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FOREWORD

This investigation was conducted for the Directorate of Military Construe-
tion, Office of the Chief of Engincers (OCE), as part of RDT&E Army Pro-
gram, Project 4A664717D895 “Military Construction Systems Development;”
Task 04, "Military Airfield Ficilities;” Work Unit (002, “Load Deflection of
Stabilized Layers.” The work was performed by the Construction Materials
Branch, Materials System and Science Division (MS), Construction Engi-
neering Research Laboratory (CKERL), Champaign, IL. The OCE Technical
Monitor was S. Gillespie.

Personnel actively engaged in the planning and evaluation stages of this
study were E.M. Condiff, H.R. Barrett, G. Schantz, R. Gunkel, J. Gambill,
A. Jones, and L..P. Suddath. Dr. M.R. Thompson, Department of Civil Engi-
neering, University of Illinois, Urbana-Champaign Campus, served as project
consultant. Appreciation is expressed to Mr. E.A. Lotz, former Chief of MS,
for his assistance and contributions to the successful performance of this
investigation.

Mr. John J. Healy is Chief of MS. COL M.D. Remus is Commander and
Director of CERL and Dr. L.R. Shaffer is Deputy Director.
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LOAD-DEFLECT!ON BEHAVIOR OF
LIME-STABILIZED LAYERS

1 INTRODUCTION

Background. Lime-stabilized soils have been
used sueeessfully in recent. yeuars as paving ma-
terials for bolh military and civilian construe-
tion. IKxtensive laboratory and field studies
concerning the properties ol soil-line mixtures
and the field performance of pavements eon-
taining soil-lime layers have demonstrated Lthat.
soil-lime layers can be effective in pavement
systems. Thompson has considered the general
use ol lime-treated soils in puvement construe-
tion aned has advanced some tentative concepts
for evaluating the structural behavior of soil-
lime pavement layers.!

Even though soil-lime mixture properties
have been studied in detail*” and soil-lime layv-
ers have been extensively used in pavement
eonstruction, Rice's statement faivly well sum-
marizes present capabilities:

Data and analysis are Lacking to determine the
actual structural benelits imparted to a pavement
struetnre by the incorporation of a stublized layer
in the pavement structure.'

It is signilicant to note that in Vietnum the
U.S. Army ¥ngineer troop units and tiae con-
struction eontractors huilt many mi'es of Line
of Communivation (LOCY roads and other con-
struetion which contained soil-lime layers. At
that time no established procedures were avail-
able for adegnately considering the struetural
benelits of soil-lime pavement layers. The U.S.
Army’'s interest in using soil-lime mixtures in
pavement construction is evidenced by stndies
at the Construction Engineering Rescarch Lab-
oratory (CERL) and the Waterways Experi-
ment Station (WES),

M. R Thempson, “Lime Treated Soils for Pavement
Construetion.” Jowrnal of the Alighicay Dicision, ASCI,
Vol 31, No. W2 (1985,

M. R. Thompson. "Engineering Properties of Lime-Soil
Mixtures.” Jowrnal of Materviels, Vol 1. No. 1 (A merican
Soriety for Testing and Materials, 10,

MORCThompson, Shear Streagth wnd Elastic Propertios
of Line-Soil Mirtares, Record No. 139 tHhighway Rescarch
Board, 1956).

WL Rice, Stabilization jor Parveme ts, Technieal Re-
port S-1/ADTERN2 (WConstraction Fngineering Resewreh
Laboratory | CERL 1975

Rice's CERL study indicated that lime sta-
b:lization appears “to increase the bearing
capacity of the subgrade” for rigid pavements
and that the soillime layers in the flexible
pavements were approximately equivalent to
high-quality, crushed stone.” 1t is important to
note that the CERL investigation was a “model
study™ and the stabilized layers were quite
thin: 3-in. maximum with a minimum of 1/2 in.

The WES Multiple Wheel Heavy Gear Load
(MWHGL) study® of stabilized layers. done by
Grau, included a full scale lime-stabilized section
(3-in. asphalt conerete surface, 6-in. crushed
stone, and a 15-in. soil-lime subbase). Based on
the study, Grau cenceluded izt

1. Using stabilized struetural layers in flex-
ible pavement is highly recommended.

2. The performance of the lime-stabilized suby-
base material was as good as that of simi-
lar pavements constructed of unbound
granular base and subbase materials when
it was tested in the MWHGL tes. section
at WES, and tralfie-tested with a 360-kip,
12-wheel assemhly.

The Air Foree Weapons Laboratory (AFWI
also sponsored a recent WES study entitled
“An Investigation of the Struetural Properties
ol Stabilized Layers in Flexible Pavement Sys-
tems."" However, Grau's study at WES was the
only one that included soil-lime.

Although substantial rescarch has been
directed to the problem of evaluating the strue-
tural properties of stabilized layers, only
a limited effort has been specifically related to
soil-lime layers An in-depth study ol the strue-
tural behavior of soil-lime pavement layvers is
therefore justified.

w1 L. Riee, Stabilization foor Parements,

SR.WL Gran, Evaluation of Structurd fayers in Fleaihle
Pavements, Miscellaneous Paper 5-73-26 (US. Army Water-
ways Bxperiment Station, 1973},

WL R, Barker, W, N, Brabston, and F. C. Townsend, A u
Investigetion of the Steactural Properties of Stohilized
Layers tn Flexible Pavement Construetion, Technieal Re-
porl AFWL-TR-T3-21 tAir Force Weapons Laboratory,
19T,

Preceding page blank
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Study Objective. Based on an awareness of
the current, limited capabilities for evaluating
the structural response of soil-lime pavement
layers and the present status of soil-lime mix-
ture technology, a research study was devel-
oped with the following general objectives:

1. To study the load-deflection behavior of
typical soil-ime pavements

2. To evaluate the elfect of pertinent factors
sueh as: mixture strength, subgrade sup-
port, layer thickness, and type of loading
on the load-deflection response

3.To establish the effectiveness of various
pavement-behavior theories in predicting
load-deflection behavior for soil-lime
luyers.

Approach. The response data available at pres-
ent are insufficient for objectively evaluating
the behavior of soil-lime pavement layers and
the factors which influence that behavior (mix-
ture properties, layer thickness, subgrade sup-
port, static vs dynamic loading. ¢te)). To achieve
maximum benefits from this investigation, a
simple pavement system (a soil-lime layer over
a soil subgrade) was construeted in a laboratory
test bin. The advantages of test bin construction
were that it could be more aecurately controlled
than field operations, would minimize important
environmental effects, and would permit the
use of ophisticated and carefully controlled
stutie ana Jdynamic-loading apparatus and other
instrumentation.

The investigation emphasized pavement re-
sponse, rather than pavement performance
under traflic loading. An important initial ac-
complishment was an understanding of the fac-
tors and purameters that influence pavement
response; however, subsequent studies should
be directed toward relating pavement response
to pavement performance under traffic.

Study Description. The study wus designed to
include a range of parameters; the most signif-
feant parameters relative to soil-hme pavement
load-defleetion behavior were: layer thickness,
mixture strength, type of loading, and subgrade
support. Limitations imposed by loading eapa-
bilities, time, and test-bhin size were considered
in establishing the range of parameters.

Mictwre Streagth. When reactive soils are
treated with lime, assuming adequate curing
counditions of temperature and moisture prevail,
the compacted soillime mixture develops in-
ercased strength as euring progresses. Thus, it
is possible to study mixture-strength effects by
varying curing time prior to testing. Curing
times of 2, 14, 28, and b6 days were selected
for this study.

Subgrade Support. To cover a range of Lyp-
ical conditions, both a weak and a stiff subgrade
were used, Target values for the moduli of sub-
grade reaction were 5 psi/in. for the soft grade
and 450 psi/in. for the stiff grade. Most soil-
lime pavements are construeted in fine-grained
subgrade arcas; thus, k values in excess of 450
psi/in. are unlikely to be encountered in
practice.

Thickness of Stabilized Layers. A wide range
of constructed thicknesses can be act ieved with
arious types of soil stabilization equipment.
Although decp-layer stabilization procedures
may be used Lo process up to 24 in. in one
operation,” soil-lime layer thicknesses normally
are 6, 9, and 12 in. The thicknesses used in
this study were 6, 9, und 12 in.

Tupe of Lowding. Miamy past studies have
demonstrated that loading rates substantially
alfect pavement response. The avatlability of an
MTS closed-loop testing system allowed applica-
tion of both static and dynamie loads to the test
section pavements. A 12-in. diameter. plate-
loading deviee was us>d in the test program.
iNote: For conditions of a 9,000 Ih wheel load
and an &u psi contact pressure aver i cireular
contaet area, the diameter of the loaded area is
12 inJ)

Table 1 summarizes the seetions ineluded in
the laboratory testing progran.

MR Thompson, "Theep Plow Lime Stabilizanon for
Pavement Construetion,” Transportutivon Fnginecrmg Jonr.
nat, ASCE, Vol 98, No U TRE2 (amh,
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Table 1 Table 2
Test Section Data Properties of Goose Lake Clay

Atterberg Limits
Liguid Limit, % - 30

Yver By £ v Soil-Li S S d Limi .
Section Number  Seil-Lime Subgrade Support Plastic Limit. % - 16

R R P e A T

! Thickness, in.  (k}, psifin. - Plasticity Index, % - 14
™ 1 6 o e
‘ D) 3 350 h])L‘('lfl(‘ Gra vity - 2,71
B 3 4 a0
g 4 9 150 Moisture-Density Charaeteristics
ko i 5 12 50 Y mux., pef - 124.8
3 [ 12 150 Optimum moistnre content, % - 11.0
{. "1 Grain Size Distribution
E 8 % passing No. 200 sieve - 87
! 2 MATERIALS % <o - 96
Soil. Goose Lake Clay (GLC), a commereial Classification
clay distributed by the A.P. Green Refractories [-“"2“‘(1)' ('Ii* .
] Co. of Morris, 1L, was used in the test bin as SEBINY = AW (LD
B the subgrade soil and also Yor soil-lime mixture

preparation. Table 2 summarizes pertinent en-
gineering properties of GLC. The moisture-
density relation CES5* for GLC is shown in
: Figure 1. The principal clay mineral in GLC is
- kaolinite with some illite and quartz. GLC was
selected because it is processed and uniform in
properties, it will react with hydrated lime to
achieve substantial strength increase, and it is
similar to many soils that would be considered
for lime stabilization.

The CE moisture-density relations for 4 per-
cent lime-treated GLC are shown in Figure 1.
The maximum dry density is 122 pef and the
optimum moisture content is 12.2 percent.

Sy Rl

ax

Compressive Strength and Stiffness. A se-
ries of Harvard miniature-sized spccimens
(1.3125 in. diameter x 2.816 in. length) were
prepared with a drop-hammer eompactor. The

Ly,

§ 4 percent soil-lime mixture was prepared at an
: : Qe o oximatelv
. e e optimum moisture content of approximately
{ Lime. A monohydrated, dolomitic lime, pro- 1 . pprox!
) ) = , 12.2 percent and compacted to approximately
duced by the Marblehead Lime Co. of Thornton, o . .
. . . 93-95 percent of maximum dry density.
} IL, was used in the preparation of the soil-
lime mixtures. The lime mneets the specification | . . e .
. . T e For each series, seven specimens were eured
{ requirements of ASTM C-207, Type N. Approx- g g e o oR
: . - . . in sealed ~ontainers at 7T3°F for 2, 7, 14, 28,
imately 85 percent of the lime will pass the o
SBTR of and H6 days.
i No. 325 sieve.
b
§ Static Testing. Following the designated

Soil-Lime Mixtures. Preliminary studies indi-
ated that a 4 percent (based on dry weight of
soil lime treatment produced optimum com-
pressive strength response for curing periods
(at T3°F) up to 56 days—the maximum curing
period planned for the test series. The com-

curing period, four of the specimens were
loaded to failure at a constant loading rate of
100 Ih/min. Axial and radial deformations were
measured continuously during loading. The sta-
tic modulus of elastieity was caleulated as the
secant motlulus at a stress level of 72 percent

pl‘cssivg and floxu.rul. stmpgth and stiffnes‘,.g of the ultimate <irength as recommended hy (
'l;)l (;{;?létée::l:])f] t,l;g ;’lf‘:;l,;‘l)ln\]:e::tx[s(l(L;::(L]‘(ell,f‘l))l(‘)j; T hompson.“’.I’nis.«‘-(.\n's ratio values were aleu-
o Loy ’ lated at various stress levels by dividing the k-
siiate poe] aly7mves (e diametral strain by the axial strain.~ .
7

WAL R. Thompson, Shear Strength and Elastic Prop- #

“Materials Testing, Technienl Munual 5-530 (Depurtment crtics of Lime-Soil Mirtures, Record Noo 139 (Highway 3
of the Army. Febriguy 146, Rescarch Bourd, 1966), : i
1

3

1 1 s




Static compressive stress-strain curves and
relations between stress level and Poisson's
ratio are shown in Figures 2 and 3, respectively.
Pertinent data are summarized in Table 3.

Dynainie Testing. Dynamie compressive test-
ing was limited to determining the resilient
modulus and resilient Poisson’s ratio of three
speetmens subjected Lo various repeated stress
levels. In general, the repeated stress levels
were approximately 25, 50, and 75 perecent of
the static unconfined, compressive strength of
the soil-lime mixture. One specimen was tested
at each of the three stress levels. The repeated
stress sequence was 500 applications of a 40
msee triangular stress pulse applied at a fre-
quency of 20 eycles/min. Axial and radial de-
formations were monitored, throughout the
repeated loading period.

Resilient moduli (repeated axial stress/re-
coverable axial strain) and resilient Poisson's
ratio values (recoverable radial strain/re-
coverable axial strain) were caleulated from the
test data. The number of load applications (up
to the 500 eyeles applied) had no effeet on the
resilient modult or resilient Poisson's ratio val-

nes: thus, the dynamie-response data sum-
marized in Table 4 are for 250-load applications.

Flexural Strength and Flexural Moduli.
Flexura!-strength properties of the cured soil-
lime mixtures were evaluated using 2 x 2 x 7
in. beams subjected to third point (2 in, - 2 in. -
2 in) static and dynamic loading. The soil-lime
beams were compacted in three equal layers
with a full-Tace drop-hammer eompactor. The
mixtures were compacted at an approximately
optimum moisture content of 12.2 percent to a
dry density of approximately 112 pef (92 per-
cent of CEE5)).

The seven beams prepared for each series
were cured at 73°I in sealed containers for
periods of 2, 7, 14, 28, and 56 days. At the end
of the curing period, SR-1 strain gages were
cemented to the top and bottem of the spec-
imens in the middle-third portion.

Four of the beams were tested under static
loading conditions at a constant loading rato of
25 Ib/min. The strain gages were monitored
continuously during loading. Load and strain
data were used to develop moment-curvature
relations from which flexural moduli were cal-
culuted The statie loading data are summarized
in Table 5: modulus of rupture values, flexural
moduli calculated for a stress level equal to 50
percent of the modulus of rupture, and tensile
strains at failure,

Table 3

Compressive Strength und Modulus of Elasticity

Properties of Cured Soil-Lime Mixtures

Curing Period,
days (a)

Compressive Strength,
psi (b)
125
160
|89
21
242

Notes:
(w Curing temperature of approximately 7371,
1h) Average of Tour specimens.

=)t

Secunt Modulus,
ol Elasticity. psi (¢)

16,100
250060
27.200
32,600
45,000

te) Calenlated at a stress level of approximately T2% of ultimate strength.
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Tuble 4

Compressive Resilient Moduli and Poisson's Ratio
Properties of Cured Sail-Lime Mixtures

Stress Level Resilient Resilient
Curing Period, % of Ultimnie Modulus, Poisson’s
days (a) psi Strength ksi Ratio

2 ' 36 T 9 0.22
67 ]

125 0.71
99 i 100 1.08

41 26 83 0.16
81 51 71 0.20
™ ) 0.36

25 109 0.19
49 109 0.27
7 85 0.33

27 92 0.11
2 0.21
69 0.11

114 0.14
117 0.24
106 0.40

Notes:
{a) Curing temperature of approximately 73°F.

Table 5

Statie Flexural Strength, Flexnrl Moduli, und
Tensile Failure Strain Data far Cured Soil-Lime Mixtures

Tensile ¢
Curing Period, Modnlus of Flexurnl ut Fnilure,

duys () Rupture, psi (h) Modulus, ksi (¢) Mierostrain

32 71.1 644
3 121.1 493
42 133.3 415
ol 198.6 552
Hh 216.0 420

Notes:
) Curing temperature ol approximately 73°1,
(1) Average of four specimens,
(e} Modulus caleulated at a stress tevel of approximately 50 percent of the modulus
of rupture.
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Dynamic testing was used to evaluate a dy-
namic flexural modulus. The repeated tlexural-
stress levels were approximately 25, 50, and 75
percent of the static modulus of rupture. One
specimen was Lested at cach of the three stress
levels under a repeated loading sequence of 500
auplications of a 40 msee, triangular pulse ap-
plied at a frequeney of 20 eyeles/min. The SR-4
strain gages were monitored continuously dur-
ing the test. Dynamice flexural moduli were
ealenlated using the same procedures employed
for the static test data. Since the number of
eyeles did not affect the dynamie flexural re-
sponse {up to 500 stress applications consid-
ered), the dynamice flexural moduli reported in
Table 6 are for 100 stress applieations.

Comments. The reduction in maximum dry
density and the increase in optimum moisture
content for the soil-lime mixture effected by the
lime treatment are typical (see Figure 1).
Strength and modulus of elasticity values nor-
mally inerease as curing times arve lengthened
(Tables 3, 4, 5, and 6 and Figure 2). The
Poisson’s ratio data in Figure 3 and the flexural
failure-strain in Table 5 compare favorably with
data developed at the University of Hlinois for
other soil-lime mnixtures."

Thompson has proposed that soil-lime mix-
tures tested in compression exhibit a “limiting
failure strain™ type behavior.® The flexural
strain data in Table 5 also support a “limiting
failure strain™ approach. Limited flexural test-
ing data developed in an early University ol
Ilinois study'™ ulso appeared to indicate the
development of maximum flexural resistance in
a failure-strain range which is 400-500 micro-
strain, similar to the duta in Table 5,

In summary, the material properties dis-
played by the cured lime-GLC mixtures agreed
with previously developed data for other soil-
lime mixtures. Therefore, soil-lime layers con-

ML R. Thompson, “Engineering Properties of Lime
Soilt Mixtures.” Jowrnal of Matcorials, Vol 4, No, 4 (Ameriean
Soeiety Jor Testing and Materials, 19649,

ML KRy Thompson, Shear Strength and Elastic Prop
ertics of Lime-Soil Mivtures, Reeord No, 139 (Highway
Researeh Board, 1966

HM. R, Thompson, “Engineering Properties of Lime
Soft Mistires.”

b
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structed using the lime-GLC mixture should
exhibit typical load-deflection responses and
also no difficulty should be encountered in ex-
tranolating the behavior of the muterials and
pavements in this study to different subgrade
soils and soil-lime mixtures.

3  CONSTRUCTION AND
TESTING PROCEDURES

Test Section Construction. All of the test
items were construeted in an 3 x 8 ft reinforeed
concrete test bin, with wall thicknesses of 8 in.,
and u floor thickness of 12 in. The bin was deep
enough to accommodate 42 in. of subgrade soil
and soil-lime layers of thicknesses up to 12 in.
Flastie layer and Westergaard-based caleula-
tions using typical properties for the subgrade
and soil-liine mixture indicated that the bin di-
mensions were large enough to permit the de-
velopment of slub action and deep enough to
insnre that the soil-lime layer response was
controlled primarily by the subgrade soil and
was not unduly affected by the concrete slab in
the bin bottom.

Material Ureparation. The subgrade soils and
soil-lime mixtures were prepared in a turbine
concerete mixer in approximately 800 |b batches.
A predetermined amount of water was added
slowly to the GLC and mixed until a homoge-
neou.  cil-water system was attained, generally
about o min. The soildime mixture was pre-
pared by dry-mixing the GLC and the appro-
priate amount of lime (4 percent lime content
hased on dry weight of soil), and then thorough-
ly incorporating enongh moisture to achieve the
desired moisture content. The soil-lime-water
mixture was usnally “wet mixed” for approxi-
mately 3 min.

Suflivient guantitics of the GLC or the soil-
lime mixture were prepared, covered to prevent
moisture toss, end stockpiled immediately prior
to placing the subgrade or soil-lime layer. Mois-
ture was checked belore plieement to insure
thuat the correet moisture content had been
achieved.

Muaterial Placement and Compaction. The
GLC or soil-lime mixture was placed in the bin
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Table 6

Dynamic Flexnral Moduli of Curced Soil-Lime Mixtures

Flexurul Stress Level

Curing Period,
days (n)

30.0
110

Notes:

% of Modulus of
Rupture

Dynumic Flexurnl,
Modulus, ksi

23 178
47 128
™ 133

23 174
46 210
5 107

29 218
57 200M
806 165

28 273
80 226

300
250
288

' . ‘ . 3 0
() Curing temperature ol approximalely 7371
il

(b Value used in finite-element analysis.

in approximately 6-in. lifts (loose thickness).
The desired compaction was accomplished with
an air-driven tamper (5-in. diameter tamping
face}. Compacted lift thicknesses varied from
2-1/4 to 3 in. Sufficient lifts were placed to
achieve the desired thickness of compacted
material.

The top surfaces of the subgrade and the soil-
lime layer were leveled with a soil planer to
proper elevations and thicknesses. An approx-
imately 1/16-in. layer of paraflin was placed on
the surface of the linished soil-lime layer to
prevent subsequent moisture loss.

Control Tests. Moisture content, density, and
in-situ Culifornia Bearing Ratio (CBR) tests
were conducted during e placemenc of the
abgrade material to insure that the compacted
soil was properly and uniforicly constructed.
Soil-lime mixture control tests were Tor mois-
ture content and density. Harvard miniature

sized compression specimens were prepared
from the soil-lime mixture and cured in sealed
containers at 73°F for periods up to 56 days.

Table 7 summarizes the as-construeted sub-
grade properties of the test sections. Periodic
checks following the completion of load-testing
indicated that subgrade moisture and density
properties had not signifiecantly changed from
as-constructed conditions.

The compressive strengths of the soil-lime
mixtures cured for 28 and 56 days indicated that
the mixtures placed in the test section were
comparable to the mixtures used in the labora-
tory studies. The flexural strengths of beam
specimens (2 x 2 x 7 in)) dry-sawed from some
of the cured soil-lime slabs after the completion
of load-testing also confirmed the fact that the
soil-lime mixtures in the slabs were very similar
to those previously evaluated in the laboratory
studies. Based on these facts, it is assumed that
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the property data presented in Tables 3, 4, 5,
and 6 are representative of the as-constructed
and cured soil-lime layers.

Testing Procedures. The primary testing se-
gquence for the soil-lime pavement sections in-
cluded statie ar.d dynamie 12-in. diameter plate-
loading following curing periods of 2, 14, 28, and
56 days. The entire testing sequence was accom-
plished on the same test section since the soil-
lime pavement was not failed until the uitimate
load test was conducted at the 56-day ~uring
period.

Loading Equwipment. An MTS closed-loop
testing system with a 50k load-actuator was
used for both static and dynamic testing. The
12-in. diameter loading device was a series of
stacked aluminum plates (6, 9, and 12-in. diam-
eters). Load was applied to the plate through a
ball-type meehanism and was measured by
using electronic load-cells of various appro-
priate ranges.

Deflection Measurements. Qutputs from four
linear potentiomcters, spaced equally around
the perimeter of the 12-in. loading plate. were
electronically averaged and recorded as the
plate deflection. Additional potentiometers
measured pavement surface deflections at ra-
dial distances up to 42 in, away from the center
of the loading plate.

Average Properties of Test Section Subgrades

AL Compaeted dry density, pef
B. Placement waler content,

C. Modulns of subgrade reaction
psi/in*

. n-situ CBR®

Noles:
i) Seetions 1, 3, w0l H
thi Seetions 2, 4, and 6
* CESD procedure

SMateviats Tostiny, Veehnieal Mannal 5530 (Depariment

of the Army, Febrary 14966,

Table 7

During construction, u small plastic disc was
placed on the surface of the subgrade imme
diately beneath the anticipated location of the
center of the loading plate. After construction
of the soil-lime layer, a small hole was drilled
through the layer and a plastic push-rod was
attached to the dise. The push-rod was extended
through the load plate. Its movement, sensed
by a potentiometer, was measured as the sub-
grade surface deflection.

Typical Pavement Loading Operations. After
the appropriate curing time the soil-lime pave-
ment sections were tested under static and dy-
namic loading conditions. In all cases, the loads
were applied to the 12-in. diameter loading plate
previously deseribed. The plate was appropri-
ately leveled and seated prior to the load test.
The pavements were not tested tr failure in
order to preserve the sections for additional
testing following an extension of the euring
period.

The statie loads were inereased until the de-
sired load was reached. The plate defleetion
was monitored after cach load increment, and
the next increment was not applied until the
rate-of-acenmulation of additional plate defor-
mation was less than 0,002 in. in 10 min. Since
the 1.aximum statie loads were substantially
less than the ultimate load-carrying capacity of
the pavement seciion, the plate deformation

Soft Subgrude Stifl Subgrade
Scetions (a) Seetions (b)
110 115
17 12.5

o0 150
3 22
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i cate rapidly deercased soon after the load in- 40 msece in duration and the loading {requency

ot

crement was applied. Plate load and deforma-
tion, pavement surface, and subgrade surface
deflection data were recorded for the various
load increments. Figures 4 to 9 present load-
deflection (P-A) relations for all the sections.

After the static loading operations, dynamic
loads of varying magnitude— but substantially
less than the ultimate load-carrying capacity —
were applied. The triangular load pulse was

was 20 ¢yeles/min. Five hundred load repeti-
tions were applied at each load magnitude and
dynamic plate and subgrade surface deflections
were recorded (Tables 8 to 13).

After the static-and dynamice-load testing had
been completed for the 56-day curing period,
the pavement sections were loaded to failure
at the rate of 3000 Ib/min. Plate and subgrade
surface deflections were recorded during the

test (Figures 10 to 15).

'l
!
e
1
’ g
3 Tuble 8

Dynamic Loading Data for Section |

- Subgrade
Plate Surfuce
J Plate Deflection ut Deflection at
: Cure Time, Plate Load, Pressure, 100 eycles, 100 cycles,
days b psi 0.001 in. 0.001 in.
B
E 2 600 5.3 1 1
1 1.500 13.3 . 2
: 2,200 203 i3 8
i 1 1.200 104 : 2
. 2,600 23.0 9 6
: 3,850 BAN 16 13
g 28 1360 F] 1 2
0 2850 25.2 10 7
; 1,200 37.2 17 14
"o 506 16O 112 1 )
it b | 3,100 30.0 )] R
B 5.200 16.0 20 I8
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Cure Time,
days

0

<

28

Cure Time.

b

days

)
-

I

25

518

Table 9

Dynamle Loading Data for Scetion 2

Plate Load,
Ib

1,000
2,100
3,000

1,600
3,300
4,600

2,000
4,000
5,800

Plate
Pressure,
psi

8.8
18.6
26.5

14.2
29,2

40.7

17.7
3b.4
51.3

Table 10

Plate
Deflection at
100 eycles,
0.001 in.

Dynamic Loading Data for Section 3

Plate Load,

b
1,800

1,000
2,000
2,800

5,250
12,000
17.500

3250
6,500
14,000

Plute
Plate Deflection ut
Pressure, 100 cycles,
psi 0.001 in.
159 10
3 8
7.7 20
218 32
16,4 6
106.1 9
MYE Iy 37
.7 ]
579 22
884 R
18
"'_y 13 id

Subgrade
Surfuce
Deflection at
100 eyeles,
0.001 in,

Subgrade
Surfaee

Deflection at
1M cycles,

0,001 in,




Cure Time,
days

- 9

28

I

Cure Time,

days
*)
B!
28
1
i Bk

Table 11

Dynamic Louading Data for Seetion 4

Plate Load,
Ibh

1,900
900
5,000

3,750
7,750

11,500

4,750
9.500
13,500

5,500
10,750
14,250

Plate
PPressure,
psi

16.8
34.5
H52.2

33.2
68.5
101.7

42,0
84.0
1194

48.6
951
126.0

Tuble 12

Plate
Deflection at
100 eycles,
0.001 in.

2]

s —
[ 2 e

Dynamice Loading Data Tor Section 5

Plate T.oud,

ih

2,200
4600
7.000

3,500
7.250
10,000

4375
8.75H0
12,500

2,000
437s
13,750

Plate

Pressure,

psi

19.5

ART
774
RTINS

112

824

1218

Plate

Deflection at

100 cycles,
0.001 in.

e ———

Subgrade
Surface
Deflection at
110 eyeles,
0.001 in.

(51 B S,

Subgrade
Surfuce
Deflection at
100 cycles,
0.001 in.
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4 STATIC LOADING—DATA ANALYSIS

Static Loading. In general, the various load-
deflection (P-A) relations (Figures 4 to 9 il-
lustrate the interactions among the various pa-
rameters of subgrade strength, thickness of
soil-lime layers, and soil-lime mixtures strength
(curing-period effect), and also prove that sub-
stuntial load-carrying eapacity ean be developed
in a soil-lime pavement gystem,.

Subgrade Strength Effects. The influence of
subgrade strength (as evaluated by the modulus
ol subgrade reaction) on load-carrying eapacity
is illustrated in Figures 16 and 17. The data are
Tor 28-day curing periods and plate deflections
of 0.02 in. and 0.06 in., respeetively. Six-in,
thickness data are not shown in Figure 17 since
defleetions of €.06 in. were not obtained during
the statie plate-doad Lesting.

The beneficial effeet of inereased subprade
support is obvious for all soil-lime layer thick-
nesses. Nusshaum and Larsen of the Portland
Cement Assoctation (PCA)' found similar
“straight-line™ relations bewween load-carrying
apacity at a specified defleetion and subgrade
strength. Tt shovld be noted that n the PCA
study several levels of subgrade strength were
considered, in contrast to the two levels (50
psi/in, and 450 psi/Zind included in this stndy.

Strenyth and Curing Effects. Soil-lime mix-
ture strength development in the test pavement
was related to curing time as Hustrated in FFiyg-
ure 2. Thus, inercased test section curing lime
effected inereased strengths in the soil-lime
layer. while for practical purposes, the subgrade
strength remained essentially unchanged.

Tt is imortant to note that both strength and
moduli of clusticity properties of the soil-lime
mixture increase with euring time (see Table Ot
Therefore, the P-A response of the Lest sections
should display & definite curing time effeet.
With the exception of seetion 2 (6-in. soil-lime.
stiff subgy. der, load-carrying capacity inereased
with extemnded curing. In seetion 2, the com-
binedl ¢ffeets of stilf subgrade and thin layer

UL N wsshium and T3 Laresen Load Dherlection CChar-
aetorstios of Sod-Comaent Povemends, Recomd No, 86
ey Resenrel Board, 1965,

20)

LA
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thickness obseured the ewring effeets. The most
dramatic inereases in load-carrying capacity
werce obtained in the curing interval from 2 to 14
days, while somewhat reduced effeels were not-
cd for the longer euring periods. This is not
surprising since modular ratio cffects (E soil-
lime/E subgrade) are more siguificant at lower
values; i.c., the initial inereases in strength and
modular ratio {2 to 14 days in this study) were
mare beneficial than subsequent increases.

Thickncess Effects. The influence of thickness
on the 28-day curing -2 vesponses of the
varicus seetions is illustrated in Figures 18 and
19 for the soft and stilf subgrades, respee-
tivelv. Similar trends were noted for the other
enring periods. Thickness effeets appear to be
significant for both soft and stiff subgrade
support conaitions.

Theoretical Analyses. The procedures devel-
oped for predicting the load-deflection behavior
of lavered systems include elastic theory
(Westergaard's dense liguid subgrade) and
clastie-plate theory (elastic solid subgrade). For
an extensive deseriptive summary of the var-
ions procedures. consult Appendix G of the
Allerton conference procecdings.t™ In ail the
above-isted procedures the matertals are as-
sumed to be hnearly clastie, and the elastie
properties are rot stress-dependent. The var-
ious procedures have been used extensively
with varying degrees of suecess in pavement
analysis and design.

Seleeted P-A data Trom this study were ana-
lyzed using the various procedures. Table 13
sunmmarizes soil-lime and subgrade soil-
property data used in the analyses. Theoretical
and experimental values were compared for the
28-day curing and a plute load of 9K, except
for sections { and 26 in. -oil-lime laver thick-
ness) where the comparisons were based on
Ok and 6k loads, respectively. In some cases
additional enring periods or plate loidings were
also considered. The 28-day curing peviod was
seleeted beeanse the 28 and 56-day data were

CROWL Wondhewd and 10 TE Wortman, Procecdings,
Allceton Park Conforenes v Sas vms Approach to Vo field
Pavcments, 2020 Maveh 1900 vebaient Repoee PLOAD
TRAZIZ (R RLO YT Aol
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quite similar and, at the end of the 28 days of
curing, the soil-lime layer had developed suf-
ficient flexural strength (54 psi) and stiffness
(E=199 ks io exhibit a slab- or “plate™type
structural behavior.

Layered Klastic Analysis. An n-layered elas-
tic system computer program initially devel-
oped by Chevron and subsequently modified
at the University of Ulinois was used in the
luyerad elastic analysis. & “rough interface”
condition was assumed in the analysis and the
material properties shown in Table 13 were
used. Pertinent theoretical response data (sur-
face deflection, flexural stress at the bottom of
the soil-lime layer) and experimental data for
the various seetions are summarized in Table 14.

Table 11

Material Property Data Utilized in Static Analyses

Subgrade Soil
K. Modulus of Subgrade Reaction, psi/in.
50 (Soft Grade)
50 1Suff Grade)
I, Soft Grade 880 psi ()
1700 psi th)
Sl Grade 7960 ()

0 I cateulated Tfrom 30 in. plate load test diatst ov
sthgrade (Boussinesq thooryy,

(b Determined from compressive stress-stein curves
for compucted (kncading) soil samples  oading
rite of 0.05 in/min. Samples were compiacted to
the average moisturc-density condittons shown in
Table 2.

Soil-Lime Mixture
Madulus of Elasticity, psi
199,000
(28-lay enving, static testing, see Table &

A difficulty encountered in using the elastie-
Liyer program to analyze the data was the ade-
quate representation of the test seetion. The
clastie-layer analysis assumes the bottom layer
to be of semi-infinite extent, whereas in the test
section the subgrade was 42 in. thick, the bot-
tom of the (est bin was 12 in. of conerete, and
the bin was positioned on the conerete floor
slab of the laboratory. Preliminary Bison slrain-
e data obtained during the early stages of
load-testing indicated that as little as 0.001 to
0.002 in. of deformation was being experienced

| Riatiy i i slante)
iy tJ'.'-‘ ,ﬂ_;‘-‘:l,)-;,!; feganht
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in the bottom 6-ia. layer of the subgrade . w here-
as the layered elastic theory data implied that
detectable deformmations should be vecurvins in
the layer. It is apparent that the theory dues
not precisely represent the test seetion system.

Flastie Plate Theory. The dense liquid sub-
grade {Westergaasd) and the elastie solid sub-
grade theoretical models were used to prediet
the behavior of the soil-lime test pavements.
Moduli of subgrade reaction determined from
J30-in. plate-loading tests were used for inputs
in the Westergaard model. The moduli of elus-
tieity (E) were caleulated by using the plate-
loading data for the subgrade and, in addition,
compression specimens (2-in, diameter by 4 in.)
were prepared by kneadint compaction at the
moisture and density levels indicated in Table 7.
Statie (deformation rate of 0.05 in./min} eon-
pressive stress-strain data were used to deter-
mine uan E for use in the clastie subgrade model.
Alchough the two determinations of £ were
quite different for the soft subgrace, they were
approximately the same for the :tiff subgrade
condition.

Calenlations were made using k values of H0

and 450 psi/in. for the Westergaard model and
E values of 880 and 1700 psi (soft grade) and

8000 psi (stiff grade! for the clastie solid sub-
grade model (Table 14),

PCA’s analysis'® of their load-deflection data

for eement-stahilized materials indicated that
the relation
P = l\’_k__“
u(ﬂ)
h
in which
P = plate pressure, psi
w = plate deflection, in.
k = modulus of subgrade reaction,
psi/in.
i = radius of plate
h = thickness of stabilized layer

a,p =

experimentally determined
factors

fp 0L Nusshanm and T Laesen, Load il ction
Chaoracteristios of Sl Coment Pavenrents, Rocord Na, 86
tHigrhway Resereh Board, 19650,
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Table 14

Theoreticul Results und Meusured Dutu
{Static Analysis—28-Day Curing Period)

Measured Luyered Elastic Theory
Section Surfuce
No. A, in. (a) A, in. (b) a, psi {c) E (., psi
1 0.050 0.087 142 880)
0.057 123 1700
2 0.028 0,021 93 8000
3 0.07H 0.107 1336 880
0.070 | R 1700
1 0,023 0.024 81 SO000
D 0,035 0.0806 &2 fato]
0,051 ™ 1700
0 0,022 0,021 BE 8000
Mcoesured Elustic Plate Theory
Section  Surface Dense Liquid Subgrade Elastie Soiid Subgrade
No. Ayjinc(a) Avin. (b) a.psife) k. psiZin. A, in. (bl wopsite) B, psi
}: % 1 0,050 0.0:43 131 50 0,086 140 880

0.055 124 1700

& 0.028 0.016 107 150 0,022 103 8000

3 0.075 0013 Hd} ol 0,101 137 880
0.067 123 1700

1 0.0:23 0,011 00 150 0,02: a2 8000

) 0.0035 0,028 g ol (Lo7Y SX A8l

10,050 Rl 1700

4 0.022 0.008 Bt 150 0.01x 62 8000

Notes:
tn Ok plate losd except seetion 1 5k and seetion 2 16k
) Surfiee deflection at centerline of loaded aret,
ter Flexural siress at eenterline of londed areg at bottom of soil-lime |

ayer,




quite similar and, at the end of the 28 days of
curing, the soil-time layer had developed sul-
ficient flexural strength (54 psi) and stiffness
{(E=199 ksi to exhibit a ::lab- or “plate™-type
structural behavior.

Laycved Elastic Analysis. An n-layered elas-
tic system computer program initially devel-
oped by Chevron and subsequently modified
at the University of Hlinois was used in the
layered elastic analysis. A “rough interfuce”
eondition was assumed in the analysis and the
material properties shown in Table 13 were
used. Pertinent theoretical response data (sur-
face deftection, flexural stress at the bottom of
the soil-lime tayer) and experimental data for
the various sections are summarized in Table 14,

Table 13

Material Property Datn Utilized in Static Analyses

Subgrade Soil
IS, Modulus of Subgrade Reaction, psi/Zin,
S IRoft Grade
1H0HSLT Grinde)
., Soft Grade B8O psi ()
1700 psi (h)
Stiff Grade 7960 1
i I ealeulated from 30 in. plate toad test data on
sitbgrade tBoussinesq theory).
thr Determined from compressive stress-strain curves
for compuacted (keeading) soil samples toading

in the bottom 6-in. layer of the subgrade, where-
as the layered elastic theory data implied that
detectable deformations should be occurring in
the layer. It is apparent that the theory does
not precisely represent the test section system.

Klastic Plate Theory, The dense liquid sub-
grade {Westergaard) and the elastic solid sub-
grade theoretical models were used ta predict
the behavior of the soil-lime test pavements.
Moduli of subgrade veaction determined from
30-in. plate-toading tests were used for inputs
in the Westergaard model. The moduli of clas-
ticity {E) were caleulated by using the plate-
toading data for the subgrade and, in addition,
compression specimeas (2-in. diameter by 4 in.)
were prepared by kneadine compaction at the
moisture and density tevels indicated in Table 7.
Statie (deformation rate of 0.05 in/min} com-
pressive stress-strain data were used to deter-
mine an E for use in the elastie subgrade model.
Although the two determinations of E were
quite different for the soft subgrade, they were
approximately the same for the stiff subgrade
condition.

Caleulations were made using k values o, 50
and 450 psiZin. for the Westergaard model and
E values of 880 and 1700 psi (soft gradel and
8000 psi (stiff grade) for the clastic solid sub-
grade modet (Table 14),

.
|

rate of 0.05 in./minr. Swwples were compacted to
the average moisture-density conditions show i
Tible 2.

PCA’'s analysis' of their load-deflection data
for cement-stabilized materials indicated that
the relation

e

473
o,

Sotl-Lime Mixture
Modulus of Elasticity, psi
FO4O,(010
28 day curing, statie testing, see Table 5
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A dilficutty encountered in using the elastie- P

layer pragram to analyze the data was the ade- w

quale representation of the test seetion. The k
clustic-azer analysis assumes the bottom tayer
ta he of semi-infinite extent, whereas in the test
section the subgrade was 42 in. thick, the bat-
tom of the test bin was 12 in. of canerete. and
the hin was positioned on the cancrete floor
stab of cne laboratory. Preliminary Bison strain-
gage data obtained during the early stages af
load-testing indicated that as tittle as 0.001 to
0.002 in. of deformation was being experienced

e

pliate pressure, psi
plate deflection, in.
modutus of subgrade reaction,
psi/in,
radius of plate
thickness of stabilized layer
= experimentalty determined
factors

caey

Pt 0L Naosshanm o and T 0L Lavsen, Load Deflection
Charactesistics of Soil Coment Pavements, Record No. 86
tHhetoway Rescarveh Boawrd, 1965,
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adequately deseribed the observed response.
For the low (relative to soll-cement) flexural-
strength cement-treated mixtures studied,
rangal from 152 to 1.6Y, with an average of
1.57. a also varied with higher flexural-strength
materials characterized by smaller a values.
For the soil-cements investigated (adequate ec-
ment contenl, to meet PCA durability require-
ments), a was equal to 0.58, and § was 1.52.

Subsequent PCA field studies'™ indicated rea-
sonable agreement between the PCA load-
defleetion relation and field response data. Sub-
sequently, PCA developed a soil-cement thick-
ness-design  procedure™ based on the load-
deflection relation. Thompson' has suggested
that the PCA-developed load-defleetion relation
might also be considered for use with cured
soil-lime mixtures. To check the applicability of
the PCA procedure, the P-A datu for the soil-
lime pavements tested in this study were ana-
lyzed using the suggosted PCA relation, Based
on the PCA approuach used in analyzing the
Minnesota Test Road data® the soillime load-
deflection responses for 0.02 in. and 0.04 in.
were averaged to determine a representative
qlue of w/P. Since the w/P values for the 28-
and H6-day curing time P-A curves were ap-
proxzimately the same, deta {or the two curing
times were averaged for subsequent use in the
PCA relation. A summary of the wk/P data is
shown in Tuble 15.

Log-log plots of wk/P vs a/h lor the solt
(k=50 psi/in.) and stiff (k=450 psi/in.} grades
as well as a and 8 values determined from an
analysis of the plots, are shown in Figure 20.

TTJL Lawsen, Tests on Soill.Coment oad Coment-Moli-
Jied Bases in Minnesata, Bulletin D2 Portland Cement
Assoctation, 1967,

ST Laesen, P Nnsshanm and BL KL Calley, Research
on Thickness Destyn for Soll-Cement Parements, Bulletin
D112 (Portland Cement Association, 19684,

AL R Thompson, “Lime Treated Soils for Pavement
Constrnetion,” Jowrnal of the Hgheay Division, ASCE,
Vol 94, No. W2 (1968).

AL R. Thempson, Sheor Streagth and Elastic P'rop.
erties of Lime-Suil Mictures, Record Noo 139 (Hhighway
Ruscarch Loard, 19661,

ettt ST IMAL S

Table 15

Summury of wk/P Data

Section No.  Curing Time, duys wk/P (%)

I UR RIZTH
a6 3T

av = U]

) Rl 231
50 221

av o= 120

3 28 R
506 035

av = 037

|4 28 136
Bl A48

av = 137

9 28 022
50 022

av 022

¥ 28 124
o6 132

v B

*Notes:
) Average value {or deflections of 0.02 in. and
2.04 in.

i W= deflection, in,
k modulus of subgrade reaction, psi/in,
2 = plae pressure, psi

Discussion

Elastic layer and Elastic Plate. The layered
erastie and elastie plate theories have been used
for analyzing various types of pavement sys-
tems. A major requirement for an acceptable
pavement analysis and design procedure is the
adequate predietion of the pavement response
to applied load. Figure 21 illustrates the effi-
ciency of the various procedures for predieting
surface deflection. The following ohservations
are significant:

1. The Westergaard theory (elastic plate,
dense liquid subgrade) consistently predicted
low defleetions, relative to measured values.

2. The elastic plate-elastic subgrade theory
was quite accurate for the stifl subgrade con-
ditions, but inaecurate (predicted high) for the
soft, subgrade conditions when the E caleulated
from plate-load test data (880 psit was used. A
mueh better agreement between the predicted
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and measured defleetion was obtained for the
soft snbgrades when the E determined from
the compressive stress-strain data (1,700 psi)
was used in the analysis.

3. The elastie layer theory quite accurately
predieted the response of the seetions on the
stiff subgracle, but predicted high values, rela-
tive to the measured values, for the solt sub-
prade conditions (subgrade I al 880 psit. The
predictions were substantially improved when
the subgrade E of 1,700 psi was used to repre-
sent the soft grade,

A point of major disparity is the comparison
of the theoretical flexural stresses in the soil-
lime layer (Table 1D and the 28-day Sexural
strength of the material, which was 54 psi. In
all except the 12 in. thick sections (5 and B,
the theoretical Nexural stresses were substan-
tially grreater than the flexural strengths of the
soil-lime mixture. Note that the data in Tabie
15 are for plate loads substantially less than
the nltimate load-carrying capacity of the soil-
lime placement system, thus accentuating the
aiserepaney between predieted flexural stresses
and flexurat strength.

To further cheek the applicability of the elas-
tic fayer procedure, measured and theoreticea!
sirface-dellection profiles were compared, ¢on-
sidermy only thoese sections which showed good
agreement between theoretieal and experimen-
tal plate deflections. The comparative data are
shown in Figures 22 to 25, It i quite apparent
that the deflection profiles disagree substan-
tinlly, even though the plate deflections were
comparable, In general, the elastie layer theory
predicts a greater degree of "slab action™ toad
distribution over a largor area) than the experi-
mental data would suggest, The diserepaney is
partteularly aecentuated for the soft-subgrade
support couditions (Figures 22 and 241,

PCA Load Doflection Theory. Although the

\

kw!‘- i/ h)
{)

log-log plots 1Fignre 21) can be represented by
asiraight-line relation, it is quite obvious that
one relation ta and B constant) does not ade-
quately desertbe the soitlime layer load-de-

Ieetion behavior for both soft and stitf subgrade
support conditions.

It is interesting to note that although the
vilues of .84 ind (LYK are not greatly different,
the a values of D21 and 0,048 differ snbstan-
tially., The « and 8 values for the soit-lime
pavements fall within the range of the field data
reported by Larsen™ for cement-stabilized
nateriats, but do not compare favorably with
the PCA laboratory test data® In contrast to
the PCA study in which a and 8 were econsid-
ered s constants fui soil-cement quality ma-
terinls, Niclsen's®' analysis of his data for
cement-treated sand bases indicated that «
was a function ol base thickness and k and 8
were functions of layer depth. The results of
this study also indieate that a "unique relation”
{a and g constuant) ol the form proposed by PCA
for soil-cement cannot he developed for sotl-
lime pavements.

General. The experimental data ind analysis
results indieate that veasonable predictions of
the load-deflection response ipltate defleetions)
of soil-time layers ean be made using the clastie
plate-etastic subgrade theory and the elastie-
layver theory. Elastic-layer theory does not ade-
quately estimate the deflection basin of the
loaded soblime layer. The Westergaard
approach did not accuvately prediet load-
deflection respouse,

The PCA Joad-dellectinon theory eanno! be
used to accurately deseribe the behavior of seil-
lime pavement systems. Apparently the a and
perhaps the f terms in the PCA theory are not
constants for soil-lime lavers but perhaps are
inflnenced by sther factors isubgrade support.
tayer thickness), thus severely limtting the use-
fulness and applicability of the procedure.

UL Larsen, Tosts o Sod Cogrent and Content-Maodi
ficed Bases o0 Mineesote, Bulletin D112 (Portlind Cenem
Assaeintion, 1967,

CPO N usshian and Tod Lo o Load D leetion Clean
wctersties of Sofll.Coment Pocoments, Reeord Noo 86
iHHghway Researeh Board, 1960,

P Nielsen, “Thickness Desicn Procedure jor Cement-
Tremed Sand Bases” Jowenal of the Highway Division,
ASCE, Vol @ Noc HW 2 01068,
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bt is importunt to note that agreement be-
tween experimentul data and theoretical results
for the sections with soft subgrades was
achieved only when an alternate method, com-
pressive stress-strain data, was used to estab-
lish an IS value for the soft grade. The adequacy
of the procedure in which E vulues are back-
aleutated from plate-load data should be care-
fully considered, purtienlurly in the case of
soft subgrades.

Although some ol the theories offer potential
for predicting the static foad-deflection re-
spouse of soil-lime luyers, substantial discrep-
ancies exist between the predicted flexural
stresses and the Oexural strength of the soil-
lime mixture, and the deflection profiles which
are theoretically measured. Most rationally
bhased pavement design procedures include
some provisions relative to allowable stresses
and thus an accurate procedure is needed for
predieting stresses in the paving materials. The
PCA procedure for soil-cement thickness design
is un exception since deflecticn and radius of
curvatures, not stress, are the bases ol the
procedure.

Recont studies by Lhe Federal Highway Ad-
ministration (FHWA have demonstrated thai
linear viscoelastic theory is "much better” for
predicting the response of a [lexible pavement
(asphalt concrete surface. crushed stone base,
soil subgrade) Lo static loading rather than for
dynamic loading conditions. In fuct. if it is de-
sirabie to uccurately predict the statie re-
sponse of pavements containing soil-lime layers,
it would be appropriate to consider the possi-
bility of using a viscoclastic theory similar to
the one employed by Kenis in the FHWA
investigation.

5 DYNAMIC LOADING—DATA
ANALYSIS

Recent pavement studics (see summary in
Allen)=» have shown that the aceurate predice-
tion of pavemecdt response under dynamic
loading conditions requires the use of muterials-
testing procednres and techniques capable of
characterizing the stress-dependent properties
of the materials in the pavement section. Finite
clement analysis methods have been developed
for considering the dynamie loading of pave-
ments. The procedure used to analyze the soil-
lime pavement data has been coasidered in
detail by Allen. The basie procedure, develoned
hy I5.1L. Wilson and J.M. Duncan at the Univer-
sity of California, Berkeley, has been subsce
quently modified at the University of Ilinois.
Distinet advantages were attained by using the
finite-element procedure for analyzing the
dynamic-loading data, It was possible to aceu-
rately consider the stabilized layer-subgrade
soil-test hin system. The bottom of the test-bin
floor wus assumed as a fixed lower boundury
which was constrained vertically and horizon-
tally. Thus, in effect, no deformation could
accumulate below that level. n addition, the
stress-dependent resilient moduli properties of
the subgrade could be adequutely eonsidered.

Materiai Properties. Dynamic-compressive
and flexural properties of the cured soil-lime
mixtures were determined as deseribed in
Chapter 2. The test data are summurized in
Tubles 4 and 6.

Tre stress-dependent resilient behavior of
the GLC subgrade sofl was characterized by
using a procedure developed by Robnett and
Thompson.® Speeimens (2-in. diameter by 4
in) were compacted ‘kneading procedurer at
moisture contents and densitics similar to those

t achieved during the construetion of the soft and £
e sttt subgrades. The speeimens were subjected i
o ' A
;'5' “lobe Allen, The Fffvets of Stress History ou the Resil-
3 fent Response of Soils, Teehnical Report M-49/AD 762194 i
5 ICERL, 1473). ;
g “Q. L. Robnet and M. R, Thompson, “Interim Report: &
s Resilient Properties of Subgrade Soils-Plise FDoevelop i
B ment of Testing Procedure,” il Eiginecring Studies, i
. WL Kenis, Comparisans Be turcen Measured and Pro Trinsportation Fngineering Sertes No. 5, Hitnois Cooperir- :

iy icted Fleenral Pavenent Responses, Report Noo FITWA. tive Highwiy Rescareh Program, Series Noo 139 (Univer-

" RD-T2. 10 iFederal Highway Administration. 1973, sity of Hlinois, 1973).
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to repeated loading (various axial-stress levels, during dynamie testing. In many instanees, the
66 msee pulse-duration, 20-load-applications per plate deflection data records showed substantial
minute) and the resiliert deformations were "bouncing,” indicating that perhaps the plate
monitored. The resilient modulus was caleulated did not maintain contacl with the pavement
as the repeated axial stress divided by recov- surface at all times. Conscquently, emphasis
erable resilient axial strain based on response was placed on using subgrade defleetion for
data obtained following the application of 1660 checking the adegnacy of the finite-element
conditioning stress applications (5 psi). method.
The flexural modnli of elastieity data in Table Discussion. IFor most of the conditions econsid-
6 were used to characterize the soil-lime layers ered, the linite clemenl method rather accu-
in the finite clement model. The resilient re- rately predieted the dynamic subgrade deflec-
sponse relations in Figures 2¢ and 27 were used tion. Table 16 qualitatively summarizes the
to represen( the subgrade soils. Concrete in the extent of agreement between the experimental
test-bin floor was assumed to have an E= and theoretical data. In all cases, the "poor” and
3 x 108 psi and p=0.17. “fair” agrecment ratings were for Seetions 1, 3,
and H, constructed on soft subgrades. Difficulty
Finite Element Analysis. Selected sections was also experienced in getting good agreement
{Table 16) were analyzed using the finite ele- between “experimental” and “theoretical” val-
ment method to aetermine the adequacy of the ues for the elastic-layer and elastie-plate anal-
technique for predicting the dynamie response vses of the statie-loading data for the soft grade
E of the test sections. Plots showing the relations condition. Table 16 indicates that it is more
i hetween experimental and theoretical subgrade difficult to accurately prediet the dynamic be-
surface defleetions are presented in Figures 28 havior of sections with thinner soillime layers,
through 36. Some concern was expressed about soft subgrades, and short-time curing (lower-
the validity of the plate-deflection data colleeted strength soil-lime mixtures).
!
’ i Table 16
:
N Summary of Finite-Element Analyses
¥
Curing Soil-Lime Qualitative Agreement (b)
Section Period. E. (u)
No. Days psi Good Fair Poor
1 28 22(,000 \
3 28 226,000 \
3 Rh] 224,000 \
b 1 2 128,000 X
ot | K 226,000 X
5 2 128,000 X
b 5 1 200,000 \
i 5 28 224,000 AN
* # 28 2243,.000) N
-‘} Notes:
: tar Constant 15 value nsed in the analyses for the soil-lime layers.

F, seleeted from Table 6 Tor approximately H50 pereent stress level,
th Judgment based on qualitative examination of Fignres 28 to 3t
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Finite-clement analyses were used to deter-
mine flexural stresses and strains at the bottom
of the sall-lime layer for plate-loading which
corresponded approximately to the maximum
loads applied during the static-loading sequence.
The data are summarized in Table 17. Compar-
ison of the caleulated stress and strain data
with the soil-ime mixture property data in Ta-
ble 5 indicates that, in general, the theoretical
stresses and strains are less than the failure
values determined from the static laboratory-
testing program. It is encouraging to achieve a
Yelter agreement between the theoretical
stresses and strains and measured material
property data. Although one might question the
desirability ol comparing dynamic theoretical-
analysis results with static materials-testing
data, the ffexural moduii of the soil-lime mix-
tures determined {rom static and dynamic
testing do not differ substantially, although the
dynamic moduli tend to be higher (Figure 37).

Dynamic surface deflection profiles were
compared to further evaluate the finite element
theory. Experimental and theoretical data for
selected sections are shown in Figures 38 to 41.
Jecause of concern about the validity of the
plate deflection data for the dynamic loading
condition, data are shown only for points not
located on the load plate. Fairly good agreement
1s noted between the theoretical and experi-
mental data. In contrast to the elastic layer
theory, the [inite element theory predicts less
slab action or load transfer over a smaller area.
It is important to recall that the subgrade re-
sponse model used in the finite element anal-
vses s assumed to be stress-dependent. Thus, it
is possible Lo develop increased subgrade stiff-
ness in those areas of low deviator stress which
arce further removed from the loading area.

Dynamic vs Static Behavior. I{ was apparent
during the data analyses that the dynamic de-
leetions were substantially less than the static
vatues. In a comparison of statie aud dynamie
subgrade surface deftection data (center of late
load), shown in Table 18 and Figure 42, the
ratios of static to dynamie deflections varied
from 1.0 to 3.0 with an average of 2.2.

Similar findings have been reported by
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Larsen?” for cement-stabilized pavements in
Minnesota. The effects ol vehicle speed on totul
surface deflection and embankment deflection
were studied for conventional flexible pave-
wments at the AASHO Road Test. The AASHO
study™ indiented that inereases in londing speced
from 2 (o 35 mph resulted in defleetion redue-
tions in the range ol approximately 40 percent
and the partial deflections (depth of the deflee-
tion basin measured under a 2 {t chord at the
bottom of the deflection basin) were reduced
on the order of 60 to 70 percent.

6 ULTIMATE LOAD TESTING—
DATA ANALYSIS

Meyerhof's Theory. Studies™ ™ of linie-fly ush-
aggregate and soil-cement-base course behavior
have shown that ultimate load carrying eapacity
is much greater than predicted by elastie-layer
theory. Meyerhof's*' ultimate load theory cor-
related mucl better, for both statie and fatigue
loading, with observed 2xperimental behavior.
Field-performance data™ also have indicated
that the ultimate strength design approach
is realistic.

Meyerhol's** equation for ultimate loading-
carrying capacity under interior loading condi-
tions was used to determine uitimate loads for
the soil-lime layers tested in this study.

ST Larsen, Tests on Soll-Cewent and Coment-Modi.
fied Bases in Minnesota, Bulletin D2 (Portland Cement
Assoctation, 14967).

HThe AASHO Road Test, Repovt 5—Porement Re-
scarch, Special Report 261 (Highway Rescarch Board,
1962,

1. L. Ahlberg and EC 0. Burenberg, Pozzalonie Pave.
ments, Bulletin 473 (University of Hlinois, 1965,

"E. ) Barenbery, Fealvating Stabilized Moterials | un
published | (University of Hlinois, 1967,

GGl Meyerhof, "Load Careying Capacity of Conerote
Pavements,” Journal of the Soil-Mechames and Founda
tious Division, ASCLE, Vol 8. No. SM3 (lune 1962,

=, ], Barenbery, “The Echavior and Performance of
Asphalt Pavements with Lime-Flyash-Aggeropte Bases,”
Proceedings, Second International Conference on the Strue-
tural Design of Asphalt Pavemeats, Aoua Arhor, Michigan
119671,

GG Meyerhof, "Load Carrying Capacity of Conerete
Pavements.”
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Table 17 i 3
Summary af Flexural Stress and Strain Data From
Kinite Element Analyses ;
!
14
» Plate-1.0ading (1) Fheoveticul Valaes th) 7
:, Curing Totul Plate Flexural Ilesnral t
i Sectian Periad, Laad, Pressure, Stress, Strain, b
o No. Days Ih psi psi Microstrain o
&
1 i 05,2220 o0 11 R o
2 28 13,882 60 11 251 &
3 28 9,000 S0 {20 230
1 X 8010 71 25 RAN
! 1 U8 2000 177 a2 197 3
- ) D 9,000 80 2 193
5 D 11 12,860 102 a8 191
5 28 16,075 128 18 216
6 It 2,870 Rl i) 105 i

-'"_
e

Notes:
I ‘ Gu 200, dinmeter plate,
| th Lased on finite element anadyses, see Table 16, Values are {or the centerline of the
K : plate at the bottom of the soil-dime layer. s_:
50
. ¥

|
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4 Tuble 18 :
Static and Dynamic Loading Comparisons of
;: 4 Subgrade Surfuce Deflection ?

: :
v

'i Curing Plate Suligrade Surface Ratio, 4
i E Section Time, Loud, Deflection, iu. Static. i
- é No, Days Ih Dynamice Static Dynamie ¥
® 0 9 . 0= "
k. h 1 11 3800 01 37 D
: s 1200 011 A5 2.5
é S 5.200 18 (I3 21 i
A g %&
b 2 a8 D800 D08 017 21
4 3 a0 10,000 0 K\ L i
A
N 1 2 5,900 005 013 96 i
g i 1 LA o1 023 B
9 7 28 1.1.060) 01l 25 1.8 }
4 o 11,250 015 A 1.5 A
; 5 ) 7.000 0N 021 20 ¥
L : 1 10,000 012 RS 2 j&
' Ay 2 &3
g ¥ :a
5 § 1
.‘J' ’ é !‘1-
s O ;.;
b =8 :
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fora/L > 0.2

P, = ultimate load, b

fi, = modulus of rupture material, psi

i

slab thickness, in.
a = radius of eireular loaded area

t, raaius of velative stiffness

L = 4VERN/1201 — 9k

I2 = modulus of elastieity of material, psi
i = Poisson's ratio

and k = modulus of subgrade reaction, psi/in,

Ultimate lead-testing was condueted only
after the d6-day curing period; thus, the results
of ounly six tests are available. A flexural
strength of 55 psi, a pof 0.2, and an E of 216,000
psi were used based on the previous laboratory
soil-lime mixture test data summarized in Table
5. Ultimate loads predicted by Meyerhof's
theory are shown in Table 19. A comparison
between the predicted ultimate load-carrying
capacity and the plate-loading data is shown in
Figure (B Actual load-carrying capacities were
substantially greater, by at least a factor of
two, than the predicted values for all sections.

Based on the test data and the Meyerhof
theoretical results, it is possible to evaluate the
effeets of subgrade support and slab thickness
on ultimate load-carrying capacity, as shown in
Table 20. In general, the theory underestimated
the effects of subgrade support and over-
estimated the influence of thiekness. Figure 44
illustrates the effect of thickness, as determined
from plate load test data, for the soft and the
stiff subgrade. The relative effeet of thickness
is more sigrnificant for the soft subgrade condi-
tion, Thickness effeets for the stiff subgrade
were nominal, as indicated by the load test data
ultimate load ratios in Table 20.

General Approach. Examination of the ulti-
mate load-deflection plots, Figures 10 to 15,
indicates that the slopes of the P-A plots do not
change substantially until a defleetion of ap-
proximately 0.1 in. is reached. A majority of the
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ultimate load-carrying capacity is also devel-
oped prior to exceeding the 0.1 in. defleetion
value. Table 21 summarizes the load and de-
fleetion ratios for the sections. The load-ratio is
the plate-load at a deflection of 0.1 in. divided by
the ultimate ioad-carrying capacity, and the
deflection ratio of 0.1 in. divided by the deflee-
tion required to develop the ultimate load.

The range of values for the load and deflee-
tion ratios is not large. Based on average vilues,
T3 pereent of the ultimate load-carrying capac-
ity voas developed at a defleetion equal to about
one-third the deflection required to develop the
ultimate load-earrying capacity.

Discussion. Substantial ultimate load eapac-
ities are developed hy eured soil-lime lavers, as
demonstrated by the data in Table 19, It is
emphasized that the data in Table 19 are for
only one curing period (56 days) and thus
strength effeets cannot be established.

Meyerhof's theory tinterior loading condi-
tions) did not sutisfactorily prediet the ultimate
load response of the test sections, but was con-
sistently eonservative by at least a factor of
two. The theory was verified qualitatively sinee
both inereased thickness and subgrade support
contributed to the development of higher ulti-
mate load-earrying capacities.

The general finding that a substantial portion
(73 pereent) of the ultimate load-earrying capac-
ity ean be developed at fairly low deflections of
(1.1 in. was an encouraging development. Many
expedient or low-traffie-volume pavements
which disptay surface defleetions in the range of
(.1 in. provide satisfactory performance. In
order to maintain perspective, it should be not-
ed that load-carrying capacities of 9k (highway
truck traffie) were developed in the test seetion
at deflections substantially less than 0.1 in.,
with the exeeption of Seetion I, which is the thin
soil-lime layer, weak subgrade.
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Tuble 19

Summary of Ultimate Lond-Test and Predictions
(56-Day Curing)

X Predieted

Ultimate A nt Loud Test Duta (b}

B Load Predicted

Carrying Ultimate A ut Mun., Loud at A

Capaeity Load, Max. Load, Load, 0.1 ia. (e

-; Section Ih in. (al 1h in. Ih

5

‘D ] 1,705 0,008 IS0 0,271 10000

':‘ 3;3 R 0,220 0027 10,000 0307 200

. B 10,225 0040 20 000 .10 14, 100

; i 1 11,000 0.022 35,000 0,28 o580
E D 17,800 0.0406 36,500 0.35 26,000
,', 0 18,900 ().0-K AR 000 0,282 3R, 100

Notes:
- Deflection from ultimate plate-load data corresponding to the “predicted™ nltimace
load-carrying (Meyerhof’s theory. interior loading),
th) Valaes determined from nltimate plate-load dita, Pignres 10 to 15,
te) Plate load corvesponding to a plate defleetion of O] in.

».
25 Porde
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Table 20

Iiifect of Subgrade Support and Thickness
on Ultimate Loud-Cnrrying Capacity

3 4
- :
i {9 Ultimute Load Ratio (a)
=
3 K Comparison  Meyerbof Theory  Load Test Duta
e ) Subgrade Effeets
(‘ I P pa gty
5 f I 6in. i1l 62 Tahle 21
3 i N win, 1O8 1.6
b i izin (B 131 Louad und Deflection Ratios for 0.1 tneh Deflection
4 g Thickness Elfeets
4 P/t
. 2 aR "8 DY
11\ l,(,:,l;:l|:‘,‘ .;:‘I'H :'.lll Section No. Load Ratio {a}  Deflection Ratio (b
Py
ko O psicin, RN A I .15 05306
k150 psidn. 1.0 1.2 2 s 0.3
P 3 075 0.25
; ; ka0 st 171 1.56 1 .80 0.35
‘ i Ko 1050 psioin, 1.7 1.3 iy 0.7 0.24
b B L80 0.3
9 Avo0T Av o2
A Notes:
car Fatio of ultimate loads for the comparison
i iadieited. Notes:
o Bativ of altimate load for k ==150 psiZin, to nlti o Load ot a defleetion of 00F in., divided by the
mate fowd for k=350 psiZin. for thicknesses (iny ultimace Joad careying capaeity.
l_‘ indicuted. () Defleetion of 001 ine divided by the defleetion
wl Ratio of nltmate louds for the thicknesses tin) corresponding to this aitinite load-carrying
indicatesd by the P subseripis, eapieity.
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7 CONCLUSIONS AND
RECOMMENDATIONS

The following conclusions are based on the
results and discussion reported in the preceding
chapters:

1. Substantial load-carvying capacity can be
developed nsoil-lime pavements. Inereases in
soil-llme layer thickness, soil-lime mixture
strength, and subgrade support -reate addi-
tional load-carvyine capacity.

2. For statie-loading conditions, the n-layered
elastic tyer theory and the elastie plate on an
clastic subgrade theory can estimate plate de-
flection with a fair degree of aceuraey: however,
neither theory acenvately prediets the surface
deflection basin at points remote from the
loading plate. Careful consideration should be
given to determining the appropriate moduli
of clasticity values.

3. The Westergaard analysis did not aceu-
vately prediet the behavior of the soil-lime
pavements.

L. The n-lavered elastie and the elastie olate
on aun elastie subgrade theories predict
oxtremely high flesnveal stresses at the hottom
of the soildlime layer, as comparved to static
flexural strength data.

3. The PCA load-deflection response model
hus limited applicability for deseribing  soil-
lime pavement behavior, The results of this
stidy indicate that the a and B terms of the PCA
load-deflection relation are not constant for soil-
lime lavers., but muay vary depending on such
parameters as subgrade strength, soil-lime mix-
ture strength, and layer thickness.

. For the same maguitude of loading, meas-
ured statie pavement respouses, as determined
from subgrade surface deflection, were an av-
crave of 2.2 times greater than dynamie values.

7. Using a constant E value for the soil-lime
mixture and a stress-dependent subgrade resil-
ient modulus, the finite-clement theory efice-
tively predicted the dynamie behavior of the
test pavements. Plate deflections were predie-
ted more accurately than the surface defleetion
hasins.

8. Soil-lime mixture flexural stresses and
strains at the bottom of the pavement layees
secemed reasonable and compared favorably
with statie flexural data when the finite element
theory was used to prediet the pavement
response.

9. Soil-li.ne pavement systems wre capable of
developing substantial ultimate load-carrying
apacities. In general, approximately 73 percent
of the ultimate load-carrying capacity is devel-
oped at a defleetion of 0.1 in., abont one-third
of the deflection noted at the ultimate load-
arrying capacity.

10, Ultimate load-curying capacity was af-
fected by soil-lime-layer thickness and subgrade
support. Larger ultimate load-cirrying capae-
ities were achieved with thicker pavement
layers and inereased subgrade support. Mixture
strength was not a variable considered in this
study, but Meyerhof's theory indicates that the
load-cireying capacity should also inerease with
the development of higher flexural strengths in
the pavement laver.

11. Meyerhof's nltimate-load theory did not
accuritely predict the behavior of the soil-lime
pavements tested. The theory was conservative
and the measured load-carrying capacities were
at least twice those predicted using Meyerhol's
equations for interior loading.

12. Qualitatively, the measured ultimate
load-carcying  capacities  eompaved  favorably
witlhe Meyerhof's theory. However, the theory
underestimated the eifeet of subgrade support
and overestimated the influence of pavement-
layer thickness.
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