations made since construction. From the 
10-year study conducted on this experimental project it was concluded 
that hydrated lime is a suitable material to improve plastic subgrade 
soils and to use as an admixture to upgrade inferior base course 
materials. 

•IN 1956, Nebraska became interested in hydrated lime for use in the stabilization of 
soils and base materials. As a result of laboratory studies, an experimental project, 
including a lime-treated subgrade soil section and a lime-treated base course section, 
was constructed that summer. The project, a part of US 136, is located west of Tecum
seh, in Johnson County about 60 miles south and east of Lincoln. 

In 1959, a paper was published (1) giving details of the preliminary field in
vestigation, the laboratory study, design, location of the two test sites within each 
subdivision, preconstruction sampling, construction procedures, cost data, post
construction sampling and testing, and discussion of results. 

Since construction the following observations have been made: 

1. Fieid sampling and laboratory testing-intermittent basis. 
2. Benkelman beam deflection tests-spring and fall of each year, 9-kip wheel load. 
3. Cracking survey-fall of each year. 
4. Wheel path depression survey-fall of each year. Measurements obtained by 

measuring the amount of space between a 7-ft metal straightedge and the surface of 
the asphaltic concrete on 1-ft intervals; final measurements were taken with a level. 

5. General condition survey-fall of each year. 

In this report, the results of this study are summarized in two main sections: 

1. Lime-treated subgrade soil-design of the four 1500-ft subdivisions is given in 
Table 1. The treated subgrade soils were glacial clays having an AASHO soil class
ification range of A- 6 (11) to A-7-6 (17). 

2. Lime-treated base course-Table 1 gives the design of each subdivision. The 
granular material was a local coarse sand. Aftonian silt is an interglacial wind-blown 
layer deposited between the Nebraskan and Kansan glacial stages. 

LIME-TREATED SUBGRADE SOIL 

Laboratory Soils Tests on Field Samples 

During the field investigation, the plan had been to run unconfined compressive 
strength and routine soil tests on undisturbed cores. However, attempts to obtain 
cores using diamond and carbide-tungsten tipped core barrels in combination with 
wet and dry drilling techniques proved unsuccessful. In the 3 percent lime-treated 
~uUU.ivisiv11 w1dioti.&:i.-tc.:! 5Ci..ll"ipl~~ v.,·~:;;:~ ~!;:~~ !;; .. p~~~i~b :!. 3 - 'b~T 4-i!!. ~~!!!p!i!!g !1-!b'? 

Paper sponsored by Committee on Lime and Lime-Fly Ash Stabilization and presented at the 48th 
Annual Meeting. 
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Subdivision Number 

station to station 
AC surface course, in. 
Soil-agg. base co., in. 
Granular subbase co., in. 
Subgrade treatment, in . 
Lime,~ 
Remarks 

SUbdivision Number 

station to station 
AC surface course, in. 
Soil-agg. base co.1 in. 
Lime-Aftonian silt base 

co., in. 
Aftonian silt, ft 
Lime, f, 
Granular subbase co ., in. 
Remarks 

TABLE 1 

DESIGN OF EXPERIMENTAL SECTIONS 

Lime-Treated SUbgrade Soil Section 

1047 to 1062 
3 
4 
7 

None 
None 

standard design 

1062 to 1077 
3 
4 

None 
7 
3 

Lime -Treated Base Course Section 

1048 to 1061 1161 to 1174 
3 3 
4 None 

None 6 
None 15 
None 2 

7 5 
Standard design 

1077 to 1092 
3 
4 

None 
7 
6 

1174 to 1187 
3 

None 

6 
20 

4 
5 

1092 to 1107 
3 
4 

None 
7 

10 

1187 to 1200 
3 

None 

6 
20 
7 
5 

into the treated material. Since vertical cracks developed in the cores, unconfined 
compressive strength tests were not run. In the sections containing higher precent
ages of lime, the material was too hard to obtain samples in this manner; therefore, 
all testing was confined to disturbed samples. 

9 

The preliminary laboratory phase indicated that lime treatment apparently causes 
the agglomeration of some of the silt and clay-size particles with the net result that 
the soil is somewhat coarsened. However, it should be pointed out that the particles 
were weakly bonded and that by varying the mechanical mixer agitation period the re
sults of the tests could be changed. For this reason, a standard 5-min agitation period 
was established. More than usual grinding and crushing was required during sample 
preparation because of the hardness of the field samples. This extra manipulation 
probably resulted in further breakdown of the particle bonds. Therefore, it is believed 
that the soil tests performed on the lime-treated samples should be considered only as 
approximations. Some observations of the hydrometer tests, on samples taken from 
the subgrade (Table 2), may include: {a) all testing periods show that the most 

TABLE 2 

AVERAGE LABORATORY TEST RESULTS: LIME-TREATED SUBGRADE SOILS 

Hydrometer Tests Plasticity 
No. No . Tests Field Shrinkage Shrinkage Volumetric Lineal 

Days o! Sand 
Silt 

Clay - -- Moisture 
Limit Ratio Change Shrinkage 

Cure Testa O. 074 to Equiv. 
+0.074 mm 0.005 mm 

-0.005 mm LL PI 

(a) 3 Percent Lime-Treated Subgrade Soil 

Raw soil 2 23 42 35 45 24 24.40 12. 47 1. 85 22 . 07 6. 4 
16 6 44 45 11 38 9 30 . 99 21. 35 1. 58 15. 23 4.6 

600 4 39 55 6 38 8 34. 00 21. 80 I. 57 19 . 15 5. 7 
2600 3 26 62 12 38 13 
3850 6 22 55 23 38 14 33 . 70 17. 70 I. 71 27. 36 7. 8 

(b) 6 Percent Lime-Treated SUbgrade Soil 

Raw soil 2 16 56 28 42 23 23 . 45 15. 34 I. 78 14. 44 4. 4 
16 6 52 47 1 NP NP 36 . 46 25 . 53 I. 45 15. 85 4. 8 

600 4 59 40 1 NP NP 38. 25 27 . 51 1. 41 15. 14 4.6 
2600 3 49 47 4 NP NP 
3850 6 39 51 10 NP NP 35 . 35 28. 23 I. 41 10. 04 3.1 

(c) 10 Percent Lime-Treated Subgrade Soil 

Raw soil 2 13 55 32 43 22 23 . 35 14. 49 I. 80 15. 95 4.8 
16 6 42 58 0 NP NP 39 . 46 26. 44 I. 37 18. 08 5. 4 

600 4 57 42 1 NP NP 41 . 30 29. 60 I. 32 15.44 4. 7 
2600 3 NP NP 
3850 6 39 51 10 NP NP 36. 27 26. 58 I. 45 14.05 4. 3 
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pronounced effect of hydrated lime is the reduction of the percentage of clay-size par
ticles and an increase in sand, (b) in all three lime-treated subdivisions {3, 6 and 10 
percent) there appears to be a loss of the bonding effect of the lime with the passage 
of time, and (c) all tests seem to indicate that the effects of treatment with 6 and 10 
percent lime are essentially the same. 

One of the most publicized features of lime is its ability to reduce the plasticity in
dex of soils. However, there has been much discussion concerning this phenomenon 
since some believe this reduction to be permanent while others feel that eventually there 
will be some increase in the plasticity index. Table 2 indicates that all tests in the 6 
and 10 percent lime-treated subdivisions show the soils to be nonplastic following the 
lime treatment. The plasticity index of the soil treated with 3 percent hydrated lime 
was reduced from 24 to 9 in 16 days and to 8 in 600 days. However, the 2,600 and 
3, 850 day tests show that the plasticity index has increased to 13 and 14, respectively. 
This may indicate that when small percentages of lime are used in the treatment of 
glacial clays of the type and in the environment found on this project, early reduction 
in the plasticity index may be subject to a reversal with the passage of time. 

The results of the field moisture equivalent and shrinkage tests are somewhat erratic 
(Table 2). Even though the trends are difficult to ascertain, it does appear that hydrated 
lime causes definite changes in the field moisture equivalent, shrinkage limit, and 
shrinkage ratio. However, the effect is not clear-cut on the volumetric change and 
lineal shrinkage characteristics. 

Benkelman Beam Deflection Tests 

On each test site (2 per subdivision) Benkelman beam deflection tests were made on 
the inside and outside wheelpaths during the spring and fall periods from December 
1956 to October 1966. The seasonal Benkelman beam deflection tests fail to reveal a 
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Figure 1. Regression line plot of average spring and fall deflection tests, lime-treated subgrade soi I. 



well-defined relationship between percentage of lime and deflection. However, the 
outer wheelpath (OWP) deflection values in the 10 percent lime-treated subdivision 
are lower than those of the other subdivisions. 
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To summarize the data for each design, a spring and fall deflection value was cal
culated, using an average value of the tests taken in both wheelpaths. Figure 1 shows 
that during the first five testing periods there was a decided increase in deflection. 
Tests taken after the fall of 1958 show a general increase but at a much slower rate. 
Since the subgrade was extremely dry at the time of construction, the change in slope 
of the deflection versus time trend may be due to the increase in the moisture content 
of the subgrade soil. Using the deflection values of the tests taken between spring 1959 
and fall 1966, first degree polynomial curves were computed, using an IBM model 1620 
computer. After study of the data (Fig. 1) some possible observations are: 

1. The regression lines indicate that there is clearly an increase in deflection with 
the passage of time and the application of vehicular traffic for all four of the experi
mental subdivisions; 

2. The spring regression line for the standard design subdivision (0 percent lime) 
is flatter than the corresponding lines developed for the lime-treated subdivisions; 

3. The increase in the spring deflection values above the fall deflections for the 
10 percent lime-treated subdivision is smaller than for the other subdivisions; and 

4. The spring and fall regression lines for the 10 percent lime-treated subdivision 
plot below those developed for the other subdivisions; however, when the regression 
line slopes are compared, there appears to be no relation between slope and percent 
lime used. 

Transverse and Longitudinal Cracking 

During the 10 years that this project was under observation, a careful record as to 
the amount of yearly cracking was kept. An accumulative total of the data is shown in 
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Figure 2. No longitudinal cracking was found in the top lift of the asphaltic concrete 
in any of the subdivisions. 

Transverse cracking was first noted in all of the lime-treated subdivisions in the 
sixth year after construction. It was not until the eighth year that cracking began to 
occur in the standard design subdivision. 

From Figure 2, some observations of the cracking pattern at the end of the 10-yr 
period may include: 

1. There is less cracking in the standard design subdivision than in the lime-treated 
subdivisions; 

2. Less cracking occurred in the 10 percent lime-treated subdivision than in either 
the 3 or 6 percent lime-treated subdiv isions; 

3. The accumulative total cracking in the 3 and 6 percent subdivisions is approxi
mately the same; and 

4. The crack survey data show no relationship between cracking and percent lime 
used. 

Wheelpath Depression 

To determine if rutting was in the consolidation or displacement of the asphaltic 
concrete, or in one of the underlying courses, or a combination of these, thickness 
measurements were made of each course, at 1-ft intervals, across the 22-ft surface 
at both test sites in each subdivision. Some difficulty was encountered in taking the 
measurements due to the inability to distinguish a marked difference at the contact be
tween simila r courses, e. g., soil aggr egate base course and the granular subbase, 
lime-treated oils and unt i- eated soil s . From the average of these measurements a nd 
a s urfac1t survey a transverse cross section was plotted for each s ubdivision (Fig. 3). 
From this plot it will be noted: (a) for the standard design, some of the surface rutting 
is reflected in the soil aggregate base course and quite possibly in the granular 
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Figure 3. Average transverse cross section, lime-treated subgrade soil. 
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subbase; and (b) for the 3, 6 and 10 percent lime-treated soils, it appears that the sur
face rutting extends into the soil aggregate base course in all the lime-treated sub
divisions. Since the original cross section of the lime-treated courses were not taken 
it is difficult to ascertain if rutting extends into this layer. However, from examina
tion of the measured sections it appears that little if any rutting occurs in the lime
treated courses. 

General Surface Condition 

During the years that this project was under observation, in addition to the trans
verse and longitudinal cracking record, notations were made of other types of surface 
failure, for example, map or alligator cracking, distortion, and raveling. From com
pletion of construction in the fall of 1956 through November 1962 no failures occurred 
and no maintenance other than crack filling was required. 

The following is a yearly resume of failures which occurred after 1962. 

1963 Failures 

1. Standard design subdivision: none. 
2. Lime-treated (3 percent) subdivision: 50 ft of excessive rutting in the OWP of 

the right lane caused by displacement of the soil aggregate base course; no movement 
was detected in the lime-treated subgrade soil. 

3. Lime-treated (6 percent) subdivision: two areas (90 and 75 ft) of excessive rut
ting were found in the OWP of the right lane. Wheelpath depression measurements 
showed as much as 1. 8 in. of rutting in both areas. Deflection measurements in both 
failed areas were higher than the s ubdivision OWP average. In one of the failed areas, 
a transverse trench about 18 in. wide a nd 24 in. deep was dug to determine the cause 
of the excessive rutting. From measurements and visual inspection, it was found that 
the 'rutting was caused by movement and subsequent thinning (1.8 in.) of the soil aggre
gate base course. No depression or movement was detected in the lime-treated sub
grade soil. Holes bored in the other failed area showed a definite thinning (1 % in.) of 
the soil aggregate base course. Again no movement in the lime-treated subgrade soil 
was detected. 

4. Lime-treated (10 percent) subdivision: none. 

1964 Failures 

1. Standard design subdivision: none. 
2. Lime-treated (3 percent) subdivision: short failure due to fill settlement over 

a culvert. 
3. Lime-treated (6 percent) subgrade: none. 
4. Lime-treated (10 percent) subgrade: none. 

1965 Failures 

1. Standard design subdivision: six areas of map cracking, ranging in length of 
from 10 to 74 ft, were found in the OWP of the left lane. Depression measurements 
showed that excessive rutting was occurring in all of these areas. Benkelman beam 
deflection tests, taken on each side of the map cracked areas, were higher than the 
subdivision average. Some displacement of both the soil aggregate base course and 
granular subbase was noted. 

2. Lime-treated (3 percent) subdivision: none. 
3. Lime-treated (6 percent) subdivision: none. 
4. Lime-treated (10 percent) subdivision: none. 

1966 Failures 

1. Standard design subdivision: two short (8 and 13 ft in length) map-cracking areas 
were noted in the OWP of the left lane. Investigation of these areas indicated that there 
was some displacement of the underlying granular base courses. 



14 

TABLE 3 

UNCONFINED COMPRESSIVE STRENGTH LIME-TREATED BASE COURSE 

Number 
Days Cure 

sooa 
1380 
2580 
3810 

2~ Lime-Treated Base 

Min. Max. Avg . 

165 (l)b 

Unconfined Compressive strength (psi) 

4% Lime-Treated Base 

Min. Max. Avg . 

430 745 587 (2) 

559 3065 2030 (6) 

a2- by 2-in. cube cut from \2-in . diameter core. bNumber in par• ntheses is number of tests . 

7% Lime-Treated Baee 

Min. Max . Avg. 

405 795 600 (2) 
870 2310 1590 (2) 

1690 2010 1850 (2) 
1432 3249 2080 (9 ) 

2. Lime-treated (3 percent) subdivision: four map-cracked areas, varying inlength 
of from 6 to 51 ft, were noted. Investigation showed a thinning of the soil aggregate 
base course. There was no indication of movement in the lime-treated subgrade soil. 

3. Lime-treated (6 percent) subdivision: none. 
4. Lime-treated (10 percent) subdivision: none. 

LIME-TREATED BASE COURSE 

Laboratory Tests on Field Samples 

Due to the cementing properties of hydrated lime, when added to Aftonian silt
course sand mixtures, it was planned that the principal laboratory test to be performed 
on field samples would be the unconfined compressive strength test. The most success
ful method found to take cores was that of using a 4-in. diameter diamond tipped core 
barrel and wet drilling. However, this technique met with only limited success 
(Table 3). 

Table 3 gives the minimum, maximum and averagP, unconfined compressive strengths 
of the cores tested. It will be noted that: (a) the difference in the average 10-yr 
strength between the 4 and 7 percent lime-treated subdivisions is insignificant; (b) the 
lime-treated base material in the 2 percent subdivision was not cemented strongly 
enough to obtain cores; and (c) in the 7 percent lime-treated subdivision the average 
unconfined compressive strength shows an increase with each testing period. 

Benkelman Beam Deflection Tests 

For the 10-yr observation period Benkelman beam deflection tests were made on 
the inner wheelpath (IWP) and outer wheelpath during the spring and fall of each year. 
The deflections taken between the fall of 1956 and the spring of 1959 show more abrupt 
increases in deflection than those taken after this period. This change in the slope of 
the deflection versus time trend may be due to the increase in the moisture content of 
the subgrade soil. The seasonal deflection values for both the IWP and OWP show 
the expected relationship between lime content and deflection, that is, highest deflection 
for the 2 percent lime, lower deflection for the 4 percent lime, and lowest deflection 
for the 7 percent lime. The deflection for the standard design subdivision is some
times higher than the 2 percent subdivision but usually falls between the values of the 
2 and 4 percent lime-treated subdivisions. 

The points in Figure 4 are averages of the IWP and OWP deflection values for the 
spring and fall. The plotted regression lines are first degree polynomial curves cal
culated from the tests taken between spring 1959 and fall 1966. Some observations of 
the data are (a) except for the spring regression lines in the standard design subdivision 
whit:i1 ~i1uw it .:sii~i1L Uu-WiJ.WCi.i-d ti- ~iid., All i"264~GGiGU li~C8 i~di~:!.tC ~~ i~~!"e~~e !!! d.efle~
tion with the passage of time; (b) the regression line slopes of the 2 and 4 percent lime
treated subdivisions are steeper than those of the standard design or 7 percent lime
treated subdivisions; (c) the standard design regression lines show the smallest yearly 
deflection increase of any of the subdivisions; (d) in the 7 percent lime-treated sub
division the fall regression lines plot above the spring lines (the yearly rate of deflection 
increase shows these lines to be parallel); and (e) the regression line plots do not 
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Figure 4. Regression line plot of average spring and fall deflection tests, lime-treated base course. 

indicate a clear relationship between slope and percentage of lime used. However, 
when the 7 percent lime-treated base course deflection values and resultant regression 
line plots are compared with the same data obtained for the other lime-treated sub
divisions a definite improvement in supporting capability is apparent. 

Longitudinal and Transverse Cracking 

During the 10-yr observation period only a small amount of longitudinal cracking 
was observed: 2 percent lime-treated base = (1961) 39 ft and (1962) 2 ft; 4 percent 
lime-treated base = (1961) 117 ft. In all cases the cracking occurred in the right 
traffic lane (eastbound), about 1 ft from the edge of the top lift of the asphaltic concrete. 
It is believed that the cracking which occurred in 1961 might have been due to unusually 
heavy loads hauled to a nearby Atlas missile site which was under construction. 

The 10-yr cumulative transverse cracking total is plotted in Figure 5. Transverse 
cracking was first observed in the 4 percent lime-treated subdivision in 1959 and in 
the 2 and 7 percent subdivisions in 1961. It was not until 1966 that cracking was noted 
in the standard design subdivision and then only two cracks of 2 and 3 ft were found. 
It appears that all lime sections are equally susceptible to the cracking tendency. How
ever, due to the more rigid nature of the lime-treated bases, it was not unexpected 
that more cracking occurred in them than in the standard design subdivisions. 

At a number of locations in all three lime-treated subdivisions, cores were taken 
over the cracks. In every instance, in the 4 and 7 percent subdivisions, the cracks 
extended through the lime-treated base course. Since cores could not be taken in the 
2 percent subdivision and examination of the core hole sides did not show any evidence 
of cracking it is not known if cracks extended through the base material. 
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Figure 5. Yearly accumulative total of lineal feet of transverse cracking, lime-treated base course. 
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Wheelpath Depression 

To determine the extent of displacement in each layer, thickness measurements of 
the asphaltic concrete and underlying courses were made at 1-ft intervals. In all of 
the subdivisions, some difficulty was encountered in determining the contact between 
the base courses. A transverse cross section was plotted for each subdivision from 
the averages of these measurements and data obtained with a surveyor's level. From 
\Figure 6, it will be noted: 

1. Standard design: surface rutting extends into the soil aggregate base course; it 
is also believed that there may be some displacement in the granular subbase course. 

2. Lime-treated (2 percent) base: some of the surface rutting is reflected in the 
underlying lime-treated base; it is doubtful if the granular subbase is displacing. 

3. Lime-treated (4 percent) base: from study of the cross section, it appears that 
a slight amount of the rutting in the left lane may extend into the lime-treated course. 
In the right lane, it is doubtful if rutting extends into this course . It is not believed 
that the irregularities occurring in the granular subbase are the result of the surface 
ruts. 

4. Lime-treated (7 percent) base: only a slight amount if any of the surface rutting 
is reflected in the lime-treated course. 

General Surface Condition 

Condition surveys were made on each subdivision at least once a year. A record 
was kept on the amount of map cracking, distortions or other types of failures. The 
results of the survey in each subdivision follows. 

Standard Design 

None, 1956 through 1966. 

2 Percent Lime-Treated Base Course 

None, 1956 through 1965. 
In 1966, two map-cracked areas 8 and 10 ft in length were noted in the OWP of the 

left lane. Deflection tests taken adjacent to these areas were the same as the sub
division average (OWP-0.058 in.). Wheelpath depression measurements in these areas 
were about 0.1 in. deeper than the left lane, OWP average of O. 52 in. Measurements 
in holes bored in these areas did not indicate any noticeable thinning of the lime-treated 
base material. 

4 Percent Lime-Treated Base Course 

None, 1956 through 1964. 
In 1965, eight feet of map cracking was found in the OWP of the right la11e; the 

cause of this failure could not be attributed to the lime-treated base course. 
None, 1966. 

7 Percent Lime-Treated Base Course 

None, 1956 through 1966. 

CONCLUSIONS 

The following conclusions are based on tests and observations made during the ten
year study. 

Lime-Treated Subgrade Soil 

1. The results of the soil tests are somewhat inconclusive. However, it appears 
that more long-range benefit may be gained when 6 to 10 percent lime is added than 
when smaller percentages are used. 
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2. The Benkelman beam deflection tests fail to reveal a well-defined relationship 
between percentage of lime and deflection; however, from the deflection tests and re
gression line plots the following summarizes the best performance rating of the four 
experimental subdivisions: (a) deflection magnitude, 10 percent lime; (b) rate of de 
fl ection increase, s tandard design; (c) relationship of spring to fall deflection, 10 per
cent lime; and (d) projected 15-yr deflection, 10 percent lime. 

3. All lime-treated subdivisions were more susceptible to transverse cracking 
than the standard design subdivision. 

4. In the lime-treated subdivisions no failure could be attributed to the inability of 
the lime-treated course to perform its function. 

5. As a result of this project, it was concluded that hydrated lime is a suitable 
stabilizing agent to improve plastic subgrade soils. 

Lime-Treated Base Course 

1. The difference in the average 10-yr unconfined compressive strength between 
the 4 and 7 percent lime-treated base course material is insignificant. 

2. When only 2 percent hydrated lime is added to the base material, it appears 
that little if any strength is gained through the cementing properties of the lime. 

3. The seasonal deflection values are inversely proportional to the percentage of 
lime used. The deflections in the standard design subdivision usually fall between the 
values of the 2 and 4 percent lime-treated subdivisions. On the basis of the deflection 
tests and regression line plots the following summarizes the best performance rating 
of the four experimental subdivisions: (a) deflection magnitude, 7 percent lime; (b) rate 
of deflection increase, standard design; (c) relationship of spring to fall deflection, 7 
percent lime; and (d) projected 15-yr deflection, 7 percent lime. 

4. The lime-treated base courses appear to be more susceptible to cracking than 
the untreated base course. 

5. Except for a slight amount of map cracking which developed in the OWP of the 
2 and 4 percent lime-treated subdivisions, no failures occurred in any of the subdivisions. 

6. It appears that hydrated lime is a suitable material to use as an admixture to 
improve the performance of inferior base course materials. Apparently more benefit 
is derived when 4 to 7 percent lime is added to the base material than when lesser 
amounts are used. 
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Some Deformation Characteristic© of 
A Lime-Stabilized Clay 
PER E. FOSSBERG, fustitute of Transportation and Traffic Engineering, 

University of California, Berkeley 

A montmorillonitic clay was stabilized with 10 percent lime, 
molded at relatively high water contents, cured for 2 and 5 weeks, 
and tested with repeated loading in triaxial compression under 
various confining pressures and under drained and undrained con
ditions. The purpose of the test program was to investigate the 
effect of deviator stress and confining pressure on vertical strains 
and resilient modulus. 

Each sample was tested at successively increasing deviator 
stresses. The results indicate that stress history effects have 
to be considered when evaluating permanent strains at low num
bers of load repetitions, and also when interpreting such data in 
terms of fatigue behavior. Furthermore, the permanent defor
mations suffered under increasing repeated load stress levels 
depend largely upon the interplay between these stresses, the 
water content and the confining pressure; however, a general 
prediction as to the relative effect of these three factors cannot 
be made. 

Not taking possible stress history effects into account, the 
tests show a relatively regular pattern of resilient strains, and 
conversely, resilient modulus, which invariably increases with 
increasing confining pressure and with decreasing deviator 
stress-a finding in full agreement with that obtained for other 
types of stabilized materials. Based on all the tests performed, 
reasonably good correlations exist between resilient modulus and 
principal stress ratio at various water contents. A convenient 
model for these relationships is presented. 

•THE search towards rational methods in pavement design, based on elastic theory, 
has been intensified over the past few years. It appears that this work has mainly 
been concentrated in two areas: (a) development of adequate models for the theoretical 
analysis of layered systems, and (b) accumulation of knowledge of materials properties, 
particularly in regard to resilient behavior. 

While model development has now advanced to a stage where multilayered systems 
can be analyzed fairly satisfactorily, knowledge of materials behavior necessary for 
the theoretical solutions is rather incomplete, particularly when dealing with stabilized 
materials. In the latter area, the present state of the art may be summarized as in 
Figure 1. 

Seed et al (!) when investigating the effect of confining pressure, cr3 , and deviator 
stress, ad, on the resilient behavior of clays and clayey soils, found that the effect of 
confining pressure on the resilient modulus , MR, is relatively small, while the mag
nitude of the applied deviator str ess is all important (Fig. la). 
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Figure 1. Resilient modulus as a function of 
stresses for three types of soi Is. 

On the other hand, for cohesionless 
materials, as reported by Trollope et al 
(2) for a sand, and by Mitry (3) for a dry 
granular material, the resilient modulus 
increases with an increase in confining 
pressure, but is independent of the de -
viator stress level provided a failure con
dition is not reached. Mitry established 
a unique relationship between MR and a

3 
(Fig. lb). 

For stablized materials having both 
frictional and cohesional characteristics, 
it is to be expected that both confining 
pressure and deviator stress play an im
portant part. Thus, Gregg et al (4), test
ing a bitumen-stabilized windblown sand, 
found that MR is markedly influenced by 
both confining pressure and deviator stress 
and is inversely related to the ratio be
tween the major and minor principal 
stress. Monismith et al (5) reporting on 
an asphalt-emulsion-treated base arrived 
at essentially the same conclusion, that 
MR increases with increasing confining 
pressure and with decreasing deviator 
stress. The general r elationship (Fig. le) 
thus would hold true for these materials. 
While there is reason to believe that the 
same relationship holds true for cement

stabilized materials, the present paper serves to illustrate that it also applies to a 
lime-stabilized clay. 

MATERIAL AND TEST PROCEDURES 

The soil used in the present investigation was a black clay, residual from the 
weathering of norite, brought from Onderstepoort, Transvaal. The main mineral 
constituents are quartz and Ca-montmorillonite, with lesser amounts of hydrous mica, 
kaolinite and feldspars. Some of its relevant properties are given in Table 1. This 
clay was stabilized with 10 percent (by weight of dry soil) of high-calcium lime. This 
stabilizer content may seem high, but it is not when considering the large amount of 
clay present and the activity of this soil as compared to clayey gravels where a lime 
content of 4 to 5 percent is frequently used, but where the bulk of the material is 
coarse and relatively inert. 

Samples to be tested in triaxial compression were prepared at two water contents, 
51 and 77 percent. The clay-lime for the first set of samples was mixed for about one 
hour in a screw-type mixer operated 
under vacuum to obtain a high degree 

TABLE 1 
of saturation. In completion of the 
mixing, the samples were extruded 
through a 1 %-in. diam. nozzle and 
cutin 3-in. lengths. The second set 
of samples was mixed for about an 
hour in a small pugmu1, agam with 
the application of suction. These 
samples were "cast" in 1 %-in. 
diam. cylindrical molds, to a length 
of approximately 4 in., which was 
later trimmed down to 3 in. All 

INDICATOR PROPERTIES OF ONDERSTEPOORT CLAY 

Property 

Liquid limit, ~ 

Plasticity index, ~ 

Linear shrinkage, ~ 

Material < 2 µ, ~ 

Specific gravity 

Activity 

Raw Soil 

70 

42 

20 

57 

2.69 

0. 74 

With 10 Percent Lime 

77 

28 

10 
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samples were cured at 20 C, at a relative 
humidity exceeding 90 percent. 

As it was desired to evaluate the test 
results in terms of effective stresses, 
full saturation of the samples was re
quired. To achieve this, the samples 
upon completion of the curing period were 
soaked under water for four hours, with 
gradual application of suction at a rate of 
approximately 1 in. Hg per 10 min, up 
to 23 in. Hg, then the suction was grad
ually reduced over 30 min. The speci
mens were then mounted in triaxial cells, 
and isotropically consolidated overnight 
at pressures of 10, 20, and 40 psi. Prior 
to repeated load testing, an internal back 
pressure was gradually applied up to 30 
psi, while simultaneously the cell pres
sures were increased to 40, 50, and 70 
psi, respectively. 

The samples were tested in repeated 
loading, using equipment basically similar 
to that used at the Soil Mechanics and 
Bituminous Materials Laboratory of the 
University of California, Berkeley, de
scribed by Seed et al ( 6). The frequency 
of loading was 20 per min, with a load 
duration of % sec. Different samples 
were used for each confining pressure, 
but each sample was tested at increasing 
stress levels until failure. The number 
of stress applications at each stress level 
generally ranged between 5000 and 9000. 
Vertical deformations were measured 
with dial gages. 

The specimens were tested under 
drained or undrained conditions, in the 
latter case with measurement of pore 
pressures. The term undrained is not es

sentially correct in this context; the system was closed during the whole test sequence 
at each stress level, permitting measurement to be made of the effect of repeated load 
applications on the "off-load" pore pressure. The equipment did not allow for pore pres
sures to be measured during loading; so during each stress application, temporary 
"drainage" took place. 

TEST RESULTS 

Typical patterns of permanent and resilient strains as functions of number of load 
repetitions at increasing stress levels are shown in Figures 2 and 3. Figure 2 rep
resents drained test conditions at an effective confining pressure of 20 psi, for the clay
lime mixture with an initial water content of 51 percent, cured for 2 weeks prior to 
repeated loading. Figure 3 gives data for undrained tests on the clay-lime with an ini
tial water content of 77 percent cured for 5 weeks, and also the variation in off-load 
pore pressures, starting with an effective confining pressure of 10 psi. 

Permanent Strains 

Each sample having been tested at increasing stress levels, the permanent strain 
data have been plotted in terms of cumulative values (Figs. 2a and 3a). Typically, the 
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Figure 4. Permanent strains vs deviator stress in 
drained tests at various confining pressures. 

curves for permanent strain show only littie increase with the number of load rep
etitions, N, at low counts. Invariably in the present investigation, however, the slope 
of permanent deformation versus the logarithm of the number of load applications in 
this low range of N appears to be even flatter than normal, representing approximately 
a constant value. Part of this effect may probably be ascribed to stress history. Be
yond this range of N (usually occurring around 100), the permanent strains increase 
markedly, indicating that the effect of stress history is less significant. This would 
tend to show the desirability of carrying the number of load repetitions well beyond 
100 when doing tests at increasing stress levels on the same sample. On the other 
hand, the number of load repetitions applied at each but the last stress level was not 
sufficient to show whether the sample was perfectly stable (which would be indicated 
by the permanent strains tending towards a constant value at high numbers of load rep
etitions), or whether a failure condition was approached (which would be indicated by 
a drastic increase in permanent strains at high counts). Evaluation of fatigue life at 
various stress levels was not the purpose of this investigation; however, it clearly is 
important that such stress history effects be taken into account when interpreting fa
tigue test data. 

Figure 4 gives the available data for permanent strains as a function of deviator 
stress and confining pressure under drained conditions for the two clay-limes. The 



23 

values are cumulative in the sense that Figure 4a sums up the permanent strains suf
fered during the first 50 load applications at each stress level, disregarding deforma
tions occurring thereafter; in Figure 4b the same is true at 5000 load applications. 
The slope of the curves thus represents the rate at which permanent strains increase 
with deviator stress. 

For the clay-lime with an initial water content of 51 percent, the tests carried out 
at 10-psi and 20-psi confining pressure show a progressive increase in permanent 
strains with increasing deviator stress, indicating a gradual weakening of the sample
the effect of which is more pronounced the lower the confining pressure. In all the 
other samples, however, permanent strains increase relatively rapidly during the ap
plication of the lowest deviator stresses. The reason for this effect, which is more 
pronounced the higher the confining pressure, is not clear, but it would appear that 
consolidation of the sample cannot be the cause as the observed drainage (or, at the 
lower confining pressures, water absorption) during this first phase was relatively 
small. This conclusion is corroborated by the insignificant change in pore pressures 
that took place in the undrained samples during this first phase. In the second phase, 
the permanent strains again increase progressively with the deviator stress. 

The data in Figure 4 show that the effect of confining pressure on permanent strains 
cannot always be predicted, particularly when dealing with materials at high water con
tents or relatively low dry densities. The aspect of fatigue behavior, being highly 
related to imposed strains, also cannot be uniquely related to confining pressures. 

Pore Pressures 

Figure 3c shows a typical pore pressure development in an undrained test under an 
initial confining pressure of 10 psi. At low and intermediate levels of deviator stress, 
repeated stress applications are accompanied by a decrease in off-load pore pressures, 
indicating dilatancy of the soil skeleton. Other tests in this series, carried out at an 
initially high confining pressure (40 psi), consistently show an increase in pore pres
sures (serving to reduce the effective confining pressure) indicative of compression 
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of the soil skeleton during repeated loading. These findings would indicate that the 
concept of a critical relationship between void ratio and confining pressure may, at 
least qualitatively, be valid also for stabilized soils. 

At high levels of deviator stresses, a tendency towards compression is indicated 
(and more so, the higher the initial confining pressure) in that the pore water pressure 
increases, thereby reducing the effective confining pressure. This effect of reduced 
confining pressure is accompanied by rapidly increasing permanent and resilient strains 
indicative of incipient failure. 

In this context an opposite effect observed in undrained tests on an asphalt- stabilized 
sand (7) is of interest. At fairly low initial confining pressures, but even at stress 
levels-close to failure, pore pressures were found to fall with increasing number of 
load applications, which would indicate that at this confining pressure the void ratio of 
the sample was below the "critical." In this dilatant state close to failure, a remark
able reduction in resilient strains took place, probably due to the increased effective 
confining pressure. 

Resilient Strains 

In Figures 2b and 3b, resilient strains increase progressively with increasing de
viator stress. At low and intermediate stress levels, there is relatively little varia
tion of resilient strain with number of load repetitions. Whether this behavior is a 
typical feature of this material or is due to stress history effects has not been estab
lished. In accordance with expectations, a comparison of test results obtained at var 
ious confining pressures shows that resilient strains decrease with increasing effective 
confining pressure. 

Resilient Modulus 

The resilient modulus (deviator stress divided by resilient strain) increases with in
creasing confining pressure and with decreasing deviator stress. This is well illus
trated in Figure 5, which gives data for the clay-lime mixture v.1.th an initial water 
content of 51 percent and cured 2 weeks prior to repeated loading. In accordance with 

~ 

a. 
.. 15 
0 

' ~ 
" " 10 "O 
0 
~ 

N • 5 0 Load Repetitions 

~ 5 .6 

·;;; 
a. .. 
9 15 

02 
u;/u.' 

0 .5 10 

A 

B 
c 

~ 
a. 

Drained Undrained 
Tests Tests 

0 • 
"' • 
D 

N•5000 

Initial ln1 hO I 
Weier Dry 

Con lent, Density, 
% pc! 

77 56 

51 71 

51 71 

b 15 

' ~ 
~ B~ 

.... " 
~ iO 
0 

::;o 
,, .. ... ., 

... + 

Curinc;i 
Time, 
Weeks 

~ 

2 
5 

~ 15 ... 6 
G 

;;; ;/.! __,..!'...".-"~~ 
~ o~~~_,...~~~ · ~~~~~ 

0 .05 0.1 0 .2 0 .5 1.0 

Figure 6. Model for the relationship between resilient modulus and principal stress ratio. 



25 

the findings for resilient strains, there is relatively little variation in resilient mod
ulus with number of stress applications, except at high deviator stresses where the 
resilient modulus is markedly reduced at high numbers of load repetitions. 

An analogous diagram to that in Figure 5, although somewhat less consistent, is 
obtained for the clay-lime mixture molded at 77 percent water content. The data in 
Figure 5 do not strictly comply with the concept of the resilient modulus being a sim
ple function of the principal stress ratio, but do indicate that such a relationship is a 
reasonable approximation. Various models can be devised to establish the desired 
relationship; the best representation found is given in Figure 6, based on data from 
both drained and undrained tests and involving the major and minor principal effective 
stresses, a: and a3', respectively. This semilogarithmic representation yields a 
relatively small spread of the data points and allows for a linear relationship to be 
drawn. Thus, for the clay-lime molded at a water content of 51 percent and cured for 
2 weeks, this line can, at 5000 load repetitions, reasonably well be expressed by 

MR 200.000 (1 + 0.75 log ~'/a1') psi 

at least within the range of data here available. 
For the same clay-lime mixture, but cured for 5 weeks, a limited amount of data 

based on undrained tests, were produced. As shown in Figure 6, the increased curing 
time causes an increase .in the resilient modulus but it appears that the modulus for 
this longer cured sample is less affected by the principal stress ratio. This is reason
able, in that the cohesional component of resistance, being essentially independent of 
confining pressure, is proportionately larger the longer the curing time. In support 
of this, reference can be made to shear strength tests on this clay-lime as reported 
by Fossberg (8), showing that the lime has an immediate effect in increasing the true 
angle of internal friction, but that long-term gain in strength is mainly achieved through 
increase in true cohesion. 

Figure 6 also gives the resilient modulus of the clay-lime mixture molded at a water 
content of 77 percent and cured for 5 weeks. Again we note the practically linear cor
relation with the logarithm of the principal stress ratio. As is to be expected, the 
resilient modulus at any one stress condition is considerably lower for this material 
than for the same molded at 51 percent water content. 

CONCLUSIONS 

The present investigation has shown that the resilient properties of a lime-stabilized 
clay, possessing pronounced cohesional and frictional characteristics, are strongly 
influenced by both deviator stress and confining pressure. This is in full agreement 
with the reported behavior of asphalt-stabilized sands and asphalt-treated granular 
bases. Furthermore, similar behavior can be expected for cement-stabilized mate
rials, as also for natural "intermediate" soils, such as certain silts and clayey gravels. 

A reasonable relationship has been established between resilient modulus and prin
cipal stress ratio at various water contents. If the same kind of relationship can be 
obtained for other types of stabilized materials and for intermediate soils, the full 
range of combinations of cohesional and frictional properties will be covered. 
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Freeze-Thaw Durability of 
Lime-Stabilized Clay Soils 
ERKAN ESMER, West Virginia Institute of Technology; and 
RICHARD D. WALKER and ROBERT D. KREBS, Virginia Polytechnic Institute 

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

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

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

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

MATERIALS 

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

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

PROCEDURES 

Sample Preparation 

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

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

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

01" Lime H Lime 8i Lime 

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

Dry 
Opt . 

Dry 
Opt. 

Dry 
Opt. 

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

(pcf) (pcf) (pcf) 

Lodi 55 59 45 14 94.2 25.5 90.0 27.5 89.0 28.0 

Cecil 55 62 44 18 90.5 29.5 86.6 31.5 85.0 32.5 

Iredell 48 69 28 41 100.5 24.0 91.3 27.0 88.8 29.5 

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

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

Freezing-and-Thawing Tests 

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

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

TO TEMPERATURE RECORDER FROM THERMOCOUPLES 

SPECIMEN ---++--==----''-

SATURATED 
SA~~ !..~'!'£~ 

Figure I. Diagram of freeze-and-thaw box. 

HANDLE 
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placement in the boxes for open-system testing. The insulating properties of the styro
foam box and the layers prevented the saturated sand layer from freezing; this supplied 
the water source for the open-system specimens thus simulating a groundwater supply 
in nature. 

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

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

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

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

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

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

Unconfined Compressive Strength 

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

Pore Characteristic Studies 

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

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

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

where 

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

r f(v) 

V Jctv = fy (r) 1Tr2 ctr 

S JctS = 2Jy (r) 1Tr ctr 

(1) 

(2) 

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

r = 2;' (4) 

r 

v 

f rdV 

0 

v 

(5) 

(6) 

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

Permeability 

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

RESULTS AND DISCUSSION 

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

Effect of Lime on Zero Cycle Strength 

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

Effect of Freezing-and-Thawing Cycles 

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

TABLE 2 

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

Unconfined Compressive Strength (psi)a 

Percent No. Cycles 

Lime Lodi Cecil Iredell 
Open Closed 

Open Closed Open Closed Open Closed 

0 0 83 76 65 61 69 60 

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

0 0 211 208 155 169 76 76 

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

0 0 175 157 143 180 124 124 

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

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

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

Pore Characteristics 

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

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

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

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

Permeability 

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

SUMMARY 

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

Pore characteristic and permeability data, although somewhat erratic, showed cer
tain trends that indicated that freezing and thawing opened up the pores, reducing the 
damaging effects of later freeze-thaw cycles. Additions of lime clearly increased pore 
size and permeability. 
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Rhode Island 214-Soil-Cement Test Section 
G. L. RODERICK, University of Wisconsin-Milwaukee; and 
M. T. HUSTON, University of Rhode Island 

An 0.8-mile test road with two control sections and five test 
sections with cement modified subbases, soil-cement bases 
with and without Na2S04, and rock base, was constructed the 
summer of 1967. Moisture-temperature cells were installed 
at selected sites. Final cement contents were greater than the 
design because of difficulty in attaining full-depth processing. 
Benkelman beam deflections were less on control sections and 
greater on other sections in the spring than in the fall. Pave
ment roughness improved in the same period. Base courses 
had primary influence on plate bearing deflections; sections 
with Na2S04 in the base were less rigid than those without. 
Surface cracks developed, due to temperature contraction of 
bases, in all sections with soil-cement bases; the amount of 
cracking was related to pavement rigidity. Sections with rock 
bases did not crack. No frost heave occurred. The maximum 
depth of frost penetration was 19 in. on two brief occasions. 
Subgrade moisture varied by 2 to 6 percent with lows in fall 
and highs in spring. Cement-treated subbase moisture was 
low in fall and high in spring, whereas gravel borrow subbase 
moisture remained constant. The overall condition of the road 
is good. Observations are to be continued . 

.JN 1963 a laboratory study was initiated to determine the best practical method of 
stabilizing the abundant silty soils of Rhode Island. Study of various trace chemicals 
with portland cement led to the conclusion that Na2S04 was the most beneficial. The 
results of the study have been detailed by Nacci, Moultrop and Huston (1). To confirm 
or modify the conclusions of the laboratory study, and to determine the feasibility of 
using soil-cement road construction in Rhode Island, an experimental test road was 
constructed and is being evaluated. This paper presents some of the results obtained 
to date. 

DESCRIPTION OF THE TEST ROAD 

The test road is an approximately 0.8-mile section of R. I. 214, a state secondary 
road, in Middletown, Newport County. This area normally has considerable frost ac
tion. The roadway is 44 ft wide, consisting of two 12-ft traffic lanes and two 10-ft 
shoulders of the same structural design. Figure 1 shows a schematic presentation of 
the base and subbase composition of each of the seven sections; each is surfaced with 
3 in. of bituminous concrete. The control sections are of the normal state design; the 
test sections were designed to be of like capacity. Cement contents of the base courses 
were determined by Portland Cement Association test methods (2) . 

During construction, soil moisture cells (Soiltest MC-310A) were installed beneath 
the centerline and 11 ft either side of centerline at stations 16 + 00, 22 +00 and 26 + 00 (sec
tions 3, 4 and 5). In sections 3 and 5, the cells were installed at depths of 6, 11, 15, 19 and 
24 in. beneath the surface; in section 4 the depths were 11, 15, 19 and 24 in. Periodic 

Paper sponsored by Committee on Soi I-Portland Cement Stabilization and presented at the 48th Annual 
Meeting. 
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Figure 1. Composition and sequence of test and control sections . 

resistance readings of the cells are converted to temperature and moisture contents. 
Well points were installed at each side of the road at the instrumented sites for obser
vation of water table fluctuations. 

· -- Only the C horizon material at the site was used for construction of cement-treated 
bases and subbases; the B horizon soil contained organic material detrimental to ce
ment reactions. The glacial till was quite stoney; stone sizes ranged from boulders 
with maximum dimension of about 2 ft to gravel. The maximum stone sizes allowed 
in the finished cement-treated courses were 4 in. in the subbases and 3 in. in the bases. 
Table 1 gives the properties of a typical soil of the group. Classifications ranged from 
A-2-4 to A-4(3), predominantly A-4. 

Type 1 portland cement was used throughout. Sodium sulfate was supplied in granu
lar form. 

CONSTRUCTION 

Specifications for construction of test sections were modified from PCA suggestions 
(3); detailed specifications were included in the initial-preconstruction report (4). 
- Since only C horizon material was to 

TABLE 1 

PHYSICAL PROPERTIES OF TYPICAL SOIL 

TexluruJ compoiiltlon: 
Gr avel (3 ln. -2.QO mm), 'f, 
Sand (2.00- 0.074 mn1 ), 'f, 
Silt (0.074 - 0.005 rn m), 'f, 
C1ay (0.005 mm ), ~ 

Cons istency limits: 
Liquid limit, 'f, -- .... .. ,'// 
.t"l i:l ~LH; lUU lL1 f" 

Classification 
Textural 
AASHO 

Optimum moisture 
(with 9 % ce ment), 'f, 

Maximum dry density, pcf 

20.5 
29.5 
46.0 

4.0 

21.2 

Gravelly silt-loam 
A-4(3) 

12.0 

125 

be used in cement treatment, it was re
moved and stockpiled in the fall of 1966. 
The B material was placed in the subgrade. 
After a rainy spring, construction of sub
bases began in late June 1967. Because of 
the stoney nature of the material it was 
necessary to screen it before replacing it 
on the area from which it was taken. 

Pulverization and mixing of the mate
ri~ll'I w:il'I done in place with a Trav-L-Plant 
multiple-pass rotary mixer. A bulk cement 
truck with a compressed air distributing 
system and a pressure distributor truck 
were used for applying cement and water 
to the roadway. Normally, one section 
(600 ft) of subbase or base was constructed 



TABLE 2 

CEMENT CONTENTS OF SUBBASES AND BASES 

Section 

Subbase 

Sect 2 

Sect 3 

Sect 5 

Sect 6 

Sect 7 

Base 

Sect 3 

Sect 5 

Sect 6 

Sect 7 

Station 

7 + 50 
10 + 50 

13 + 50 
16 + 50 

25 + 50 
28 + 50 

31 + 50 
34 + 50 

37 + 50 
39 + 50 

13 + 50 
16 + 50 

25 + 50 
28 + 50 

31 + 50 
34 + 50 

37 + 50 
39 + 50 

Cement (%dry wt soil) 

By ASTM 

7.5 
7. 5 

4.0 

8.9 
10.6 

6.8 
11.2 

6.8 
5.8 

21.0 
15.8 

20.5 
11.5 

7.6 

12. 2 
9.6 

Field Estimate 

5.5 

3.5 

5.2 

5.4 

5.3 

9.5 

10.8 

6.5 

10.3 

Design 

3.5 

11 

10 

39 

per day. Each section was processed 
in 5 or 6 strips, 8 to 9 ft wide; com
paction of one strip was concurrent 
with processing of the adjacent one. 
Na:i804 was added to the bases of sec
tions 6 and 7 with the mix water. The 
water in the distributor was heated to 
120 F, bagged Na2S04 dumped in to 
give a 20 percent solution, and the ma
terial kept circulating in the tank. No 
difficulty was encountered in keeping 
the Na2S04 in solution. 

Cement-treated subbases were fin
ished on July 5, bases on July 10, rock 
bases on July 13 and the surface on 
July 27, 1967. Rain hampered con
struction on occasion. In particular, 
the last soil-cement base strip to be 
processed, the right shoulder of sec
tion 6, was drenched by a downpour 
after mixing. Compaction was delayed 
for several hours and was inadequate; 
however, the section was left in that 
condition. 

No difficulty was met in meeting 
the pulverization requirements. Two 

passes of the truck per processing strip were usually required to spread the cement. 
Cement spread was checked on each pass by weighing the amount caught on a canvas 
of known area. Samples were taken, over the full depth, from the processed material 
for subsequent cement content determinations by the ASTM method (D806-57). Table 
2 gives determined cement contents and the average of field checks. Determined ce
ment contents are consistently higher (and in some cases considerably higher) than 
field estimates. Although this may be partly due to the inadequacy of the cement con
tent test, the larger discrepancies were apparently caused by failure to obtain mixing 
to the full depth intended. Cores taken after construction showed in many cases that 
the bottom inch or more was more weakly cemented. The rotor blades of the mixer 
should have been replaced more frequently. 

In applying water with Na~04 in the bases of sections 6 and 7 it was found that less 
water (solution) was required to obtain optimum compaction moisture. Therefore, the 
amount of Na2S04, based on field application, was about 0.8 percent rather than the 1 
percent design. 

A light steel-wheeled roller was used on the initial compaction pass to push down 
stones; subsequent compaction was with a pneumatic roller. In all cases compaction 
was above the specified 95 percent, with an average of 99 percent of maximum density 
attained. 

The moist base course soil was used as curing material for completed subbases. 
Completed bases were covered with a bituminous seal. A thin layer of sand prevented 
pick up of the seal by construction equipment. Sections with Na2S0

4 
appeared to harden 

more rapidly than those without. 

POSTCONSTRUCTION FIELD TESTS 

The test road will be under observation for a number of years. A program of peri
odic field tests and condition studies will be conducted. The following is a discussion 
of the results through June 30, 1968. 

Traffic Count 

During the week of January 11-17, 1968, an automatic traffic counter was used. 
The WADT was 4182vehicles; 71 percent of the traffic was between 7:00 a. m. and 6:00 
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Figure 2. Layout of Benkelman beam deflection test sites . 

p. m. On May 2, a visual count of traffic and vehicle types was made between 7:00 and 
6:00. The total was 3365 vehicles of which less than 3 percent were trucks with dual 
wheels. 

Benkelman Beam Deflection Test 

Benkelman beam deflections were obtained at permanently marked sites August 
9-11, 1967, and again April 4, 1968. Figure 2 shows the location of the 16 test sites 
of section 1; all other sections were tested at like points. 

A modified Canadian Good Roads Association test procedure was used. Rebound 
surface deflections were measur ed with the dual wheels over the beam probe and at 
2, 4, 6, 8.83 and 50 ft ahead of it. The truck had 11-in. x 20-in. 12 PR dual tires at 
13.5 in. center-to-center spacing and 72 in. between centers of duals. Tire pressures 
were maintained at 80 psi; the rear axle load was an evenly distributed 18, 000 lb. During 
testing the air temperature varied from 64 to 89 F in the fall a.11d 59 to 73 Fin the spring; 
pavement te mperature varied from 72 to 103 Fin the fall and 57 to 95 Fin the spring. 
Table 3 gives the results for both series of tests. Figure 3 shows mean deflection data. 

The two control sections gave smaller average deflections under a 9000-lb wheel 
load in the spring than in the fall. All other sections gave larger deflections, includ
ing section 2 with a rock base over cement-treated subbase. This suggests the dif
ference in deflection behavior is due to the subbase ; decreased deflection in control 
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Figure 3. Mean Benkelman beam deflections. 

SECT 
7 

sections may be due to densifica
tion of the subbase under traffic. 
The moisture of the gravel bor
row subbase remained nearly 
constant while tbat of cement
treated subbase was greater in 
the spring. 

Reasonable allowable deflec
tions of 0.020 in. for sections 
with granular bases and 0.012 
in. for sections with soil-cement 
bases were assumed on the basis 
of suggestions elsewhere (5). The 
dashed lines in Figure 3 repre
sent these allowable values. In 
August, only sections 2 and 4 ex
ceeded the allowable. but in April 
mean deflections were greater 
than allowable for all but sections 
1 and 5. More detailed study of 
the data revealed that, in all 
cases, the April deflections were 
greater than allowable in the outer 



TABLE 3 

BENKELMAN BEAM DEFLECTION TEST RESULTS 

Mean Max. Def!, Standard Deviation, Coeff. of Vari-

Section D(in. x 10-') cr (in. x 10-•i ation, V (:') 

Aug 67 Apr 68 Aug 67 Apr 68 Aug 67 Apr 68 

1 20 18 7 7 34 37 
2 22 29 14 11 64 36 
3 9 13 4 6 49 49 
4 31 29 6 8 20 29 
5 9 11 3 6 40 54 
6 11 13 5 4 44 34 
7 9 13 3 5 32 40 

wheelpath of the shoulders; however, deflections were less than the allowable in the 
inner wheelpath and traffic lanes of sections 1, 3, 5 and 6 and in the traffic lanes of 
section 7. Sections 2 and 4 had greater than allowable deflections in all lanes, bo'th 
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fall and spring; again, the largest values were in the outer wheelpaths of the shoulders. 

Roughometer Tests 

Roughometer tests, with a BPR-type roughometer, were conducted on August 16-17, 
1967, and again on May 14, 1968. Figure 4 shows the results in terms of the rough
ness index, RI, for the traffic lanes. Each RI value is the average of several runs. The 
riding quality of the pavement improved, with the exception of section 7. The reason 
for the increased roughness of section 7 is not apparent; however, the event marker of 
the roughometer was inoperative during the May test and a portion of the accumulated 
deflection assigned to section 7 may belong to section 6. The sum of RI values for the 
two sections is less in May in the southbound lane and only slightly higher in the 
northbound. 

The improvement in riding quality is probably due to smoothing of surface irreg
ularities by traffic. One run on each shoulder in May showed that these lanes, with 
less traffic, had a higher RI than traffic lanes in most cases. 

Studies in Illinois (~) relate RI to the riding quality of flexible pavements as: 

RI< 60-very good, smooth 
60<RI<105-good, smooth to slightly rough 

105<RI<145-fair, rough 

On this basis section 7 rates fair while all other sections are good. 
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Figure 4. Roughometer test resu Its. 
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Plate Bearing Test 

Nonrepetitive plate bearing tests were conducted on the pavement surface of all sec
tions between March 14 and April 4, 1968. During this period the moisture in the sub
grade remained fairly uniform and there was no frost in the road. Air temperatures 
during testing varied from 24 to 58 F. 

Tests were made at two sites on each section on the line dividing shoulders and 
traffic lanes, 150 ft from each end of the section, once on the right and once on the left. 
Loads were applied to a 12-in. diameter rigid plate by means of a hydraulic jack re
acting against a large dump truck filled with sand. Surface deflections were taken at 
two points on the circumference of the plate. 

Figure 5 presents results, after correcting loads for deadload and gage calibration, 
for 5 load increments. Deflections for control section 4 were considerably larger than 
for control section 1. This is probably due to a soft subbase condition at time of com
pletion of the base course; a portion of section 4 near station 19 + 50 was barricaded 
against heavy equipment at that time. Comparison of deflections for control section 
1 and section 2, rock base with 5 percent cement-treated subbase, indicates the dif
ference in subbase had little effect on deflections. Nearly the same values were ob
tained for the rock base over 12 in. of gravel borrow and 8 in. of cement-modified 
soil. 

Sections 3 and 5, with soil-cement base, gave smaller deflections than sections 6 
and 7, with soil-cement plus Na2S04 • The relatively large deflection at station 31 + 50 
(section 6) was probably due to the rain and delayed compaction as mentioned earlier. 
No reason is apparent for the relatively large deflections of section 7; it is hoped cores 
scheduled to be taken from the roadway will yield an explanation. From the present 
data, it appears sections with Na2S04 are less rigid than those without. However, this 
apparent lesser rigidity may be due to the temperature cracking pattern developed 
during the winter months. Unfortunately, plate bearing data were not obtained before 
winter. 
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Figure 5. Plate bearing test results, spring 1968. 
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Figure 6 . Location ond lengths of surface crocks, spring 1968. 

Crack Survey 
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36+00 

The first cracks to develop in the pavement surface were noted on January 8 during 
the first cold period of the winter. Subsequent cracking occurred during the remainder 
of the winter, again primarily during cold periods. On April 4, a crack survey was 
made with width, length and position of all surface cracks recorded. Figure 6 shows the 
position and relative lengths of cracks in the sections affected. Table 4 summarizes 
results of the study. Section 3 also had 38 ft of longitudinal cracks. 

All cracks were from 0 to Ya in. wide, displayed very little or no raveling, and 
once developed there was no increase in width. There was no detectable differ
ences of elevation on the two sides of cracks, i.e., they did not result from heave. 
Since no cracks developed in sections with rock bases, and since cracking occur
red in cold weather, it was concluded the cause was temperature contraction of 
soil-cement bases. The first cracks developed at the instrumentation sites at sta
tions 16 + 00 and 26 + 00, apparently due to weak zones resulting from installation 
of moisture cells. 

There is an apparent correlation between surface cracking and plate bearing test 
results. Section 5, with a soil-cement base, developed the greatest amount of surface 

Section 

l 
2 
3 
4 
5 
6 
7 

Total 

TABLE 4 

TRANSVERSE CRACKS, APRIL 1968 

Cracks (ft) 

0 
0 

133 
0 

279 
198 

47 

657 

Percent 
of Total 

0 
0 

20.2 
0 

42.5 
30. 1 

7. 2 

100.0 

cracks and is also the most rigid as shown 
by plate bearing results. Section 7, with 
soil-cement plus Na2S04 base, had the least 
cracking and the least apparent rigidity. 
Presumably, the sections with lesser 
amounts of surface cracking developed a 
greater number of small cracks which 
were not reflected through the wearing sur
face. Whether or not this cracking pat
tern was the result of a lesser base rigid
ity, the influence of N~2S04, or some other 
factor, is not known. No plate bear ing 
tests were made before the cracks de-



44 

TABLE 5 

RANGE OF SUBGRADE MOISTURES 

veloped; therefore, the apparent ri
gidity may be due to the cracking 
mechanism or vice versa. 

Station 

16 + 00 
Soil-cement 

22 + 00 
Control 

26 + 00 
Soil-cement 

Depth (in.) 

19 
24 

24 

19 
24 

Right 

13.0-15.0 
12.0-15.0 

20.5-24.0 

14.5-18.5 
14.5-18.5 

Moisture ('.t) 

Center 

14.0- 17.0 
12.5-18.5 

17.5-20.5 

14.5-16.5 
15.0-17.0 

Left 

13.0-16.0 
12.5-16.0 

18.0-23.0 

12.5-15.5 
12.5-15.5 

After a period of hot weather, 
many of the surface cracks noted in 
April have closed and are no longer 
visible. 

Frost Action 

Continuous air temperature data 
were obtained from a weather station 
near the test site. Analysis of the 
records established a freezing index 
of 325 degree-days for the winter of 

1967-68. The lowest temperature was -5 Fon January 9, the only time below zero. 
Pavement temperature measurements at stations 16 + 00, 22 + 00 and 26 + 00 showed 
that freezing temperatures penetrated more than 6 in. for only two brief periods, Jan
uary 6-15 and February 13-22. The maximum measured depth of penetration was 19 
in. each time and this depth was not maintained for more than a day or two. 

There was no evidence of frost heave at any time in any section. Periodic checks 
of surface elevation showed no change. 

Subgrade Moisture 

As expected, subgrade moisture fluctuated to some extent throughout the test period. 
Moisture cell readings were taken at least twice weekly and more often during the win
ter months. In general, low moisture contents occurred in late September and during 
the January freeze period. The higher moisture contents were in late March and early 
April. Table 5 gives the maximum and minimum subgrade moistures at each instru
mented site. 

The greater than design cement content of cement-treated subbases changed the 
resistance properties of the material so resistance readings could not be converted to 
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Figure 7. Water table fluctuation and rainfall. 
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moisture contents. Also, the gravel borrow material for control subbases was not 
available in time to establish moisture cell calibrations before the cells had to be in
stalled. However, resistance readings do indicate the direction of moisture change if 
not magnitudes. Resistance data show that the cement-treated subbases had their low
est moisture in the fall and highest in the spring, and the gravel borrow subbase main
tained a nearly constant moisture since shortly after completion of construction. 

Since the first surface cracks appeared at the instrumented sites, resistance read
ings in the soil-cement bases reflect moisture accumulation in the cracks rather than 
any change in the base itself. 

The depth to the water table was measured at 4 ft from each edge of the pavement 
at each of the instrumented sites. The lowest water table occurred in late September
early October and the highest in late December and late March. Figure 7 shows partial 
results. The depth of the water table on the right (downhill) side of the road and ac
cumulated rainfall are plotted at one-fourth month intervals. Rises in the water table 
occurred with or shortly after periods of substantial rainfall. 

SUMMARY 

1. Cement Content-Determination of cement contents, by ASTM D806-57, were 
consistently greater than estimates from field checks during cement application. The 
larger discrepancies were due to insufficient depth of mixing. 

2. Traffic-The WADT is 4182 vehicles, of which less than 3 percent are trucks 
with dual wheels. 

3. Benkelman Beam-Control sections deflected less in spring than in fall while 
all other sections deflected more. Apparently subbases of control sections became 
more stable under traffic. 

4. Roughometer-Pavement riding qualities improved during the test period due to 
smoothing of surface irregularities by traffic. 

5. Plate Bearing-Base courses had primary influence on deflections. Sections 
with soil-cement plus Na

2
S0

4 
appear to be less rigid than sections with soil-cement 

alone. 
6. Cracks-No surface cracks appeared in sections with rock bases. Cracks caused 

by temperature contraction of base slabs occurred in all sections with soil-cement 
bases. There is an apparent correlation between cracking and plate bearing deflections. 

7. Frost Action-There was no evidence of frost heave. The maximum frost pene
tration depth was 19 in. for only two brief periods. 

8. Pavement Moisture-Subgrade moistures fluctuated by 2 to 6 percent; the lows 
were inSeptember andJanuary and the highs inMarch-April. Cement-treatedsubbase 
moisture was low in fall and high in spring, while rock borrow subbase moisture re
mained nearly constant. Depth to the water table correlated well with rainfall. 

CONCLUSIONS 

On the basis of the partial results obtained at the time of writing, the following con
clusions and observations are made: 

1. Rhode Island silts of the type encountered on this project can be adequately 
stabilized for highway purposes by addition of cement or cement plus sodium sulfate. For 
the amount and type of traffic using the road, adequate stability could probably have 
been attained with lesser amounts of cement than were used. 

2. The objective of determining the long-range effects of sodium sulfate must await 
further observations. Inclusion of sodium sulfate apparently accelerates the initial 
cement reactions leading to greater early strengths. There is some indication that 
sodium sulfate may influence the temperature cracking pattern of soil-cement bases; 
however, further testing is needed. 

3. Although the anticipated costs of control and test sections were comparable, 
actual construction costs are not yet available. For this project, it is felt that actual 
construction costs for the soil-cement (and sodium sulfate) test sections may be con
siderably higher than those for the control sections. 
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Cracking in Pavements Influenced by 
Viscoelastic. P roperties of Soil-Cement 
K. P. GEORGE, University of Mississippi 

To develop a better understanding of shrinkage cracking (which is known 
to be time-dependent) of pavement layers, the author believes that the 
material should be considered to be viscoelastic rather than elastic . A 
step is taken in this direction when a viscoelastic model is proposed for 
setting up the stress-strain-time laws for soil-cement. Results of a 
series of constant stress creep tests indicate that the Burgers model 
shows the greatest promise in mechanical simulation of actual soil
cement behavior. Rheological parameters that control the soil prop
erties are evaluated from the test data. The experimental study of 
creep has proved beyond doubt that creep and shrinkage are not inde
pendent phenomena. That is, the soil-cement which exhibits high 
shrinkage also shows generally a high creep. 

The implications upon the crack spacing and crack width of the hy
pothesis that the stress-strain relation tends to be time-dependent are 
discussed. The fact that shrinkage stresses developed ina viscoelastic 
material are on the average about 50 percent smaller than those in a 
comparable elastic material is significant insofar as crack frequency is 
concerned. Evidence is overwhelming that rapid shrinkage favors large 
stresses in the material. The agreement between the observed or re
ported values of crack width and that computed according to the visco
elastic theory is excellent. 

In predicting the behavior of pavement layers subjected to ambient 
conditions, the viscoelastic approach is superior to any known elastic 
or empirical laws. The results show convincingly that cracking of ce
ment base can be controlled by adequate extended curing. 

•THROUGH the use of stabilizing agents, locally available road materials are cur
rently being stabilized for economical highway construction. Of the dozen or so dif
ferent materials reported in the literature, those most commonly used are cement, 
lime, lime-fly ash, and asphalt. Although it is generally believed that under field con
ditions the behavior of the resulting material tends to be inelastic, all of the available 
methods employed to estimate the stresses in the bases and subgrades are based on 
the conditions of ideal elastic behavior. There is a great need, therefore, for a sys
tematic investigation of the stress-strain-time relationships (simply known as creep) 
of these materials. Creep is defined as the total time-dependent deformation of the 
material due to load. A knowledge of the creep in stabilized soils is particularly valu
able in the study of the drying shrinkage and the resulting cracking by virtue of the hy
pothesis that shrinkage and creep are interdependent phenomena. 

The principles of viscoelasticity have been successfully used to explain the mechan
ical behavior of high polymers and much basic work (1) has been accomplished in this 
area. Mechanical models used t9describe the deformation-time behavior under stress 
consist of combinations of elementary units of springs and dashpots in series or paral
lel. The relationship between stress cr and strain £, respectively, for the spring 

Paper sponsored by Committee on Soi I-Portland Cement Stabilization and presented at the 48th Annua I 
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and the dashpot is a = Et: and a = 11(dt:/dt) where E = Young's modulus (lb- in. - 2
) and 

'17 =modulus of viscosity (lb-sec-in. - 2
). The fundamental models of linear viscoelas

tic solids are the Maxwell model and the Kelvin model, which are comprised of spring 
and dashpot arr anged, respectively, in a series and in par allel. The stress-strain
time behavior of these models is treated in standard references on viscoelasticity and, 
therefore, will not be discussed here. 

In recent yea:r,-s, the theory of viscoelasticity has been employed to explain the me 
chanical behavior of asphalt mixtures (2, 3, 4) and soils (5, 6). The present investi
gation, however' is directed to the study of the viscoelastic -behavior of soil-cement, 
and to the application of these concepts in developing a better understanding of crack
ing in pavements. Although the results and discussions are specially applicable to the 
rheological behavior of soil-cement, the concepts presented herein are considered to 
have a wider applicability. 

A soil-cement base, or any pavement layer for that matter, which tends to contract 
becfl.use of shrinkage or ambient temperature, if fully or partially prevented from do
ing so, will be severely stressed in tension. When the stress exceeds the tensile 
strength of the material, the base cracks. Accordingly, George (7) has presented 
simplified solutions to the crack-spacing and crack-width problem-: In this study, it 
is assumed that the material is perfectly elastic. The implications of a more realistic 
hypothesis that the stress-strain relation tends to be time-dependent are discussed in 
the present paper. Using information obtained from a series of constant stress creep 
tests, the author chooses an appropriate mechanical model for predicting the deforma
tional behavior of soii-cement. Analytical solutions, show'mg the influence upon crack 
spacing and crack width of the rheological parameters of the material, will be pre
sented. The predicted value of the crack width is compared with that obtained from 
field observations. Using the rheological model, the researcher extends the theoret
ical study to bring out the effect of shrinkage rate upon the ambient stress and in turn 
the cracking. 

MATERIALS AND METHODS 

Materials 

The scope of the study made it necessary to restrict the laboratory investigation to 
tests on two soils. Table 1 gives compositional data and a brief statement of physical 
properties. Grain-size distribution of these soils is illustrated elsewhere (l, Fig. 3, 
p. 62). For convenience, each soilisidentified by aoneletter-two digit system, for ex
ample K03 means soil No. 3 with kaolin as the predominant clay mineral. 

Type I portland cement and distilled water were used in preparing test cylinders. 

Sample P1·eparation 

'£he procedure for preparing the soil and blending the soil-cement mixture has b en 
described elsewhere (!!). The test cylinders, 2.8 in. in diameter and 8.4 in. high, were 

TABLE 1 

SOIL IDENTIFICATION AND COMPOSITIONAL DATA 

Description 

Gradation (:t; finer by wt) 
2mm 
0.05 mm 
0.002 llllll 

Liquid limit, <t 
Plastic limit 
Shrinkage limit, <( 
Textural c1assU!cat1on 
Engineering classification 
Predominant clay mineral 
Optimum moisture, <t 
Proctor density, pcf 
Maximum linear shrinkage on 

drying in 55:1 RH, in ./in. 

K03 
(Tishomingo County, Miss .) 

92 
20 
16 
31 
10 
20 

iiandy 
A-2-4(0) 
Kaolinite 

13. 5 
118.B 

0. 0025 

M30 
(Vicksburg, Miss .) 

100 
92 
23 
37 
13 
22 

Silty ciay 
A-6-9 

Montmorillonlte, illite 
17.0 

110.3 

o. 0129 



Figure 1. Schematic of loading frame to test for 
creep. Mechanical advantage of the lever sys

tem 40. 
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molded according to the ASTM Suggested 
Method of Making and Curing Soil-Cement 
Compression and Flexure Test Specimen 
in the Laboratory. 

Apparatus and Test Procedure 

The cylinders, after seven days' moist 
curing, were tested in a constant axial 
creep test in the loading frame (Fig. 1). 
Dial gages reading to 0.0001 in. served 
to measure the deformation. The sus
tained stress applied to the specimens 
approximated 50 percent of the ultimate 
strength. 

Although creep in tension was relevant 
insofar as cracking in pavements was con
cerned, some difficulties were encoun
tered in its experimental determination; 
therefore, it was decided to evaluate creep 
in compression. To justify this approach, 
the results of a 10-year study on concrete 
made by the U. S. Bureau of Reclamation 
(9) may be cited. The authors concluded 
that the magnitude of creep in tension and 
in compression was of the same order, 
and both were similarly affected by vari
ous factors. 

DISCUSSION OF RESULTS 

Although the major emphasis in this study was on evaluating the effect of creep on 
cracking of pavements, one important result which evolved during the experimental 
determination of creep warrants special mention here. 

Effect of Drying Shrinkage on Creep 

A brief survey of the literature on the creep of concrete revealed two prevalent 
points of view concerning the influence of drying shrinkage on creep. One school of 
thought holds that creep and shrinkage are additive. Creep is thus calculated as the 
difference between the total time deformation of the loaded specimen and the shrinkage 
of a similar unloaded specimen stored under the same conditions during the same 
period. The other viewpoint is that drying of moisture during a period of sustained 
loading influences creep. The creep results shown in Figure 2 pertain to identical 
soil-cement test specimens, one exposed in a 55 percent relative humidity (RH) con
dition (curves labeled a) and the other sealed against moisture gain or loss (curves 
labeled b). These results and others not reported here emphasize that creep and 
shrinkage are not independent phenomena. 

Based on the present study, the following conclusions seem relevant. First, for a 
given soil-cement mixture, creep is higher the lower the relative humidity. Second, 
as seen from the results of soil M30, a mixture which exhibits high shrinkage generally 
also shows a high creep. It is hoped that more detailed results will be presented in 
another report (10). 

In view of the finding that drying enhances creep, the author decided to perform 
creep tests under conditions of nearly 100 percent RH. 

Influence of Creep on Shrinkage-Cracking 

Shrinkage Cracking of Pavement Layers-Elastic Solution-Cracksinpavementlayers 
may be due to the contraction caused by two factors : changes in moisture content and 
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ambient temperature. Since the contraction resulting from drying is more important 
in s tabilized soils than that caused by temperature, emphasi s in this study 's on th 
cracking caused by drying shrinkage. Tension stresses can be set up in a slab as a 
r esult of linear shrinkage. If the slab is fr ee to move (no friction between the slab 
and the underlying layer), stresses will not result. If friction exists between two ad
jacent layers, however, restraint results in the top slab from the friction forces. In 
long slabs the friction forces may be sufficient to cause over-stressing of the material 
which produces a crack. Based on these assumptions, George (7) has derived expres
sions for crack spacing and crack width. Respectively, these equations are 

Lmax 
2 Ou 

(1) --
1-"Y 

and 

oT E:c L -~ (2) 
4 Et 

where 
Lmax slab length at which tensile stresses become critical, ft; 

Ou ultimate tens ile strength, lb-fC 2
; 

µ. coefficient of sliding friction; 
y unit weight of material, lb-ft-3

; 

OT total crack width, ft; 
E:c total shrinkage, in./in. ; and 
Et modulus of elasticity of soil-cement in tension, lb-ft- 2

• 

From Eq. 1, it appears that for a specific slab placement, the crack spacing is a 
direct function of the tensile strength of the material; wher eas from Eq. 2, it can be 

deduced that the crack width is primar -
ily a function of the linear shrinkage. 

. 
"' 
c 

- M30, 107o cemem 

0 .8 - --- K03, 6'o/o 

~ 0.41-----..;-.i------1------+--l 

"' 
(bl 

(bl 

.o-----....0.- ----
40 80 120 

Figure 2, (a) Creep of test specimens exposed in a 
55 percent RH condition; creep is calculated as the 
difference between the tota I time deformation of the 
loaded specimen and the shrinkage of a similar un
loaded specimen. (b)Creepof test specimens sealed 
against moisture gain or loss-soil: silty clay (M30) 
at 10 percent and sand (K03) at 6 percent cement; 
stress level: 50 percent of ultimate, 165 and 195 

psi, respectively. 

Some approximate calculations for 
crack spacing and crack width were 
made with the soil properties chosen 
as follows: Soil K03 with 6 percent ce
ment is calculated to have a tensile 
strength of 33 lb-in.- 2 (60 percent of 
the laboratory strength), a unit weight 
of 119 lb-ft- 3

, a shrinkage of 0.0010 
in./in. (8), and a modulus in tension of 
66,000 lb-in. - 2

• The coefficient of sub
grade resistance was assumed to be 3.0 
(11) . Calculations show that Lmax = 
27 ft, and OT = 0.238 in. When the com
puted quantities were compared with 
those observed in the field, ·there was 
reasonable agreement between the pre
dicted and observed values of crack 
spacing. So far as crack width was con
cerned, however, the agreement was 
extremely poor. For example, the mea
sured crack width ranged from 0.02 in. 
to 0.10 in., which bracketed the average 
value of 0.02 in. reported by Marshall 
(12). 
- The disparity in results can be at

tributed to the fact that in deriving Eqs. 
1 and 2, it is tacitly assumed that 
cement- treated soil is perfectly elastic . 
This assumption may not be valid. The 
following discussion, therefore, is an 
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Figure 3. Strain-time relationship for the linear and 
the Burgers models: (a) assumed load-time relation
ship; (b) the linear model; (c) strain-time relationship 
for the linear model; (d) the Burgers model; and (e) 

strain-time relationship for the Burgers model. 
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attempt to rationalize these expres
sions , based on a realistic hypothesis 
that the material is viscoelastic. 

Rheological Model for Soil-Cement
As stated p r eviously, the theor y of 
viscoelasticity is concerned with the 
relation between strain as a function 
of time and stress as a function of 
time. To illustrate this behavior con
veniently, several mathematical mod
els have been proposed. A model that 
is to represent accurately the me
chanical properties of the material 
should contain certain elements that 
simulate the major characteristics 
(elastic, inelastic and/or time-depen
dent strain) observed in various me
chanical tests. Besides the Maxwell 
fluid and the Kelvin solid, there are 
numerous ways of systematically 
building up more complicated models. 
Of these composite models, the linear 
model and the Burgers model have 
been chosen for further study and 
verification. To illustrate their suit
ability to predict the behavior of soil-
cement, typical results of tests on a 
particular mixture are also presented. 

The linear model is obtained by adding a Maxwell model to a Hookean model in par
allel, as shown in Figure 3b. The behavior of this system simulates a material with 
a continuous skeletal structure. The coupled parallel Maxwell unit serves to transfer 
the load to the elastic elements in the model following the relaxation or lag time dic
tated by the Newtonian model. The general strain-time curve, for a constant stress 
applied at t = 0, is given in Figure 3c. When this cur ve is compared to that for a typ
ical soil-cement mixture (Fig. 4, data points) the drawback of this model is apparent 
in that the removal of cr af ter a cer tain period of time, say t = t

1
, will cause the model 

to regain the lost strain . This is governed by the relaxation time. The linear model , 
therefore , i s abandoned and will not be fur ther discussed here . 

The Burgers model combines in a series the Kelvin and !VlPxwell models as shown 
in Figure 3d. In the phenomenological theory of linear isothermal viscoelasticity the 
constitutive law for the Burgers model is 

O" + 
71m Ek + '17m Em + 71k Em dcr 

Em Ek dt 
(3a) 

where 

£ = strain, in./in.; 
er stress, lb-in. - 2

; 

t time, sec; 
E modulus of elasticity, lb-in. - 2

; 

T7 modulus of viscosity, lb-sec-in.- 2
• 

Subindices refer to model elements in Figure 3d. 
This equation can be written in the normalized form: 

(3b) 
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in which 

'l'lm Ek + 11m Em + 7Jk Em 
P1 = Em Ek 

The solution of Eq. 3a for strain f: for a constant stress cr acting between t = 0( =t0 ) 

and t = t
1 

is 

((t) cr [ E~ + 'I'!~ + Elk ( 1 -exp (-t/r))] (4) 

for to s: ts: t1. The value T =: is called the relaxation time. If the stress cr is re

~eased at t = t 1, the total strain would be governed as follows: 

(5) 

The first term on the right-ha.."ld side of Eq. 5 represents the elastic deformation from 
the Hookean element in the Maxwell model. The permanent deformation, or set, is 
given by t11e second term on the right-hand side. The Kelvin model (third term) plays 
its part in the aftereffects of load or stress survival as shown in the stress-strain-time 
diagram shown in Figure 3e. 

The iew characteristic results of soil-cement, which furnished strong clues as to 
the suitability of the Burgers model in the investigation, are that (a) the instantaneous 
recovery in the specimens (Fig. 4) is nearly the same as the instantaneous elastic de
formation, and (b) the specimens subjected to various amounts of creep exhibited the 
same amoun.ts of elastic recovery. It is hypot."1esized, therefore, that Burgers model 
shows the greatest promise in mechanical simulation of actual soil-cement behavior. 

Ex erimental Verification of Rheolo ·cal Model-The viscoelastic constants (Em, 
Ek, 71m, 'l'lk for the four-element model are most easily approximated from the re
sults of a creep test described in Figure 3e. 

To determine the ability of the Burgers model to reflect the characteristics of soil
cement mixture, and to determine the usefulness of the equations developed for the 
model, rheological constants estimated from the creep test are applied to Eqs. 4 and 5. 
As shown in Figure 4, the agreement between the experimental and predicted data is 

c 
·~ 
II) 

'.! 
.. 0.04 

Soll: K03 6 per cent cement 
Strv:ss Level: ~percent of ultimate, 200p$i 
Solid Line-Theory, Equations 4 ondS 
Broken Line- Data Points 

40 BO 

Time, hours 

Soll Parameters: 
Erns0.89•I06 lb-in~• 
E,.= l.70•101 lb-ln~2 

'1.n= 2.70•10• lb-irf1-mln 
ry1 = 4.59•10' lb-in·•-m 
-r• 2100nm 

120 160 

Figure 4. Comparison of creep test data with that predicted by the Burgers model. 
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Figure 5. Time-rate of shrinkage of soi I-cement mixes when air dried at 55 percent RH and 72 ± 4° f
cement content in both soi Is is 6 percent (~). 

excellent. The model, therefore, permits a reasonable prediction of such data from 
those of the creep test. 

Effect of Creep on Crack Spacing-The effect of creep on crack spacing seems to be 
only indirect, mainly insofar as the creep affects the tensile strength of the material. 
Eq. 1 reveals that crack spacing is strongly dependent on tensile strength. Although 
no study has yet been reported concerning the effect of creep on the ultimate tensile 
strength of soil-cement, Neville (13), in discussing the results of his creep study on 
concrete, reported that the influence of creep on the ultimate strength of a simply sup
ported beam subjected to a sustained load was not significant. He also stated that the 
creep of plain concrete did not per se affect the strength, although under very high 
stresses (85 to 90 percent of the rapid ultimate load) creep hastens the approach of the 
limiting strain at which failure takes place. So far as soil-cement is concerned, 
similar arguments may lead to the conclusion that, when subjected to constant stress 
creep, it could fail prematurely because the maximum strain exceeded the limiting 
strain. This result, however, is not considered significant. The important influence 
on crack spacing could be in the internal stresses developed during shrinkage. Con
sidering the material is viscoelastic, the tension stress developed as a result of the 
time-dependent shrinkage needs to be evaluated. 

As indicated in the previous section, the behavior of soil-cement can be satisfac
torily represented by that of the Burgers model. Assuming that the material under
goes a constant shrinkage rate, that is, (d2

( /dt2) = 0, one can write Eq. 3b as follows: 

(6) 

As shown in Figure 5 the stress developed in the material because of the imposed strain 
can be computed by solving the differential equation with suitable boundary conditions. 
The solution for the stress in terms of the rheological parameters is 

CT [ 

1 1 ] E 1-- 1--
1 ~ ~ T ( t:") Em Em + ~ exp (-at) + d exp (-~) (7) 

where 

Em)
2 

+ --
'Tim 
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T 
T7k 
Ek, often called the retardation or delay time. 

The ratio t: /t1 signifies the shrinkage rate as shown in Figure 5. 
With the appropriate rheological constants substituted in Eq. 7, the stress developed 

in two soils (K03 and M30), as a function of time for two values of shrinkage rates, is 
calculated and the result is shown in Figure 6. The stress developed in the viscoelas
tic material is always smaller than that in a comparable elastic material, and the dif
ference in the behavior of the materials will be more apparent as the shrinkage rate 
decreases. In other words, the material exhibits stress relaxation; and the chances 
are that a pavement base of viscoelastic material, such as soil-cement, would exhibit 
even fewer cracks. Furthermore, Figure 6 reveals that the stress ratios are nearly 
identical in the two soils (at t 1 = 10,000 min), although the same ti-value results in 
distinct shrinkage rates. This finding simply indicates that the stress ratio is indepen
dent of the shrinkage rate, but strongly dependent on the soil properties, especially 
Tim/Em ratio. 

Shrinkage Rate and Cracking-Eq. 7 reveals the internal stress developed in the ma
terial when a constant rate of s train caused by shrinkage or temperature change is 
assumed. It may be asserted that cracking takes place when, 

= 
£ i Tim 1 - Ta 1 - T{J 

[ 

- 1 . 1 ] 

(t) Em Em + ~ exp(-at) + r;::r exp (-{Jt) (8) 

where au ultimate tensile strength of soil-cement, lb-in. - 2
• 

0. 0 0 .4 0.8 

Dimensionless Time, 1 /t, 

Cfv• " ..!.. l ~. I - JT ex p L,._t). 1 
- Jr expL,Bt)~ 

C5E 1 LEm 11 -a \ a. - ,6' \ J 
Figure 6. Time-dependent stress in viscoelastic 
soi Is due to time-dependent shrinkage. Ratio of the 
stress computed considering the material is visco
elastic to that considering elastic is designated 
stress ratio, Soi I parameters from Figure 4. Param
eters of soi I M30 at 10 percent cement : Em = 0.30 
x 106

; Ek= 0.33 x 106
; Tim = 1.0 x 109

; 1/k = l.0 x 
109 • Time taken to attain the maximum shrinkage 

is designated t1 • 

Examining Eq. 8, it appears that the 
risk of cracking is determined by an in
teraction of the shrinkage rate, the ten
sile strength, the deformational proper
ties of the soil-cement, and time. The 
important result, however, is that the 
tensile stress developed because of re
straint will be a direct function of the 
rate of shrinkage ( t'). In other words, if 
the load-deformation relationship of the 
material is assumed to be viscoelastic, 
rapid shrinkage should favor large 
stresses. So far as strength of the ma
terial is concerned, it maybe conjectured 
that brittle mater ials could exhibit slightly 
increased rupture stress with the rate of 
loading (17). This increase, however, 
is considered insignificant compared to 
the former. The stress developed in re
lation to rate of shrinkage is significant 
in the cracking of soil-cement base, since 
the shrinkage rate of kaolinite soil-cement 
is much larger than that of montmoril
lonite. For example, in Figure 5, the 
kaolinte and montmorillonite soil-cements 
attain the same maximum shrinkage in 
50 and 250 hours, respectively. In other 
words, the tension stresses and the ten
dency to crack will be much greater in 
kaolinite soil-cement than in montmoril -
lonite soil-cement. 
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To substantiate this hypothesis, the 
crack patterns of two models, soil
cement mixtures of K03 and M07, are 
obtained. The model was a 24 in. by 24 
in. by 1 in. deep soil-cement slab molded 
in a flat wooden container 27 in. by 27 in. 
by 6 in., inside dimensions. A short de
scription and detailed results on model 
testing may be found elsewhere (18). Sig
nificantly, the accumulated crackTength 
and crack propagation of K03 are greater 
than that of its counterpart M07. Appli
cation of this result to field situations 
would suggest that kaolinite soil-cement 
pavement bases warrant special attention 
and curing during the first few days in 
order to minimize serious cracking. 

Eq. 8 implies that the ultimate strain 
at rupture depends on the whole strain 
history of the material before failure. 
When shrinkage occurs slowly, the strain 
capacity of soil-cement is greater than 
when rapid shrinkage takes place. This 
is exemplified by inserting the experi

mentally determined rheological constants of the soil-cement in the criterion of crack 
formation, Eq. 8, and calculating the strain at failure at different rates of shrinkage. 
Such data (Fig. 7) again stress the importance of proper, extended curing of soil-cement 
to minimize undesirable cracking. 

Effect of Creep on Crack Width-The crack width (2) is influenced by two opposing 
factors: the tendency of the soil-cement to shrink, compensated to some extent by the 
elongation of the material. Accordingly, the equation for the crack width was derived: 

(2) 

The first term on the right-hand side, which accounts for the contraction caused by 
shrinkage, is not affected by creep. The second term, however, needs revision in 
view of the fact that the tensile stress resulting from the restraint below is time
dependent. The effect of shrinkage on tensile stress seems to be only indirect, mainly 
insofar as the shrinkage affects the slab displacement. The key factor that influences 
the tensile stress, however, is the coefficient of the subgrade resistance µ. which, ac
cording to the tests by the Bureau of Public Roads (11), tends to increase with the slab 
displacement. Test results also showed that the maximum horizontal resisting force 
that could be developed was for an 0.10-in. displacement. Making the simplifying as
sumption that the subgrade resistance is linearly time-dependent and based on the hy
pothesis that the space variation of stress (7) is linear (crx = µ. y x), an expression for 
the stress is -

O-(t, x) = µ(t) yx 
t 

a (x) ti" (9) 

The stress function can be represented in two-dimensional space as shown in Figure 
8. The problem thus reduces to evaluating the strain and thereby the deformation of 
a section of pavement, length L, subjected to the prescribed stress distribution. 

First, the strain caused by the time-dependent stress can be computed by using the 
hereditary integral (14). The hereditary integral, applicable to a stress distribution 
where a stress a 0 is suddenly applied at t = 0, but that a then varies as an arbitrary 
function cr(t) is 
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E: (t) 

t 

a(O)J(t) + f J(t - t') 

0 

dO' ' dt' 
dt ' 

(lOa) 

Where J (t) is known as the creep compliance of the material; for the Burgers model 

J (t) t P1 qi - q2 ( ) P2 ( ) = - + 2 1 -exp ( - t/r) + - exp ( - t/r) 
ql q q2 

1 

(11) 

in which Pu Pi, q1, and q2 have the same interpretation as in Eq. 3b. Eq. lOa shows 
how the strain at any given time depends on all that has happened before. This is quite 
different from what happens in an elastic material, whose strain depends at any time 
solely on the stress acting at that time only. Through integration by parts, Eq. lOa 
may be brought into another, often more useful, form: 

t 

E: (t) ( ) (0) r ( I) dJ (t - t I) dt I 
O' t J + ~ O' t d (t - t I) (lOb) 

0 

Second, the total elongation can be obtained as follows: 

1./2 

62 = 2 I E(t, x) dx 

0 
_, T /.L .L /\ 

(12) 

Substituting for a(t), j (0), and ':f'ct--t~/ in Eq. lOb and the resulting equation in turn 

in Eq. 12, and performing the required integration and simplification, the following ex
pression for 5;i in the range t < t 1, is obtained: 

- µyL2 { [-1 + _1 + _t J _!_ + __!__ tTl [exp (- !_T) - 1]} 
- 4 Em Ek 217m t 1 Ek 

(13) 

For t > t 1 the expression becomes 

- ~ - + - + - t - - + - - exp - - -exp - -- (L) yL
2 

{ 1 1 1 [ t1 ] 1 T [ ( t ) ( t - tl )~ } 4 
4 Em Ek 'l'/m 2 Ek t 1 T T 

To emphasize the significance of the elongation (6 2), it might be well to note that the 
crack width decreases with the increase in 62 • 

/ 

a 
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o\ Figure 8. Stress variation in two-dimensional 
space. Stress linearly varies: (i) from crack
edge to center of slab and (ii ) from t = 0 to 
t = t1 • Subgrade resistance and in turn the 

stress reaches maximum in time tr 
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In order to investigate the influence of the viscous properties of the material on 
crack width, Eq. 13 is evaluated in soils K03 and M30, respectively, at two values of 
shrinkage rates, and the resulting data in dimensionless form are shown in Figure 9. 
In these computations, the subgrade resistance and the linear shrinkage were assumed 
to attain their respective maximum in the same time interval (tJ. The fact that the 
reduction ratio (o2VE/li2E), elongation of viscoelastic material to that of elastic, in
creases with time signifies the importance of viscous properties of soil-cement in re
ducing crack width. 

The material properties presented earlier in the report in conjunction with the data 
in Figure 9 (reduction ratio = 3) were again used to predict the crack width. The agree
ment between the actual and the predicted data (0.06 in. compared to 0.08 in.) is excel
lent, showing that the rheological model reflects the characteristics of the material to 
a marked degree. 

When the plots for the two soils K03 and M30 are examined, the soil parameters 
between soils do not seem to have significant influence on the reduction ratio. Insofar 
as the relative significance of the parameters of a mix is concerned, the modulus of 
viscosity TJm exerts the most influence on crack width in that a smaller TJm contributes 
to narrower cracks. 

By comparing the plots for different values of shrinkage rates in Figure 9, one may 
infer that by decreasing the shrinkage rate the crack width could be controlled. In 
other words, prolonged curing of the base should favor narrower cracks. 

RESULTS AND CONCLUSIONS 

In this paper, limitations imposed by purely elastic analysis of the cracking prob
lem are reviewed. In order to take the time-dependent material properties into ac
count, the Burgers model has been proposed. To validate the predictability of the 
model and to approximate the rheological parameters, a series of constant stress creep 
tests was performed in the laboratory. The theoretical study, making use of the Burgers 
model, resulted in the following observations: 

1. Creep and shrinkage are not independent phenomena; for any mixture, creep is 
higher the lower the relative humidity. 

2. The Burgers model shows the greatest promise in mechanical simulation of 
actual soil-cement behavior. 
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3. Stress computed according to viscoelastic theory is on the average 50 percent 
smaller than that computed by the elastic theory. 

4. Insofar as the rate o.f shl'ink.age is concerned, rapid shrinkage favors large 
stresses. 

5. The crack width computed according to the viscoelastic theory is within practi
cal limits and is in excellent agreement with that observed in the field. 

This paper concludes that in predicting the behavior of pavement layers subjected 
to ambient conditions, the viscoelastic approach is superior to any known elastic or 
empirical laws. The results, although largely qualitative, suggest the possibility of 
controlling the crack intensity by enhancing the viscous properties of the material. 
The findings of this study are conclusive in showing that cracking of cement base can 
be minimized by adequate extended curing. 
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Cement Content of Soil-Cement 
By X-Ray Fluorescence 
RODNEY J. W. HUANG, Iowa State University; and 
GILBERT L. RODERICK, University of Wisconsin-Milwaukee 

•THE increasing use of soil-cement in highway construction emphasizes the need for 
a simple, fast, and accurate method of determining cement contents. This paper de
scribes the development and evaluation of an x-ray spectrographic analysis for deter
mining content of soil-cement. 

Several investigators have used x-ray spectroscopy for studying raw cements. 
Among these are Croke and Kiley (1), Frank (2), Schloemer (3), Bens (4), Uchikawa, 
Inomata and Inoue (5), Rabot and Alegre (6), and Andermann -and Allen-(7). Handy 
and Ros;,lller (8) and-Handy and Demirel (9)-used x-ray analysis for quantitative deter
minations of ir on, manganese and carbonates in soils. The study of this literature 
indicated that further improvement of the analytical technique was desirable and seemed 
plausible in view of several instrumental developments and theoretical considerations. 

Consideration of the nature of soil-cement reactions leads to the conclusion that the 
amounts of metallic elements should not change when hydration occurs. \\1hen the pri
mary beam from an x-ray tube irradiates a sample it excites each chemical element 
to emit its secondary (fluorescent) radiation, each element having its own characteristic 
wavelength. The emitted radiation intensity is related to an element's concentration 
in the sample; thus, both qualitative and quantitative analyses can be made .. 

The analytical method to determine the weight percentage of cement in an unknown 
soil-cement mixture is based on the premise that certain types of soil and cement 
have practically constant calcium and iron contents. If the percentages of calcium, 
for example, are Sin soil, C in cement and Min soil-cement mixture, the weight per
centage X (based on total dry weight of the mix) of the cement in the soil-cement can 
be determined from the relation: 

S - M 
x = x - c . 100 

X-ray properties and principles of secondary emission require, for quantitative 
analysis, the knowledge of possibly interfering absorption edges causing enhancement 
and absorption effects. Therefore, one must have cognizance of the elements that are 
present in relatively rich concentrations. The scanned x-ray fluorescence' spectrum 
of our soils and cement (Fig. 1) shows the relatively rich elements are iron in the soil 
and calcium in the cement. The atomic numbers (26 for iron, 20 for calcium) are six 
numbers apart; no essential matrix interference effects are expected in investigating 
cement content of the soil-cements. 

In establishing working curves or parameters from prepared soil-cement specimens, 
it is preferable to relate element concentration to the ratio of characteristic radiation 
intensity from the specimens to the intensity from a standard rather than from peak 
intensities only of the element of interest. The use of intensity ratios compensates 
for a number of error sources such as voltage-tube combination instabilities and drift 
in detection efficiency. 

Paper sponsored by Committee on Soi I-Portland Cement Stabilization. 
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In practice, peak intensities can be mea
sured at the proper angular positions by 
the counting rate or, for improved statistical 
accuracy, by accumulating fixed counts and 
measuring the elapsed time. Background 
correction intensities are measured on 
both sides of the element lines. 

The forms of intensity ratios used in 
this study were: the peak to background 
ratio, I p/Ib, and the net peak intensity 
ratio, Ix/Is. Ip is the peak intensity of an 
element in the sample, lb is the background 
intensity adjacent to the peak for the sam
ple, Isp and Isb are the corresponding in
tensities from the standard, Ix is Ip - lb, 
and Is is lsp - lsb· 

All intensity measurements must be 
made under identical conditions of sample 
preparation, of x-ray excitation, and of 
instrumentation. 

MATERIALS 
Soils 

Ten soil samples were obtained from the base and subbase at selected locations in 
a cement-stabilized roadway just prior to incorporation of cement during construction. 
The soils were used for preparation of test specimens of precisely known cement/soil 
ratios. These were then analyzed by x-ray fluorescence to establish the parameters 
used for determination of cement contents of soil-cement samples. The soils ranged 
from A-2-4 to A-4(3); the physical properties of a typical soil of the group are given 
in Table 1. 

Soil-Cements 

The soil-cements analyzed in this study were from Proctor size compression sam
ples of the described soils proportioned, mixed and molded in the laboratory, and 
samples from the same locations molded after incorporation of cement and mixing of 
the material on the road. Samples broken after 7 days' curing were set aside for cement 
content determinations by the ASTM procedure (ASTM Designation: D 806-57), and by 
x-ray fluorescence analysis. 

Portland Cement 

The type I cement used in the study was obtained during construction of the stabilized 
road. The chemical composition of the cement is given in Table 2. As received, the 
cement had 80 to 85 percent passing the No. 200 sieve. To meet the requirements of 

the present method of analysis, cement 
used in standards and "known" samples 
was reduced so 100 percent passed the No. 

TABLE I 200 sieve. 
PHYSICAL PROPERTIES OF SOIL NO. 10 

Textural composition: 
Gravel (>2.00 mm), 'f. 
Sand (2.00 to 0 . 074 mm), f. 
Silt (0. 074 to 0. 005 mm), 'f, 
Clay (<0. 005 mm), 'f, 

Consistency limits: 
Liquid limit, 'f. 
Plastic limit, 'f, 

Classification 
Textural 
AASHO 

20. 5 
29.5 
46. 0 

4. 0 

21. 2 
NP 

Gravelly silt-loam 
A-4(3) 

TABLE 2 

CHEMICAL COMPOSITION OF TYPE I CEMENTa 

Chemical 

SiO, 
Al,0, 
Fe20 :1 

Cao 

Percent 
(by wt) 

21. 3 
4.6 
2.3 

64.0 

0 Atlont lc Cement Co. 

Chemical 

MgO 
so, 
Nap 

Percent 
(by wt) 

3.5 
2. 3 
0. 67 
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TESTING PROCEDURE 

The procedure for determining cement content of soil -cements involves specimen 
preparation, x - ray intensity measurements, and data evaluation. A detailed descrip
tion of the procedure is given elsewhere (10). 

Specimen Preparation 

To prepare specimens of known cement- soil composition for establishment of the 
working curves or equations, a 200-gm representative oven-dry soil sample was first 
crushed so all passed a No. 40 sieve and was then thoroughly blended. About 20 gm of 
this material were further reduced in a blender mill so all passed a No. 200 sieve; 
cement was also reduced to pass a No. 200 sieve. Soil and cement to give a mix of 
known composition were thoroughly mixed and a 4. 000-gm sample placed in a briquett
ing assembly (as customarily used for specimen mounting in metallography) and com
pressed under 5000-psi pressure. The sample was then placed in a desiccator to await 
analysis. 

Preparation of "unknown" soil-cement test samples was very similar. Oven-dry 
soil-cement (in our case the entire broken compression sample) was reduced to pass 
the No. 40 sieve and thoroughly mixed. About 20 gm were reduced to minus No. 200, 
and a 4.000-gm sample was compressed as above. 

X-Ray Intensity Measurements 

The intensities of the characteristic K-alpha radiation of calcium and iron were 
made with a General Electric XRD/S-5 X-ray Spectrometer with an AEG-50-S tungsten 
tube operated at a stabilized voltage of 50 KVP and a current of 16 mA. A pulse height 
selector was used to isolate background noises. X-ray detection was accomplished (by 
tandem operation) with a scintillation counter and a P-10 gas flow proportional counter. 
A lithium fluoride analyzing crystal was used. 

The LiF analyzing crystal (2d = 4.0267 A) was aligned to the correct angle 20 for a 
desired wavelength and peak intensities (cps) were obtained by a fixed-count technique. 
Four fixed counts of 100, 000 for FeKa and 1000 for CaKa were taken and two background 
counts of 1000 were taken on each side of the peaks. 

Data Evaluation 

The fixed counts were divided by collection time to give x-ray intensities, Ip and 
lb, in counts per second (cps). Background corrections were made to obtain the net 
peak intensities Ix and Is , and the intensity ratios Ip/lb and Ix/Is were computed. In 
most cases plots of Ip/lb or Is/Ix vs cement content gave very good linear relation
ships for data from "known" samples. The least squares method was used to find the 
best fit, or "working curve," and the corresponding equation. Cement contents of 
" unknown" soil-cements can be obtained directly from the plot (Figs. 5 and 6) or the 
equation. 

For analysis of large quantities of data, a FORTRAN computer program is available 
which plots the working curve, gives the algebraic equation, and which also gives 
cement contents of the unknowns (10). 

FACTORS IN INTENSITY MEASUREMENTS 

Effects of Particle Size 

In materials having constituents of various absorption coefficients, a rough surface 
causes parti::il shielding resulting in varjations of intensities from specimen to spec
imen. Mixtures containing light and heavy elements, e.g., calcium and iron, require 
particular care in preparing a homogeneous sample with a smooth surface. Taylor 
(11) suggested that for powder samples in general, a uniform particle size of 76 microns 
issufficient. However, our experiments and calculations show that maximum inten
sities may be obtained with a maximum particle size as large as 268 microns. 
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Jenkins and Hurley (12) expressed the effects of shielding due to surface roughness 
in terms of the linear absorption coefficient, µ., and the coarsest finish, Xmax (average 
peak to trough of surface), permissible without significantly decreasing radiation inten
sity, as: 

Xmax ~ 30(46100/µ/la microns 

Applying this relationship to soil-cement, the approximate maximum trough depth, 
Xmax, necessary to avoid shielding effects are 141 microns for CaKa radiation and 
134 for FeKa. 

Figure 2 shows the influence of particle size on FeKa intensity from soil-cement 
specimens compressed at 5000 psi. Nearly maximum intensity is obtained at a maxi
mum particle size of 254 microns but intensity fluctuations are greater than for smaller 
particle sizes. The 254 microns maximum is close to the calculated maximum size of 
268 microns (2Xmax) at which influence of surface roughness on intensity becomes 
negligible. Reduction of particle sizes to values below 74 microns becomes increas
ingly difficult; on the basis of our results 74 microns (No. 200 sieve) was taken as the 
maximum allowable particle size. • 

On considering the mass absorption coefficient, depth of x-ray penetration and 
emitted fluorescence intensity, it seems more reliable results are obtained if the 
trough depth is smaller than penetration depth. The intensity of emitted radiation is 
a function of the concentration of the element and of the absorption characteristics of 
the material. This assumes the output of the x-ray tube is constant, there is no mutual 
excitation, and the soil-cement sample is infinitely thick. Taylor and Parrish (13) re
port that 0.10 mm is essentially "infinite" for most common metallic elements. -

X-ray emission intensity for CaKa and FeKa from a cement sample may be approx
imated by 

where I is intensity of radiation; Imax is intensity with an infinitely thick sample; a is 

~1 csc 81 + ~ csc 82; 81 and 82 are the Incident and emergent beam angles with the 

surface; ~1 is the mass absorption coefficient of incident radiation; ~2 is the mass 

absorption coefficient of emitted radiation; p is the density of cement (3.15 g/cc 
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Figure 2. Effect of particle size on 
radiation intensity. 

400 

Fe Ka 

assuming zero voids); and x is penetra
tion depth (cm). 

Results of calculations are plotted in 
Figure 3, and show that for calcium and 
iron a depth of 51 microns yields 99 per
cent of the maximum intensity. The max
imum trough depth of our soil-cement 
samples is 37 microns (one-half maximum 
particle size) which is less than the 51 
microns penetration depth. This confirms 
our experimental finding that, for our 
specimen conditions, the influence of sur-
face roughness has been minimized to an 
extent where it is negligible. 

Effect of Compression Stress 

Compression of powder samples re
duces overall intensity variations from 
one specimen to another and facilitates 
storage of specimens for future reference. 
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Figure 4 shows the influence of compres
sion stress on the characteristic radiation 
intensities for cement samples having a 
maximum particle size of 74 microns. A 

pressure of 5000 psi was enough for optimizing intensity for both FeKO! and CaKa 
radiation. 

Other Factors in X-Ray Measurement 

In quantitative x-ray spectroscopy, the influence of matrix composition on peak 
intensities by enhancement and self-absorption effects must be considered. Of two 
chemical elements adjacent in the periodic system, the one having the smaller atomic 
number, Z, will partially absorb radiation of the heavier element, Z + 1, and in turn 
will emit a stronger characteristic radiation of its own. In our system no elements of 
adjacent numbers are involved (Fig. 1), and interference due to absorption and en
hancement may be considered negligible. 

In this study, it was found that the background intensities, lb, for FeKa and CaKa 
radiation decrease with increasing cement content of the material. The reason for 
this cannot be explained at this time. The differences in background intensities aver
ages about 6 cps for FeKa and 1 cps for CaKa in the cement content range of 0 to 20 
percent. These are too small to affect the total FeKa intensity but must be considered 
for CaKa if one strives for better precision. 

Error in Measurement 

In the measurement of radiation intensity, a scatter of data is caused by the random 
nature of x-ray production. The probable error of a fixed count is En = 67.5% IN, 
and the standard deviation is S =IN, where N is the total number of counts (14, 15). 
In our case, therefore, for each FeKa fixed count En = 0.21% and S = 316 counts; 
for CaKa En = 2.12 % and S = 31. 6 counts. The limit of detectability requires a 
minimum peak height of at least 3 S above the background (15). This requirement is 
met in all cases, and the difference is considerably greaterthan 3 S in the cement con
tent range in question. 

Four fixed counts were taken for each intensity measurement. Typical values of 
the mean intensity; standard deviation and prohahle error for ear.h set of readings is 
given in Table 3 (for sample No. 10-subbase). The relatively weak CaKO! radiation 
can be determined with greater precision by increasing the total number of counts; 
however, this would require more time. 

The precision of the method may also be increased by increasing the intensity of the 
characteristic radiation. Intensity of Ca:Ko! radiation would be increased by using a 
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TABLE 3 

X-RAY INTENSITY DATA FOR SOIL-CEMENT MIXTURES 
(Sample No. 10-Subbase) 

Mean Peak Standard Probable Mean 
Cement Content Intensity, Ip Deviation, S Error, E Background 
(ct total dry wt) (cps) (cps) ('.t) lnt., 1b 

(cps) 

0 Fe 5248 29. 1 0 . 37 48.0 
Ca 26.1 0.47 1. 21 22.0 

Fe 4857 4.0 0.06 46. 9 
Ca 47. 5 2. 78 3.95 22. 3 

10 Fe 4544 17. 6 0.26 45.2 
Ca 67 . 5 1. 10 1. 10 22.0 

15 Fe 4211 3. 3 0. 05 44 . 0 
Ca 86.1 2. 76 2. 16 22 . 0 

20 Fe 3904 58. 3 1. 01 41. 9 
Ca 109 . 2 2. 76 1. 70 22. 0 

Cement Fe 1162 0.5 0.03 32. 3 
Standard, 100 Ca 479. 7 7. 90 1. 11 19. 9 

Lab Fe 4723 10.0 0. 14 46.9 
Sample, ? Ca 48. 1 0.99 1. 39 22. 0 

Field Fe 4777 12. 8 0.18 46. 8 
Sample, ? Ca 49. 1 1. 46 2. 01 22.0 

chromium rather than tungsten x-ray tube (15). A great increase in intensity would 
be obtained by using a curved focusing crystal analyzer rather than a flat crystal (16). 
Also, discriminate selection of a specific tube excitation voltage for a particular ele
ment would yield the maximum ratio of peak to background intensities. 

RESULTS 

Discussion of Data 

As an example of the data obtained for establishing working curves and equations 
and determining cement contents of unknowns, Table 3 gives results for a typical soil 
(No. 10-subbase, Table 1), with known and unknown cement contents. The ratios 
Ip/lb and Ix/Is were obtained from the peak and background intensities and the working 
curves established by least squares fitting. Figures 5 and 6 show the curves for this 
typical example. For this material, compressed at 5000 psi, the curves obtained from 
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TABLE 4 

CEMENT CONTENT OF "UNKNOWN" 
SOIL-CEMENT MIXTURES 

Cement Content (t total dry wt) 

Specimen No . Based on FeKa Based on CaKa 

Ix/ls 

Lab . 9.36 6. 41 5. 02 5. 48 
8 Subbase 

Fie ld 13 . 96 13 . 91 12 . 12 12.71 

Lab . 12 . 73 6. 99 5. 48 5. 49 
9 Subbase 

Field 12. 66 8. 02 7.05 7.00 

Lab . 9.08 7.25 5. 41 5. 38 
10 Subbase 

Field 7. 91 6. 46 5. 64 5. 63 

Lab . 6. 00 7 . 40 5.41 5. 59 
8 Base 

Field 12. 13 10. 80 7 . 83 8.11 

Lab . 13. 34 13. 82 8. 77 9.06 
9 Base 

Field 24.89 20.19 13. 41 13. 73 

Lah . 10. 64 8. 04 9 . 43 9 . 67 
10 Base 

Field 13. 38 10 . 00 10.61 10. 79 

Ip/lb and Ix/Is coincide for CaKa 
data while those for FeKa show con
siderable deviation. 

Three different kinds of s tandar ds 
were used during this study: (a) solid 
standards, an iron plate and a calcite 
plate for samples No. 1 and 2, (b) 
cement powder standard compacted 
at 1000 psi for samples No. 3 through 
7, and (c) cement powder standard 
compacted at 5000 psi for samples 
No. 8 through 10. The powder stan
dards were subjected to the same 
pressure as their corresponding soil
cement samples. 

Table 4 gives results of cement 
content determinations for unknown 
soil-cements compressed under 5000 
psi and cement powder standards. 
Data for the remaining samples (com
pressed at 1000 psi) for CaKa radia
tion show, in general, considerably 
grea ter differences between cement 
contents cal culated from Ip/lb and 
Ix/Is (10), The effect of compaction 
pressures on radiation intensity has 
been discussed -earlier. Although the 

solid standards were not used with any of the materials compressed under 5000 psi, 
it is felt that the cement powder standard should be used; i.e., the standard should be 
of the same nature as the test specimens and be prepared under identical conditions. 

Cement contents based on 
FeKa radiation data are con
siderably different depending on 
whether Ip/lb or lx/Is was used 
for calculation even though, for 
all samples presented, the com
pacting pressure was 5000 psi. 
The erratic results are possibly 
due to iron contamination during 
specimen preparation; e.g., the 
steel blades of the rotary mixer 
used for field munng wear 
rapidly, and the crusher used to 
reduce particles to pass the No. 
40 sieve has steel rollers. On 
the basis of the results, it is 
concluded that the CaKo: data 
gives a much better indication 
of actual cement contents for the 
soils tested. 

Comparison of ASTM and 
X-Ray Methods 

Table 5 compares cement 
contents (based on the dry soil 
weight) determined by the stan-
dard ASTM procedure, D 806-

TABLE 5 

CEMENT CONTENTS BY THE ASTM AND 
X-RAY FLUORESCENCE METHODS 

Cement Content (<t dry wt soil) 

Specimen No. X-Ray Fluor . (CaKa) 
Nominal ASTM 

Lab. 5 . 0 5 . 2 5. 3 5. 8 
8 Subbase 

Field 5. 0 11. 2 13. 8 14. 5 

!.ab. 5.0 5. 2 5. 7 5. 8 
9 Subbase 

Field 5. 0 6. 8 7.6 7. 5 

Lab. 5. 0 5. 4 5. 7 5. 7 
10 Subbase 

Field 5. 0 5. 8 5. 9 5. 9 

Lab. 6. U b. 6 5. 7 5. 9 
8 Base 

Field 6.0 7 . 6 8. 5 8. 8 

Lab. 10. 0 9 . 1 9 . 5 9.9 
9 Base 

Field 10 . 0 14. 5 15. 5 15. 9 

Lab. 10.0 9 . 1 10. 4 10. 7 
10 Base 

Field 10. 0 9 . 6 11. 8 12. 1 
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57, and the present method. The results for x-ray analysis are those for CaKO! radia
tion and samples compressed at 5000 psi, the most reliable conditions as discussed 
earlier. The data show that the results from the x-ray fluorescence method are con
sistently higher than those from the ASTM method. Both methods require small quan
tities of material, 5 gm for the ASTM and 4 gm for the x-ray procedure. Although 
the x-ray procedure requires greater reduction in particle size, the probability of 
sampling and sample preparation errors are probably about the same for both methods. 
The accuracy of the ASTM method is much more dependent on the experience and 
technique of the operator than is the x-ray analysis. 

More research is needed to determine the relative accuracy of the two methods. 
Enough data are needed from samples of various soil types with precisely known cement 
contents to make possible a valid statistical analysis of accuracy. The same samples 
should be analyzed by both methods, first by the nondestructive x-ray fluorescence 
method and then by the ASTM method. 

Curtis and Forbes (17) investigated various methods of determining cement contents 
of soil-cements; methods employed were ASTM, California, Versene, flame photometer, 
conductivity, and chemical analysis. Their study shows that, in general, results by 
the ASTM method are lower than those by the Versene, chemical analysis and con
ductivity methods. Although no direct comparison can be made, the values obtained 
by these methods would seem to compare favorably with those by the x-ray procedure. 
The California method yields results closer to those from ASTM (17). 

Application to Field Control 

With the recent introduction of portable x-ray spectrometer units, the present 
method should be applicable for field control. other basic equipment required for a 
field laboratory are grinder mills, analytic balance, hydraulic press and a desk cal
culator. Once working curves have been established for a given soil and cement, the 
cement content of soil-cement mixes can be quite quickly determined. 

CONCLUSIONS 

The following conclusions are made on the basis of the results obtained and for the 
type of soil used: 

1. X-ray fluorescence determination of cement content of soil-cement is nondestruc
tive, fairly rapid, simple, and should be sufficiently accurate. The method is rela
tively insensitive to operator experience and technique. 

2. Corrections for background intensities are necessary. The net peak intensity 
ratio, Ix/Is, appears to give the most reliable results. 

3. The known and unknown soil-cements, and the standards should be of the same 
nature; i. e., powder specimens of similar particle size distribution and identical prep
aration conditions. 

4. The most reliable results are obtained when maximum particle size in the sam
ples is 74 microns, samples are compressed under 5000 psi, and CaKO! radiation in
tensities are used. 

5. Cement contents determined by x-ray fluorescence are generally higher than 
those by the ASTM method, but seem to compare favorably with those by other methods. 
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The Effect of Admixtures on Layered Systems 
Constructed With Soil-Cement 
ARA ARMAN and TERRY J. DANTIN, Louisiana State University 

The highway design engineer is primarily interested in the loads 
that are applied upon a layered system and the transmission of 
these loads through this layered system. The lack of bond be
tween adjacent layers of soil-cement has prevented its use in 
more than one layer of a layered system. Since soil-cement 
construction frequently allows the use of on-site materials, con
struction costs can be reduced by its use. 

It is the purpose of this study to present a method for the 
analysis and design of a layered soil-cement system with the 
use of a set retarding agent as an admixture. Results for this 
analysis are obtained from tests of more than 2, 000 specimens 
molded with Louisiana soils from 26 different locations. The 
tests show that there is a definite increase produced in the shear 
strength of the layered system by developing a bond between 
adjacent layers of a soil-cement stabilized system with the ad
dition of calcium lignosulfonate and hydroxy lated carboxylic acid 
for soils of low plasticity with the exception of pure silts. 

•THE PRESENT placement practices of soil-cement stabilized base and subbase courses 
do not lend themselves to the construction of compacted layers exceeding 10 in. When
ever pavements thicker than 10 in. are required, it is common practice to use material 
other than cement-stabilized soil to avoid "lamination" of the pavement structure caused 
by the lack of bond between subsequent layers. It is practically impossible to create 
bond between two layers of conventionally constructed soil-cement bases and subbases 
because the initial setting time of the soil-cement mixture is approximately 2 hours and 
the field construction procedure requires 2 hours or longer for the mixing, compacting, 
and grading of each layer. A method of construction using two or more layers of com
pacted soil-cement mixtures can create weak interfaces (even when "roughened" sur
faces are used at the interface), which may cause failures of a flexible pavement system 
under loads well below the design loads. These failures may be due to slippage of the 
two layers or they may be due to tensile cracking and consequent failure of the top layer 
of the system. 

Flexible pavement design theories are based on the assumption that there is perfect 
bond between subsequent layers. Without the presence of this bond, individual layers 
would be expected to carry the load by so-called ''beam action" at a higher intensity than 
if they were bonded. 

The scope of the study was to investigate the effect of dispersant additives on the 
physical characteristics of soil-cement mixes and layered pavement systems. These 
additives are industrial byproducts and chemicals that can impart special characteris
tics to concrete and masonry. They have been used successfully for more than 25years 
in improving structural concrete by reducing cracking and increasing shear strength. 
Their function is to control the rate of cement hydration by retarding the setting and re
ducing the thickness of the cement gel. Commercially available admixtures are hydrox
ylated carboxylic acid and calcium lignosulfonate. In this study the effects of these ad
ditives were studied in three major areas: 

Paper sponsored by Committee on Soi I-Portland Cement Stabilization. 

69 



70 

1. fucreases in the shear strength of individual layers; 
2. fucreases in the durability; and 
3. Production of bond at the interface, which considerably increases the shear 

strength of the layered system. 

LITERATURE SURVEY 

Only limited data have been published on the theoretical and experimental measure 
ments of stresses induced by static loads applied on flexible layered systems. Pub
lications on design methods differ in choosing between strength and deflection as cri
teria. fu some cases, the supporters of the deflection· theory tend to disagree about the 
fact that pure deflection tends to minimize the importance of shear strength. A com
pacted deposit or organic material may deflect several inches without tensile failure 
under certain conditions. It may even obey Hooke's law verbatim; however, it will 
never resist shear forces applied by roadway or airport runway loads. On the other 
hand, a thin semi-rigid pavement designed to resist pure shear forces will not resist 
the tensile stresses induced at the interface of the base and subbase as a result of very 
minute deflections, or shear stresses induced within the layer will easily exceed the 
shear strength of the material. 

Most materials used for flexible pavement construction do not possess any tensile 
strength to resist the tensile stresses that will be developed, especially where E1, the 
modulus of elasticity of the top layer, is much larger than E2, the modulus of elasticity 
of the bottom layer. As indicated by Casagrande (1) in his discussion of Burmister's 
two-layer theory, " ... if no tension cracks develop, the computed result will be on 
the unsafe side because the 'modulus of elasticity' for tension is much smaller than for 
compression, which is another way of saying that the material for practical purposes 
can not take tension." According to Sowers and Vesic (2): "An analysis of lateral 
stresses in an ideal two-layer system shows that the upper layer . . . will have ten
sion at the interface as soon as E1/Eo > 1.5 and that, in the cases tested, tension should 
be of the order of 30 psi in the flexible bases and of the order of 60 psi in the soil-ce 
ment base. The tensile strength of the flexible bases was most likely not higher than 
5 psi." A tensile test of a soil specimen will never produce a shear failure, but only a 
tensile failure. An unconfined compression test is likely to result in a bulging of the 
specimen, accompanied by the opening of tension cracks, but the soil in the ground is 
unable to fail in this manner since it is laterally confined. Although tension failures 
will sometimes take place in the laboratory, the reliable strength of a soil is its shear 
strength. 

fu 1959 the Highway Research Board Committee on Soil-Cement stabilization pre
pared a comprehensive questionnaire to determine the state of the art of soil-cement 
stabilization. The questionnaire was sent to 50 states and 25 foreign countries. 

Fifty-two of the agencies reported that they use soil-cement stabilization for roads, 
shoulders, and airfields. Out of the 52 states and countries, only three-Virginia, Austra
lia, and England- r eported to be u sing soil -cement stabilized layers thicker than 10 in. 
Australia indicated that 12 in. of soil - cement base were used for airfield construction, 
the commonwealth of Virginia reported using 12 in. of base stabilized with 14 percent 
portland cement, and England reported using 18 in. of stabilized base with 10 to 15 per
cent portland cement. AU replies to the question, "fu your experience, what is the 
maximum compacted thickness of soil-cement that can be constructed in one lift?", 
showed that the maximum thickness recommended was 8 in. 

Fifteen of the 52 replies indicated that two-layered construction was used while the 
rest reported that two-layered construction was not used in their areas. Nine out of 
the latter group of 15 showed satisfactory results obtained with two -layered construc
tion, one indicated "apparent" satisfaction while four indicated unsatisfactory or poor 
results. None of the statements made as "satisfactory" or "unsatisfactory" results 
were qualified except the one by France, which indicated that the results of two-layered 
construction were unsatisfactory because bad bonding between layers occurred (~). 
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TESTING PROCEDURES 

At the outset of this study the physical characteristics and the classification of each 
soil were determined according to standard procedures of AASHO. The study began 
with the use of two admixtures, namely, calcium lignosulfonate and hydroxylated car
boxylic acid. Initially, the effect of the admixtures on a layered soil-cement base course 
was to be investigated in the major areas of (a) unconfined compressive strength, (b) 
durability, and (c) production of bond at the interface of two layers. 

Preliminary tests on the first five soil samples were performed to establish test 
schedules in the areas mentioned. According to these schedules (both admixtures were 
used), it was found that the results produced did not vary to any major extent between 
the two admixtures. Therefore, it was decided to use only calcium lignosulfonate for 
the remainder of the study. 

Cement contents were determined in the manner suggested by the Portland Cement 
Association for the usual range in cement requirements for subsurface soils of the var
ious AASHO soil groups. The cement was mixed thoroughly with the dry soil, and the 
admixture was mixed thoroughly with the water. The water and admixture were then 
poured on the soil-cement and mixed until the mixture became uniformly moistened. 
The soil-cement mixture was then placed in the Proctor mold and immediately com
pacted in three layers of approximately equal thickness. 

Compressive strength test specimens were molded at optimum moisture content to 
a maximum density as determined by the standard Proctor test. After compaction, 
specimens were placed in the 100 percent humidity chamber for scheduled periods of 
curing before testing. 

Upon reaching its designated curing time, the specimen was removed from the mois
ture chamber and submerged in water and allowed to soak for 4 hours prior to testing. 
The test specimen was removed from the water and tested to failure in compression. 

The initial program, using soils D-1, D-2, and D-3, consisted of molding five sets 
of 21 specimens each for 1, 2, 7, 14, and 28-day periods. Each set was accompanied 
by three pilot specimens (no admixture), nine specimens with hydroxylated carboxylic 
acid, and nine specimens with calcium lignosulfonate. Each soil specimen contained 
the same amount of portland cement. The amounts of admixture used were 0.50, 1.00, 
and 1.50 lb of admixture per bag of cement. Three cylinders were molded for each 
amount of admixture. 

After reviewing the results of soils D-1, D-2, and D-3, the amounts of admixture 
used with soils D-4 and D-5 were changed to 0.25, 0.50, and 1.00 lb of admixture per 
bag of portland cement, and specimens were molded for 7, 14, and 28-day periods. 

The testing of these specimens yielded results indicating that both admixtures re
acted similarly; therefore, only one of them, calcium lignosulfonate, was used for the 
remainder of the study. It was also observed that a smaller quantity of admixture gave 
the most favorable results; thus it was decided to use 0.25 and 0.50 lb of admixture per 
bag of portland cement. Changes were also made whereby four sets of specimens were 
molded for 1, 7, 14, and 28-day periods, since no appreciable difference in the charac
teristics of the specimens were noted after the 1- and 2-day curing periods. 

For soils D-6 through D-26 a group of specimens was molded, and each was tested 
at 1, 7, 14, and 28-day periods. Each group consisted of nine specimens: three pilot 
samples (no admixture), three with 0.25 lb of calcium lignosulfonate per bag of portland 
cement, and three with 0.50 lb of calcium lignosulfonate per bag of portland cement. 
The cement content used was held constant for each soil. 

Wet-Dry Test 

Wet-dry test specimens were prepared in an identical manner as those for the un
confined compression test. All wet-dry test specimens were cured for 7 days in the 
100 percent humidity chamber. At the end of 7 days, specimens were removed from 
the humidity chamber and submerged in tap water at room temperature. They were 
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allowed to soak for 5 hours and then r emoved. The specimens were placed in a drying 
oven at 71 C for 42 hours, after which the standard brush test was run. 

The soaking, drying, and brushing constituted one cycle (48 hours) of the wet-dry 
test. This procedure was repeated for 12 cycles. 

Wet-dry test specimens were molded in sets of six for soils D-1 through D-5. Each 
set consisted of two pilot specimens, two specimens with 0.50 lb of hydroxylated car 
boxylic acid per bag of portland cement and specimens with 0.50 lb of calcium ligno
sulfonate per bag of portland cement. 

For each soil type, D-6 through D-26, a set of specimens was molded containing two 
pilot specimens, two specimens with 0 .25 lb and two specimens with 0.50 lb of calcium 
lignosulfonate per bag of portland cement. 

Soil-Cement Admixture Layer Bond Test (LSU Bond Test) 

During the attempt to determine the effect of soil-cement and soil-cement with ad
mixtures when they were compacted in two layers (with some time lapse between the 
compaction of the fir s t layer and the compaction of the s econd layer ), the LSU bond test 
method was developed. In developing this method, the apparatus used were the s tandard 
Proctor compaction mold and the standard Proctor compaction hammer. In addition, a 
finishing head (Fig. 1) was fabricated with its face machined with a 20-deg angle from 
horizontal to fit into the compaction mold (Fig. 2). 

The bond test specim.en was molded in two layers. The mold was filled with enough 
soil to produce approximately half the height of a compacted specimen. The finishing 
head was placed in the compaction mold and the bottom half of the specimen was com
pacted by 60 blows with the compaction hammer. The finished compaction plane had a 
20-deg angle with the horizontal and a density figure equivalent to the standard Proctor 
density (Fig. 3). 

A damp cloth was placed on the compaction plane to keep the top moist. Detention 
periods (elapsed time between molding of the first layer and molding of the second lay
er) of O, 4, 7, and 16 hours were observed before the top layer of the specimen was 
molded. The damp cloth was removed and the compaction plane was scratched prior to 
compaction of the top layer. The top layer was then compacted by 35 blows with the 
compaction hammer. The specimen was removed from the mold and cured for 7 days 
in the moisture chamber. Then it was tested in compression to determine if failure 
occurred along the compaction plane because of lack of bond or through a shear plane 
(Fig. 4). 

The number of blows applied to each layer of the bond test specimen was obtained 
by trial and error in order to determine the number of blows that would produce maxi
mum density in both layers. It was found that nearly double the number of blows applied 

Figure 1. Finishing head used in molding bottom 
layer of band test specimen. 

Figure 2. Finishing head fabricated to fit inside 
the compaction mold. 



Figure 3. Bottom layer of a bond test specimen. 

to the top layer was required on the bot
tom layer. This was attributed to the fact 
that part of the effort applied was being 
absorbed by the mass of the finishing head. 

For the bond test a group of specimens 
was molded for each soil containing two 
different cement-admixture ratios: two 
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Figure 4. The chalk mark on the untested speci
men on the left depicts the 20-deg angle of the 
compacted plane. The middle specimen failed in 
bond, which is synonymous to slippage along the 
20-deg compaction plane. The specimen on the 
right is typical of a shear failure, for which the 
angle of failure can be seen to be about 60 deg. 

specimens with 0.25 and two specimens with 0.50 lb of calcium lignosulfonate per bag 
of portland cement. Four sets of bond test specimens were molded for each soil: one 
set for each of O, 4, 7, and 16-hour detention time. 

RESULTS 

There are a limited number of works available on the effects of admixtures on soil
cement mixtures; however, in order to benefit from the research of others, a compre
hensive study of the literature in this and other related areas was made, the highlights 
of which have been discussed. 

Earlier studies performed have indicated that certain improvements occur in the 
physical properties of soil-cement mixes when hydroxylated carboxylic acid or calcium 
lignosulfonate are used. The published reports contain test results of a few specimens; 
however, considering the number of probabilities of statistically nonconforming results, 
it is difficult to draw a valid conclusion from these reports. It should be noted that 
early researchers in this field made substantial contributions by introducing the idea 
of admixtures for improving the physical characteristics of soil-cement mixtures and 
by establishing guidelines for further research. 

Frequent mention of the necessity for bond has been made in the literature concern
ing studies of stress distribution within the layers of a flexible pavement system; how
ever, no research has been found on the use of admixtures to create bond between soil
cement layers. The analytical work indicates that continuity conditions with perfect 
contact and perfect bond between subsequent layers are required in determining stress 
at different levels of a layered system. 

At an earlier date, Palmer and Barber used an approach similar to Burmister's in 
which the numerical results obtained are approximately the same (4). When comparing 
two systems (based on Burmister's and other solutions) with similar material of equal 
thickness, it can be concluded that the strength of a layered system composed of un
bonded, frictionless, and semi-flexible layers is a function of the tensile strength of the 
top layer and a constant that is dependent on the bearing capacity of the lower layer; 
however, the strength of a bonded and semi-flexible system is a function of the cumula
tive strength of the system as a whole and a constant that is dependent on the bearing 
capacity of the lower layer. In the frictionless and unbonded layered system, the West
ergaard approach to stress distribution is more applicable than the Boussinesq, Bur
mister, or other similar theories. Applying the Westergaard theory of stress distribu
tion to an 8- or 10-in. layered soil system shows that the tensile stresses developed at 
the interface may cause failure of the layer immediately above the interface. 

Consider the following example. Suppose a layered system is constructed having a 
base composed of two layers of soil-cement with the following characteristics: 
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Load 
Modulus of elasticity 
Modulus of subgrade 
Poisson's ratio 
Layer thickness 
Radius of contact area 
Radius of relative stiffness 

10,000 lb 
E = 300, 000 psi 
k = 300 psi 
µ = 0.30 
h = 8 in. 
a= 6 in. 
L = 14.71 in. 

In analyzing the condition when bond does not exist between layers 1 and 2 (Fig. 5a), it 
is seen that, without bond, continuity does not exist. Since continuity is assumed in the 
Burmister and Boussinesq solutions, the stress at the interface can best be represented 
by the Westergaard solution: 

L 12(1 - µ.2 )k 
(300000) (8)3 

12(1- 0.09) 300 

3(l+N) p (1 ~ 0 6159) 2 rrh2 oge a + · 

3(1 + 0.3) (10000) ("1 14.71 
2rr(8)2 oge - 6--

' 
+ 0.6159) 

cr A = 147 psi (stress at point A without bond) 

14.71 in. 

When bond does exist (Fig. 5b), there is continuity and the stress at point A can be 
determined from Burmister's (~)influence curves: 

z 
a 1.33 

Influence coefficient = crzp = 0.5 

p 
p = TT? 

10000 
1T(36f 

0.5 (88) 

88.4 psi 

cr A = 44 psi (stress at point A with bond) 

Therefore the stress produced at point A is reduced by 70 percent when bonded. 
At point B the stresses are 37 psi for the unbonded condition and 16 psi for the bonded 

condition. It is concluded that bond is not critical at this section. 
At point C, z/a is greater than 3. In both the bonded and unbonded conditions, the 

stresses are greatly reduced, and they are approaching approximately the same stress 
(Fig. 6). 

The results of this study indicate that where bond does not exist between layers, the 
normal stresses induce slippage of the top layer before the shear strength of the mate
rial is reached. Wherever bond is created by the use of admixtures, the specimen rep
resenting a two-layered system under severe conditions fails in internal shear. Since 
failure in each case occurs on a different inclination, stress analysis is based on the 
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Figure 5a. Unbonded condition. 
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Figure 5b. Bonded condition. 
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shear strength developed on the plane of failure rather than the compressive strength 
required to produce failure. 

Shear stress and normal stress for each soil are computed using Mohr's circle of 
stress diagram and are given in Tables 1 and 2. When admixture is added to the soil
cement specimen (excluding silts) a considerable increase in strength is apparent, and 
failure occurs in shear rather than bond. 

In order to correlate the results of the change in the shear strength of mixes using 
lignosulfonate admixtures with those of the soil-cement mixes without admixtures, a 
shear factor (Sf) is established (Table 3) defined as the ratio of percent clay to the sum 
of the percent silt and percent sand. When shear factors are plotted as the abscissa 
and the change in shear strength as the ordinate (Fig. 7), it is seen that there are two 
general zones where the test results fall. Zone 1, where lignosulfonate admixtures do 
not react or the reaction decreases the strength, is called the "silt zone." It should be 
noted that Louisiana silts are considered highly undesirable for stabilization with ce
ment because of their low strength and low durability characteristics. Zone 2, the 
"integrated zone," represents all other types of soil tested. Test results plotted in this 
zone are shown as a smooth curve that indicates a definite trend in the reaction of ligno
sulfonate. Results indicate increases in the shear strength of the system ranging from 
70 to 180 percent. The equation of the curve of best fit for these points is obtained by 

De ve loped St r ess (psi) 

0 20 40 60 80 100 120 140 160 

/ L..--

/ L---
~ 

bonded ---/ ~ unbonded 
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/ 
I 

Figure 6. Comparison of stress vs z/ a for bonded and unbonded conditions. 
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TABLE 1 

SHEAR STRENGTH 

Shear Strength 

Soil No. Type Soil Without Admixture With Admixture Percent 
Increase 

psi Failure psi Failure 

(a) Integrated Zone 

D-3 Silty loam 35 Bond 96 Shear +174 
D-4* Sandy clay loam 55 Bond 105 Shear + 91 
D-6 Silty loam 163 Shear 149 Shear 9 
D-7 Silty loam 75 Bond 180 Shear +140 
D-8 Silty loam 85 Bond 206 Shear +142 
D-11 Silty loam 40 Bond 100 Shear +150 
D-12 Silty loam 65 Bond 115 Shear + 77 
D-14 Silty clay 45 Bond 76 Shear + 69 
D-15 Silty clay 50 Bond 90 Shear + 80 
D-17 Silty clay loam 77 Bond 144 Shear + 87 
D-19 Sandy clay loam 122 Bond 259 Shear +112 
D-23 Sandy loam No results after 4 hours detection 
D-24 Silty clay loam 102 Bond 180 Shear + 76 

(b) Silt Zone 

D-5 CH1"" 70 Shear 70 Shear () 

D-10 Silt 40 Bond 42 Bond + 5 
D-13 Silt 159 Shear 130 Shear - 18 
D-16 Silt 96 Shear 99 Shear 
D-18 Silt 65 Bond 61 Bond 8 
D-20 Silt 100 Shear 100 Shear 0 
D-21 Silt 120 Shear 111 Shear 8 
D-22 Silt 96 Bond 96 Bond 0 
D-25 Silt 128 Shear 131 Shear + 2 
D-26 Silt 123 Shear 122 Shear 0 

*All cylinders were molded with 7 hours detention between layers and tested after 7 days cure except D-4, 
wh ich was molded with 16 hou!'1 detention. 

TABLE 2 

NORMAL STRENGTH 

Normal Strength 

Soil Type Soil Without Admixture With Admixture 
Percent 
Increase 

psi Failure psi Failure 

(a) Integrated Zone 

D-3 Silty loam 98 Bond 192 Shear +96 
D-4* Sandy clay loam 178 Bond 210 Shear +18 
D-6 Silty loam 325 Shear 298 Shear - 8 
D-7 Silty loam 231 Bond 348 Shear +51 
D-8 Silty loam 253 Bond 411 Shear +62 
D-11 Silty loam 126 Bond 190 Shear +51 
D-12 Silty loam 198 Bond 228 Shear +15 
D-14 Silty clay 123 Bond 153 Shear +24 
D-15 Silty clay 143 Bond 179 Shear +25 
D-17 Silty clay loam 248 Bond 287 Shear +16 
D-19 Sandy clay loam 378 Bond 517 Shear +37 
D-23 Sandy loam No results after 4 hours detention 
D-24 Silty clay loam 337 Bond 410 Shear +22 

(b) Silt Zone 

D-5 Silt 140 Shear 138 Shear 0 
D-10 Silt 122 Bond 130 Bond + 7 
D•13 Silt 318 Shear 260 Shear - 18 
D-16 Silt 191 Shear 19ij :Shear + 4 

D-18 Silt 214 Bond 190 Bond - 11 
D-20 Silt 200 Shear 202 Shear 0 
D-21 Silt 240 Shear 221 Shear - 8 
D-22 Silt 218 Bond 219 Bond 0 
D-25 Silt 256 Shear 261 Shear + 2 
D-26 Silt 245 Shear 243 Shear 0 

*All cylinders were molded with 7 hours detention between layers and tested ofter 7 days cure except D-4, 
which was molded with 16 hours detention. 
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Percent 
Sand 

Soll No. Percent 
Silt 

0-1 57 40 
0-2 83 2 
0 - 3 80 4 
0-4 23 58 
0-5 84 5 
0-6 70 12 
0-7 68 16 
0-8 77 6 
0-10 83 0 
0-11 64 20 
0-12 75 8 
0-13 80 1 
0-14 60 9 
0-15 55 12 
0-16 86 0 
0-17 61 19 
0-18 80 4 
0-19 12 68 
0-20 80 1 
0-21 81 1 
0-22 82 2 
0-23 21 62 
0-24 50 28 
0-25 85 0 
0-26 86 0 
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TABLE 3 

SHEAR FACTORS 

Percent Shear Factor, 

Clay Soil Sr = ~Clay 
fo Sand -t .,. Sill 

7 Loam 0.070 
15 Silt 0.176 
16 Silty loam 0.179 
19 Sandy clay loam 0. 235 
11 Silt 0.124 
18 Silty loam 0.220 
16 Silty loam 0.190 
17 Silty loam 0.205 
17 Silt 0. 205 
16 Silty loam 0.190 
17 Silty loam 0.205 
19 Silt 0. 235 
31 Silty clay 0.449 
33 Silty clay 0. 493 
14 Silt 0.163 
20 Silty clay loam 0.250 
16 Silt 0.190 
20 Sandy clay loam o. 250 
19 Silt 0.235 
18 Silt 0. 220 
16 Silt 0. 191 
12 Sandy loam 0. 014 
22 Silty clay loam 0.282 
15 Silt 0.176 
14 Silt 0.163 
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Figure 7. Shear factor vs percent increase in shear strength ofter 7-hour detention, 0.25 lb admixture 
per bog of cement. 
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TABLE 4 

DURABILITY 

With Admixture 

Without Admixture 
0.25 lb/bag 0.50 lb/ bag Soil No . 

Percent Loas Percent Percent 
Loss Effective• 

D-1 13 . 9 12. 9 + 7 
D-2 5.7 5. 5 + 4 
D-3 6.4 7.6 -19 
D-4 11. 0 10.6 + 4 
D-5 5.1 5. 4 - 6 
D-6 7. 5 5. 1 +32 
D-7 6.1 4.5 +26 
D-8 4. 4 3.1 +30 
D-10 4.1 2. 2 +46 
D-11 5. 1 5. 6 -10 
D-12 5. 3 4. 8 + 9 
D-13 7.5 5. 8 +29 
D-14 11. 9 7.8 +34 
D-15 8. 4 10.6 -26 
D-16 5.6 4. 7 +16 
D-17 6.3 5. 7 +10 
D-16 i:i. 8 3. e +38 
D-19 5. 7 6.0 - 5 
D-20 5.0 6.3 -26 
D-21 5. 5 5. 0 +10 
D-22 4. 8 4.8 0 
D-23 6.6 5.4 +18 
D-24 7. 9 7. 7 + 2 
D-25 5. 7 4.8 +15 
D-26 5. 9 5. 6 + 5 

'*Percent Effecti ve == % Loss Without Admixture - % Loss With Admixture 

% Loss With Admixture 

Percent Percent 
Loss Effective• 

15. 9 -14 
6. 0 - 5 
6. 7 - 5 

11. 0 0 
5. 1 0 
7.0 + 7 
4. 7 +23 
3. 2 +27 
2.9 +29 
4. 3 +16 
4. 3 +19 
5.1 +32 
7.2 +39 
7.9 + 6 
4.8 +14 
4. 7 +25 
5.0 - 3 
5.1 +11 
4. 9 + 2 
5. 8 - 5 
4. 0 +16 
5, 3 +19 

10.0 -26 
4.4 +22 
8.2 +38 
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using the curve-fitting method of least squares and is shown in Figure 7. These curves 
graphically demonstrate the benefits of lignosulfonate admixtures when a routine gra
dation test is run and the values for shear factor are entered in this graph. The results 
are reproducible, and they can be correlated with the shear factor. 

Curves were plotted for all soils with shear strength in psi as the ordinate and cur
ing time in days as the abscissa. Of 30 curves studied, 22 showed increase in shear 
strength after the 28-day curing period; 16 showed a greater than 10 percent increase 
in shear strength above that of the pilot samples. Dispersion of the cement within the 
first 2 to 7 days (Fig. 8) was instrumental in retarding the hydration process of the 
soil-cement mixture, thus preventing it from gaining full strength. This effect should 
not be considered detrimental unless calcium lignosulfonate and soil-cement mixtures 
remain below the design stresses during this period of curing. The results indicated 
that the strength of the material, in any case, did not drop below 250 psi, which is well 
within design stress requirements for a soil-cement base. Furthermore, by the time 
the base is completed and covered with a.protective wearing surface and opened to traf
fic, the base will have developed strength well above its allowable strength. In Table 4 
the results of the durability tests are summarized. The durability of the specimens 
indicates an improvement in most cases; however, they could not be correlated with 
the shear strength results. Based on the conclusions drawn from pertinent literature 
and on the results shown in Table 4, it is the authors' opinion that the durability of those 
mixtures containing an admixture will increase with time. 

CONCLUSIONS 

From the preceding analysis it is concluded that: 

1. When the thickness of the overlaying layer of a two-layered soil-cement base sys
tem is less than 2Y:i times the radius of contact area, bond between the subsequent layers 
of soil-cement is necessary to prevent tensile failure at the interface in the top layer. 

2. Bond is also necessary at the interface of multiple-layered soil-cement pavement 
structures to overcome slipping tendencies of the top layer induced by the tangential 
components of the normal stresses at intensities below the internal shear strength of 
the material. 

3. Calcium lignosulfonate and hydroxylated carboxylic acid are effective in creating 
bond between subsequent layers of soil-cement. 

4. The use of the admixtures in the underlying layer of a two-layered soil-cement 
system is recommended at a concentration of 0.25 lb per bag of portland cement. The 
time lapse between mixing of the first layer and placing of the second layer is not to 
exceed 7 hours. 

5. The admixture is to be premixed with the water prior to mixing with the soil
cement mixture. 

6. No reduction should be made in optimum water content when the admixture is 
used. 

7. Although silts tested in this study did not show any improvements, it is quite pos
sible that silts with electrochemical and shape characteristics different from those ex
isting in Louisiana may show an improvement. This should be investigated. 

8. The terminal shear strength of the individual layers of soils favorably reacting 
with admixtures, besides that of the layered system, is improved by the introduction of 
the admixtures in the amount specified. 

9. Admixtures used in this study generally improved the durability of the stabilized 
material. 

10. The shear factor values obtained by the authors should be duplicated for different 
geographical locations and an attempt to correlate them to the percent increase in the 
shear strength should be made before these results are used. 
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