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Summary

Based on compr ehensiveliteraturereview and repeated load testing
on an Arkansas subgrade soil, atest protocol for permanent defor mation of
subgrade soilswas established. Thisprotocol istobeused in Phasell of this
study to evaluate permanent deformation behavior of subgrade soils.

Thebasic configuration and test program proposed in this praotocol
include: a confining pressure of 21 kPa (3 psi), arepeated load frequency of 1
Hz, arest period of 0.9 second, a load duration of 0.1 second, a limitation of
load application of 10,000 repetitions. Three moisturelevels: 105%, 110%,
120% of optimum moisture content, and three density levels. 90%, 95%,
100% of maximum dry density, will be used in fabrication of specimenswith
a kneading compactor. The proposed protocol will be used throughout the

next phase research to test seven additional subgrade soils.
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1. Introduction

Themajor function of subgrade soilsisto provide support to pavement structures.
Under heavy traffic loads, subgrade soils may deform and contribute to distress in the
overlying pavement structure. Inasphalt pavementsthisdistressnormally takestheform
of cracking and rutting. It has been well documented that the subgrade soil plays a
critical role in the initiation and propagation of permanent deformation of pavement
sructures and directly influences pavement performance (Huang, 1993).

Deformation of subgrade soils can be divided into two parts. recoverable elastic
deformation that is a measure of the reslient behavior and non-recoverable plastic
deformation that indicatesthe absor bing behavior. Current pavement design procedur es
consider soil support characteristicsin termsof itsreslient behavior. These procedures
ignore permanent deformation behavior even though it may be a very important
component in pavement performance.

Conventional wisdom suggeststhat, under nor mally encounter ed pavement design
conditions, permanent defor mation isrelatively inggnificant and isadequately accounted
for by consideration of theresilient behavior. Thisphilosophy hasresulted in agreat deal
of research over the past 20 years devoted to the definition of theresilient behavior of
subgrade soils(Robnett and Thompson, 1976, Elliott et. al, 1988). Asaresult of thiswork
the resllient modulus (M), an indicator of the resilient behavior of soils, has been
successfully incorporated into the AASHTO design procedure for asphalt pavements
[AASHTO 1986]. Thefocusof morerecent resear ch effortshasbeen on providing better
inter pretation of M g and theincor poration of M g into mechanistic design models.

On the other hand, only limited research has been conducted on the permanent
deformation of subgrade soils. As a consequence, very little knowledge of permanent
deformation of subgrade soilshasbeen incor porated into the design of asphalt pavements.

Thereisevidenceto suggest that, in someinstances, per manent defor mation may havea
much greater role in the life and performance of flexible pavements than designer

currently recognize (Elliot and Thompson, 1985). The importance of permanent
deformation in predicting performance of pavements seems to be more critical in thin

pavements such asthose encountered in rural or low volumeroads. However, extensive
experimental and theoretical work remains to be done before a potential parameter

directly governing permanent deformation can be introduced for practical design
consideration.

All pavement layers contribute to permanent deformation of the pavement
structure. Yet subgrade doesnot attract asmuch attention asdo the asphalt surface and
granular base. Thelast two are man-made productsin some sense and their properties
are relatively well known and have been extensively studied for several decades.
Actually, with the implementation of Superpave Level | Mixture Design method, the
rutting of AC can be minimized through the proper selection of materials. As a result,
subgrade becomes a weak point in the pavement structure.

Although the defor ming behavior of subgradesoilsisreatively difficult toidentify
and define, it is an essential factor in determining pavement structural performance. A



scientific hypothesis supported by some researchers’ work [Elliott and Thompson 1985]
suggests that subgrade deformation not only directly governs rutting, but may have a
strong relationship with cracking of the pavement'ssurfaceaswell. Thus, subgrade soils
contribute to the two main pavement distresses. rutting and cracking.

There are several reasons that permanent deformation has not received much
attention. (1) Testsaretedious, time-consuming and expensive; (2) M ost resear ch efforts
and expenseshavegonetoresilient behavior of subgradesoilsduringthelast decadeand
at the same time people have a high expectation that flexible pavement design will be
improved by better under anding of resilient modulus of soils; (3) Pavement distresses
arethought to be highly dependently on resilient behavior rather than plastic behavior of
subgrade soils; (4) Highway resear ch hasbeen mostly devoted to high-volumeroad ways
where thick AC layer and/or base layer are generally used in design and subgrade
permanent deformation isbelieved to be insignificant.

Whilethereisstill aneed for further research in thearea of resilient behavior, a
great deal of significant research has already been conducted in thisarea. Thetesting
protocol for determining M r isfairly well established. Now it isimportant to quantify the
impact of per manent defor mation of subgrade soil on pavement performance sothat both
portions of a soils deformation can be properly incorporated into @vement design
procedures. However, before any significant effort can be mounted to define the
contribution of permanent deformation on pavement performance a testing protocol to
predict permanent deformation of subgrade soil under typical traffic loading conditions
must be developed.

Repeated loading or cyclic loading has been the well accepted test method in
analyzing elastic and plastic defor mation behavior of subgrade soils(Behzadi and Y andell,
1996). Thistesting procedurewill serve asa starting point in this project.



2. Literature Review

2.1 Early Research

Theresear ch on defor mation behavior of soilsunder repeated loading datesback
to 1950s. Seed (Seed et. al, 1955, 1956, 1958, 1960) studied the effects of repeated
loading on the strength and defor mation of compacted clay. A sty clay (LL=37, PL=23)
from Vicksburg, Mississippi was used for testing. After mixing, the soil specimenswere
cured for 24 hours before they were compacted using the Triaxial Institute Kneading
Compactor. Compacted specimenswer etrimmed for testingtoadiameter of 35.6 mm (1.4
inches) and aheight of 71.2 mm(2.8inches). Thedegreeof satur ation ranged from 92% to
97% . A dial indicator wasused to measur ethedefor mation of specimens. Water wasused
to provideconfining pressureof 100 kPa(14.2 ps). Thedeviator stresswasprovided by an
air pot and ranged from 200 kPa (28 ps) to 800 kPa (114ps). The original plan wasto
createa 0.1 second load dur ation which would represent thetime of loading for amoving
vehicle at 88 km/h (60 mph) (Seed et al 1955). However, the actual duration of deviator
stresswasset to 1 second dueto limitationsof the self-designed test appar atus(Seed et al
1955). The load duration was reduced to 0.2~0.33 second in later work when equipment
modifications madethat possible (Seed et al 1958). Specimenswer e subjected to around
100,000 load applications.

These pioneering and compr ehensiveresear ch efforts produced some significant
conclusions:

For soils without thixotropic properties, deformation under repeated loads was

observed to be independent of load frequency, provided that the applied stressis



small enough not to changethe soil structureand/or density, and theloading rateis

within the range of 3 to 20 applications per minute.

Repeated loading produced again of strength. Thenumber of applicationsrequired to

causeastrength increasewasgreater than 1,000, probably in therange of 10,000

to 100,000. This suggeststhat “aroadway grows with traffic’(Seed, Chan, 1958).

High deviator stress could cause a specimen to fail relatively suddenly without
previous excessive defor mation.

The resilient modulus increased as the stress increased, except when the applied
stresswas near thefailurestress.

For thixotropic soils, appreciabledifferencein defor mation was obser ved for different
load frequencies, but the difference was not consistent.

Early research by Larew and L eonards(L arew and L eonar ds, 1962) suggested the
existenceof acritical level of repeated deviator stress,s,.. Thiscritical level isdefined as
the threshold stress state at which the dope of the deformation vs. load cycles curve
remains constant after the first few load applications. For levels of deviator stressless
than this critical leve, the curve of deformation vs. load cycles would approach a
horizontal asymptote. On the other hand, failure would be expected if specimens were
subjected to a deviator stress higher than the critical level. Three soils were tested:
micaceousslt, amixtureof [imestonefragmentsand residual clay, and sandy clay. Static
compaction was used to fabricate a sample cake 254 mm (10 inches) in diameter and 89
mm (3.50 inches) in high. Cylindrical specimens 71.2 mm (2.80 inches) high by 35.6 mm

(1.40inches) in diameter werethen cut from the soil cake. L oad frequency wascontrolled



to be between 20 to 22 cpm. M ost samples wer e subjected to 60,000 to 80,000 cycles of
repeated load with afew of them subjected to over 400,000 r epetitions. Water wasused to
provide confining pressure. Thecritical stresslevel wasnormalized by expressingit asa
critical stressratio, s,c over s, Larew and Leonardsfound that thecritical stressratio
approached aminimum at or near optimum moisturecontent. Thecritical Stressratiofor
soils tested in this study was found to be above 70%. Similar reports by Ahmed and
Larew (Ahmed and Larew, 1962) confirmed the existence of a critical stressratio.

The research done during this period was very labor-intensive. The early
prototypes of “in-house” loading devices mechanically alternated load, had highly
compliant proving rings, and analog dial gages. These devices required constant
monitoring to insure the load frequency and magnitude were correct and to manually
record data. Theversatility of thesedeviceswaslimited and did not allow resear chersto
easily changetest parameter sor to accur ately measur eall of thedatathat wasgener ated
duringatest. Duetothesetechnical limitations, most defor mation studiesreported total
deformation. Although someeffortswer e madeto measur eresilient deformation, in or der
to estimate thereslient, no attempt was made to separ ate per manent defor mation from
total deformation. Most analyses were able to establish only qualitative relationships
between cyclic loading and deformation. No attempts were made to develop explicit
congtitutive equations to predict the performance of soil under repeated loading
conditions.

Modern equipment and advanced technology make it possible to upgrade the

resear ch effortsfor the per manent defor mation of subgrade soils. Thetwo major features



enhancing moder n resear ch are servo-hydraulic or servo pneumaticloading devicesand
the use of strain gages and LVDTSs for measuring load and deformation. Computer
technology also make it possble to develop data acquigtion equipment that will
automatically captureand record load and defor mation data aswell ascontrol therateand
intendgity of loading. Theseadvancesin laboratory testing equipment have changed civil

engineering research from alabor-intensive effort to a technology-intensive adventure.

2.2 Modern Research

In evaluating therutting potential of base cour sematerialsBarksdale (Barksdale,
1972), tested silty sandsand crushed stones. Specimens 71.2 mm(2.8 inches) in diameter
and 153 mm(6 inches) high wer e subjected to an aver age of 100,000 load applications at
confining pressures of 21 kPa (3 ps), 35 kPa(5 ps), 69 kPa(10 ps). Load frequency was
st to 30 cyclesper minutewith atriangular shaped load function. Theload ramped up to
the peak value and then back to the trough valuein period of 0.1 second, a 1.9 second
period of noload separated theload applications. Thedeviator stressranged from 1to 6
timesthe confining pressure. Pneumatic pressurewas used toload the specimensand an
LVDT was used to measur e deformation. The author suggested a reasonable range of
repetition varying form 100,000 to 1,000,000 or mor e. From thiswork a qualitativerutting
index was defined to evaluate pavement performance. Although no specific congtitutive
relationship between deformation and load applications was derived, the author did
suggest the extrapolation of strain ver suslogarithm of load repetitions to save machine-

hours.



The pioneering research work in the area of permanent defor mation has always
been credited totheeffortsof Monismith et al (M onismith et. al, 1975). The power model
proposed by M onismith iswell accepted in predicting theamount of rutting contributed by

the subgrade.

&=AN" (2-1)
where:
&, = permanent or plastic defor mation
N = number of load repetitions
A, b =material parameters (regression coefficients from test data)

A sty clay with a LL=35 and PI=15 was used to develop this model. Static
compaction was used to manufacturetest specimenswith adiameter of 2.8in. and height
of 6in. Thedry unit weight of these specimenswas 90 to 95% of the maximum dry unit
weight defined by ASHTO T99. Most of the specimens wer e subjected to 10,000 load
repetitions with several receiving up to 100,000 applications. The applied load was
supposed to be representative of traffic travelling at 32 km/h (20 mph) to 64 km/h(40
mph). A load duration of 0.1 sec., followed by arest period created a cyclic frequency of
20 repetitions per minute.

Onemajor finding of the M onismith study that other resear cher shave confirmed is
that the exponent b depends only on soil type which also indicates parameter A playsthe
primary rolein theintroduction and development of subgrade per manent defor mation. The

tested soils had a b parameter between 0.154 to 0.332 and an A parameter between



0.0467 and 39.5. Obvioudy, the effect of factors such as applied stress history and

moistur e content had to be included into parameter A.

Thispower model hasbeen referenced by most of thelater resear chers. Actually,

Barksdale’s (Barksdale, 1972) data could be represented using Equation (2-2).

€y _ 1/Ko! . Eﬁg
S oR (1-sng) No 2-2)

- 2(cecosp+0,9n @)

where

Ks3 = relationship defining the initial tangent modulus as a function of

confining pressure

¢, f =cohesion, and angle of internal friction of granular materials
which isdefined as{[(S1 - S2)* + (S1 - S2)° + (S1 - S2)° 1/2}¥?

R¢ = Constant relating compressive strength to an asymptotic stress

differencein which 0.75# R # 1

m = testing parameter

All these parameters are estimated from test data at a Np stress
repetitions. The Coefficient m deter minesthe rate of deformation accumulation
while the magnitude of deformation was related to soil structure, strength, and

stress condition which are characterizedusing parameterssuch asc,f , R¢,and s.



Hydeand Brown (Hydeand Brown, 1976) tested aK euper Mar| which isclassified
asadlty clay with aliquid limit of 32 and a plastic limit of 18. The soil wastested under
creep loading and repeated loading. They found that the accumulation of plastic strain

could be predicted using arelationship between strain rate and time:

Where
? = “decay constant”, from regression of test data;
Y = drain rate;
T =timein seconds;
a =log(drain rate at unit time).

Hyde and Brown conducted a seriesof testswith rest periodsof 1 secand 10 sec
to determinetheeffectsof short rest periodsbetween load applications. It wasfound that
no significant changein strain rate could be expected from theinclusion of rest periods of
different lengths. By comparing test data form repeated load and creep load, it was
concluded that per manent defor mation could be predicted with confidencefrom creep test
data. The creep testing was done by sustaining a constant deviator stressover time.

Another popular rutting model has been termed the Ohio Mode (M ajidzadeh,
1978): Five soilsweretested in the development of this model(three silty sands and two
low-plasticity clays) The test specimens wer e created using a drop-hammer compaction
techniquethat yielded specimenswith a congtant diameter of 71 mm(2.78in.), but with a
variable height of 145-152 mm(5.7-6.0 in.). Specimens wer e subjected to loading using a

uniaxial dynamictesting technique. Theaccumulation rate of per manent defor mation was

(2-3)



related tothenumber of load applicationsusing power model, Equation (2-4). Thematerial
properties wer e char acterized by dynamic modulusof E™ (Actually, thisisthe samething
as Mg). E was supposed to account for the combined effects of moisture contents,

density, and soil structure.

/N =AN™. (2-4)
A = RE “exp(Sapi/Sun) (2-4a)
Where
A, m = rutting parameters
R, C = material constants
E" = dynamic modulus of resilience
Actually, this modd was updated from previous efforts where a smilar equation
was used to predict permanent deformation (Guirguis, 1974).
/N = A(D, W)N™. (2-5)
Where:
m = absolute value of the dlope of log e,/N versuslog N
A(D, W) = rutting parameter depending on D(deviator stress) and W
(water content), later related to dynamic modulus |E|
(Mojidzadeh, 1976).
A=K|EP (2-5a)
K, S= parametersthat depend on applied dynamic stress

It was found that the exponent m was nearly constant between 0.85 and 0.90.



Basically, parameter A wasinterredated to dynamic modulus E” which would take car e of
such material characterigtics as dry density, moisture content, and soil structure.
Majidzadeh found thismodel to bevalid for asphalt concr ete surfacesand base cour sesas
well as subgrade soils.

Poulsen conducted cyclic loading tests on undistur bed samples obtained from 16
steslocated in six different countries, including the AASHO test site, (Poulsen, 1978).
Poulsen, tested at variousloading frequenciesand found that no significant differencesin
either permanent defor mation or resilient deformation occurred when rest periodswere
greater than 0.33 seconds. A loading frequency of 2 Hz was selected for testing, with a
load duration of 0.1 sand rest period of 0.4 seconds. Based on thistesting Poulsen et al.
proposed a modd smilar to equation (2-1),

= e,N“® (2-6)

where

€1, €2, and ez = material-char acterization constants (T heseparameterswere
not based on a conventional regresson method, but by
minimizing the sum of the squar e of the absolute values of
the deviations.

3= degreeof failure, sqyn (applied deviator stress) /Sayn s (Sayn at triaxial

failurefor N=100,000)

During hisPhD work, Lentz, tested a Michigan subgrade sand (C,=1.8, G=2.62,

Zamax=105pcf, OM C = 14%), (L entz, 1979). All specimenswer e subjected t0 10,000 cycles

of deviator stresswith a magnitude of 25% to 90% of static strength. One specimen was



subjected to 100, 000 load applications. Load frequency was set to 1 Hz. Confining
pressures of 34.5, 172, 345 kPa(5, 25, 50 ps) were used for testing. Lentz found that
stress history had a significant effect on permanent defor mation while moistur e content
had only a dight effect. Lentz related the permanent strain to thelog of cyclesof loading
using Equation 2-7. Lentz found that Equation (2-7) fit hisdata better than Equation (2-1).
& =a+Db (logN) (2-7)
where
a, b = material parameters
a=eygssa IN (1 - 5a/Sy)**
Sy = static strength of soils
€.95s4 = Strain at 95% of soil strength
Diyaljee and Raymond (Diyaljee and Raymond, 1982) established a protocol to
predict the permanent deformation under long term repeated loading using the static
stress-strain data and a minimum number of cycles of repetitive load test data. Based
upon their results from testing Conteau Dolomite railroad ballast under repeated load
triaxial compression testing and data from other researchers, a series of formulaswere
developed for cohesionless soilsthat have the following general form:
e” = Be™”N" (2-8)
Where
B = €’(N1, Xo), value of strain at X=0 for thefirst cycle
X =theratio of therepeated deviator stressto thefailure deviator stress

under static loading.



n, M = regression parameter.
m = 0.0006s3- 0.054 for Ottawa sand (2-8a)

An exampleexpresson for subgrade sand (35 kPa of confining pressure) would be
&’ = 0.004e* 7N,

Diyaljee and Raymond found that different confining pressures do not cause
appreciablechangein strainsfor X below 60%. Toget defor mation of one-cycler epeated
load under different deviator stresslevels, resultsfrom progressiveloadinginincreasing
order on the same specimen isalmost identical to those using separ ate specimens. One
feature of the test program isthe manual application of the first cycle load followed by
repeated loading. No significant changein defor mation wasfound for frequenciesused in
thetest: 4, 6, 11 cycles per minute.

Allen and Deen(Allen and Deen, 1986) proposed a rutting mode for usewith all
layer sof a pavement structure. I n developing thismodel, a soil with maximum dry density
of 20.5 kN/m? (130.8Ib/ft®) at optimum moistur e content of 9.7% was used. This soil was
tested at three different confining pressures [34.5 kPa (5 ps), 69 kPa (10 ps), and 104
kPa (15 ps)] and subjected tothreedifferent deviator stresses; 17 kPa (2.5ps), 35kPa (5
ps), and 69 kPa (10 ps). Test specimenswere 152mm (6in.) in height and 71 mm (2.8in.)
in diameter. Soilswer e tested at two different moisture contents: 8.2% and 9.4%. By
fitting a third order polynomial to the data derived from their tests Allen and Deen
proposed the following equation to predict permanent defor mation:

log €, = Co + Cy(log N) + Cy(log N)* + Cs(log N)® (2-9)

where



Co, C4, C,, and C; arecoefficientsdependent on material properties, stress
state, and/or temperature.
For subgrade soils:
Co = [(-6.5+0.38w) - (1.1 log s3)] + (1.86 logs )
C, = 100+
C, = 0.018w
Cs = 0.007 + 0.001w
W = moisture content (per cent)
S3 S1 = confining pressure and deviator stressin ps.
Allen and Deen also devel oped ar elationship between moistur e content and CBR
(CaliforniaBearing Ratio) that could besubstituted into equation (2-9) for the soil tested.
W = 1(0-8633-0.05645(10gCBR)]
Pumphrey and Lentz tested a Florida subgrade sand under repeated loading up to
10,250 cycles, (Pumphrey and Lentz, 1986). An inverted haversine wave was used for
repeated load tests the load duration was 0.1-sec followed by a 0.9-sec rest period.
Various combinations of confining stress, deviator stress, moisture content, dry unit
weight wer etested. Confining pressuresof 34.5, 172.3, and 344.5 kPa(5, 25, 50 psi) were
used duringtesting. Thedevelopment of per manent strain wasappr oximated by equation
(2-10). Pumphrey and Lentz found that confining pressure did not cause significant
changesin per manent deformation for low stressratios (lessthan 0.60to0 0.75). However,
substantial decreases of permanent defor mation wer e observed for large stressratios.

Theredlient moduluswas found to have logar ithmic dependency on the number of load



applications. For somedensities, moistur e content wasfound to be a significant factor in
the accumulation of permanent deformation. A technique for predicting permanent
deformation from statictriaxial test datawasalso refined based on previouswork (L entz,

1979).

€pl€0es, _ Ep (2-10)

where
n = (0.809399 + 0.003769s5)H10™
m = 0.856355 + 0.049650 ( In S3)
For the Florida sand tested, n = 0.1531, and m = 1.1941. For a Michigan sand
tested by Lentz n and m werefound to be 0.1970 and 0.9591, respecttively. (Lentz, 1979)
In a study by Raad and Zeid total accumulated strain, e, was related to the
repeated load stresslevel, g;, and thenumber of load repetitionsN. (Raad and Zeid, 1990)
A sty clay (LL =28, Pl =11) wasused for testing. Stress pulses of atriangular shape
and averageduration of 0.2 sec wereapplied at afrequency of 10 cyclesper minutefor up
to 10,000 cycles. The axial strain e, was defined as the sum of reslient strain and
permanent strain. The concept of “threshold stress level” was introduced which governs

therate of changein axial strain de,/dN.

wheng <q.

(2-11)

when g >q,



where
bh =Bn + S log N (2-11a)
O =stresslevel, defined astheratio of repeated load deviator stresstothe
ultimate static triaxial strength
g =threshold stresslevel, obtained by repeated load testing and different
from soil to soil, 0.80-0.90 for thetested soil
a, S, an, Bn, S = material parameters, obtained by conventional
regression of repeated load test data
Cardoso and Witczak developed a methodology to predict the permanent
deformation under air craft loading on asphalt concr ete pavement systems. (Cardoso and
Witczak, 1991) Dynamictriaxial testswer e conducted to establish modelsfor predicting
plastic deformation. Failure was assumed if the total permanent deformation of the
pavement system exceeded 1.22 in. (31.0 mm). The modéd relates permanent strain to

CBR value, stress state, and number of load applications.

CBR>40
(2-12)

CBR<40

Li, et al, derived an expanded power model to predict cumulative plastic
defor mation of subgrade soils(Li et. al, 1996). Thismode isbased on original research
as well as on data and mathematical formulations from others research. The original

research was conducted at a railroad test track with a soft subgrade composed d



Vicksburg Buckshot clay, (Pl =40-45, LL =60-70). Thetrack wassubjected torepeated
heavy axleloads(Li, et al 1996). It wasfound that measur ed settlementsof the subgrade
wer e consistent with the predicted settlements given by equation (2-13).
e’= aN°R" (2-13)
where:
a, b, m = material constants. (Repeated load testsarerequired to
deter mine these parameter s based on regression of test data.
Referenced valuesfor several soilsaregiven in atablethat can
be used for deformation prediction if sophisticated equipment is
not available or affordable.)
3= sq/ss (deviator stress/ static strength )

Themajor concluson from thisstudy wasthat b isréatively constant for thesame
soils and could be considered a function of the soil type alone. The parameter, 3, was
introduced to account for the influence of such factors as moistur e content, density, and
soil structure.

Bonaquist and Witczak(Bonaquist and Witczak, 1996) applied the theory of
plagticity to rutting analyses. A flow theory with well-defined yielding surfaces was
presented. A sty sand was selected for subgrade testing. Based on the results of this
testing an incremental mode was proposed to predict permanent strain:

2= N3 (2-14)
where

24 = permanent strain for load cycle N.



?2 =permanent strain for thefirst load cycle

Theyielding surface of the plasticity model was defined as

where
J, = second invariant of the deviatoric stress tensor
pa = atmospheric pressure
I, = first invariant of the stress tensor
ay, ?1, N=material parameters
?=plagtic srain trajectory
k, ?=Drucker-Prager material parameters
The material parameters defining yielding surface for the tested subgrade
materials had the following values: 22 =0.181, k = 17.0 kPa, a,=0.00025, ?;=0.5, n=3.25.
Equation (2-14) suggeststhat the cumulative per manent defor mation hasastrong
relationship with the magnitude of the permanent strain induced on thefirst cycle. So, a
reasonable criterion for rutting-control would beto limit thefir -cycle permanent strain.
If the allowable permanent defor mation in the pavement structure over itsdesign lifeis
known, acritical yieding surface could bedefined to deter minethefir st-cycle per manent
grain. Tabulated datawereprovided for theallowablefir st-cycle per manent strain, based

on the sdected crushed stone subbase, sty sand subgrade and minimum cover

(2-14a)



requirements.

Although no rigorous correlation between measured and predicted plastic
defor mations was conducted in this study, it is one of the few examples of a reasonable
application of thetheory of plasticity to subgrade soils.

Behzadi and Y andéell conducted a compr ehensive study on subgrade defor mation.
(Behzadi and Yanddl, 1996) A gty clay subgrade material with LL=44 and PI=20 was
used for testing. A floating mould compaction techniquewasused to create sampleswith a
diameter of 101.6 mm (4in.) and a height of 203.2mm (8in.) A rectangular waveform with
aload duration of 0.5 secand arest period of 1 sec was applied using a univer sal testing
machine. Test specimens wer e subjected to at least 10,000 load repetitions. Different
stresscombinationswer eused with confining pressuresof 15, 30, 40, 50 kPa (2.2, 4.4,5.8,
7.3 ps) and stressratios (si1/s3) of 2.5, 5, 7. Behzadi and Yandell found that thedata from
the study could be best fit with the following equation:

&,= AeSINS (2-15)
where
A, B = material constants
Sq = deviator stress
S=dopeof loge, versusliog N

The parameter, S, wasfound to be independent of the state of stressand density
and might only hassomer eationship with moistur e content. Theplastic strain of thefirst
loading cycle was found to be dependent on the deviator stress, moisture content and

density. A definite effect of load frequency on per manent defor mation was not observed.



However, permanent deformation increased with the increase of load frequency and
loading duration. Data plotted on alog-log scalehad a higher correation coefficient than
data plotted in a semi-log scale.

Several researchers(Allen, Thompson, 1974; Brown, Hyde, 1975) have explor ed
the effect of variable (cyclic) confining pressure on the deformation of subgrade soils.
Similar resultsfor resilient and permanent strain wer e obtained from cyclic and constant
confining pressur e tests when the constant confining pressure was set to the aver age of
the cyclic confining pressure (Brown, Hyde, 1975). This suggests that a fixed confining
pressure could be used in repeated loading teststo get defor mation data to smulatethe
cyclic confining effects of subgrade soils under moving vehicles.

2.3 Other Research

Besides the laboratory and field testing of subgrade soils, numerous numerical
studieshavebeen undertaken to predict per manent defor mation of pavement structures.
Although theseresear ch effortswer e not test-oriented, they have borrowed moreor less
someideasfrom laboratory researchers. All major numerical techniques, to include; the
Boundary Element Method, BEM, and the Finite Element Method, FEM, have been
utilized in these studies. A major advantage of numerical analysis is its capability to
incorporate comprehensive congtitutive laws of materials.  Unfortunately, many
researchers assume material properties rather than define those properties through
comprehensivetesting programs. Other techniquesthat have been utilized includedigital
mapping, image processing and neur al networks.

Based on the Shell design method (Peattie, 1962), and Dorman (Dorman, 1962)



suggested a permissible strain of 6.5H10™ at the top of subgrade asa design criteriato
prevent pavement failure dueto excessive defor mation of subgrade soils. In addition, a1l
MPa (45 ps) horizontal tensile stress was determined to be the maximum permissible
stress on the lowest surface of the asphalt-bound layer. Provisonal design chartswere
developed in accordance with these criteria.

Dorman and Metcalf (Dorman and Metcalf, 1965) developed a design chart for

flexible pavements that related number of load applications to strains of pavement

structures.
T (2-16)
N = Min( 3 —g)
CVSs T
Where
N = EASLs

a,, &, by, b, = empirical constants. (Repeated load testsarerequired for
asphalt concrete and subgrade soilsto deter mine these
regression parameters.)

€cvs = maximum vertical compressive strain on top of subgrade,

er = horizontal tensile strain at the bottom of asphalt layer

Thiswasthefirst effort to quantitatively relate subgrade strain to pavement life.
These design criteria suggested that limiting elastic deformation of the subgrade soils
could control total deformation of pavement structures. Equation 16 served asthe basis
for the various design methodsthat followed.

Edwardsand Vakering conducted a numerical study that wasbased on data from



the AASHO Road Test. They determined an average relationship between load
applications and subgrade strain using the reationship in Equation 17 (Edwards and
Vakering, 1974).
e; = 2.8H102HN 0% (2-17)
where
€; = permissible compressive strain in subgrade.

Many resear cher shave devoted their attention to pavement analysisusng FEM,
for the computation of pavement distress. These analyses nor mally provide a complete
plastic solution to the defor mation problem. The mechanistic equations are based on the
theory of continuum mechanics and the material parameters needed as input for those
equationsarenormally derived from congtitutivereationships. For flexible pavementsa
number of different constitutivereationshipsmust be developed to predict defor mations
and stresses in the various materials of the pavement structure. They include a
viscoelastic asphalt concrete model, a nonlinear granular base/subbase moddl, and an
elastoplastic subgrademodd (Kirkner et al 1994). Thisapproach for predicting pavement
distress has the advantage of providing a theoretically rigorous solution procedurein a
short period of timewith very little expense. However theresultsareonly asreliableas
thematerial propertiesincorporated into themode. The prediction of pavement distress
isatime-space-temper atur e-dependent problem and requiresvery sophisticated material
properties. Unfortunately, many of the plastic propertiesof subgrade soilshavenot been
qguantified and arether eforeassumed in thesemodels. Thisrequiressubstantial judgment

on the part of the researcher to achieve reiable results from an analysis. Most of the



work done in this field is principally related to theoretical mechanics and mathematics
rather than to the development of material properties (Kirkner et al 1994, Zaghloul and
White 1993). The validity and versatility of these methods is yet to be verified. If a
database of subgrade properties were developed, the use of these numerical methods
would be subject to lessjudgmental inter pretation by the resear cher

An interesting and promising technique for analyzing pavement rutting was
reported by Simpson etc. (Smpson et al., 1995). Using the transver se profiles collected
from LTPP (Long-Term Pavement Performance) Program, neural networ kswer e utilized
todistinguish rutting modesand facilitate per for mance prediction and modd development.

The data set used in this analysis came from 152 sections of the LTPP GPS
(General Pavement Studies). A 30mm (12 in.) wide transver se profile was taken at 15m
(50ft.) intervals acr ossthe monitored lane width. Four categories of transverse profiles
wer e assumed to represent the origin of rutting (a) subgrade rutting, (b) baserutting, (c)
aurface rutting, and (d) heave (environmentally-induced increases in soil volume). The
algebraic area between the collected profileand thestraight line connecting itsend points
was used to determine which category a transver se profile would fall in.

A neural network computer program called BrainM aker wasused in theseefforts.
The entire data set aswell asa data set categorized based on rutting origin was used as
input to the program. Not surprisingly, it was found that categorized inputs could help
obtain much better prediction models. The output isa neural network modd, a program

that isready to accept inputs and produce rutting predictions.



2.4 Summary of Literature Review.

Thefollowing isa synopsis of the major findingsof thevariousresear ch reported
in thisliteraturereview.

Most researchers found that permanent deformation and log of the number of load
applications have a linear relationship: ,=AN°. Thisequation iswidely accepted in
practice, especially for cohesive subgrade soils.

Theexponent, b, isrelatively stableand ismainly dependent on soil type. Stressstateand
soil physical state (density, moistur e content) do not significantly changethe value of
b.

Parameter A isdependent on applied stress, moistur e content, density, etc. Sinceit isnot
a common convention to incor porate moisture content and density into prediction
equations, another index could beused instead. Strength of a soil isa good indicator of
moistur e content and density of that soil.

Theaccumulation of permanent strain for cohesionless subgrade soils, may be predicted
usnge, =a+b (log N).

Thefirst-cycle of deformation dominates the magnitude of permanent deformation. It is
vitally important to identify and separ atethe defor mation of soilsunder thefirst cycle
of load application when conducting repeated load tests.

L oad duration of 0.1 sec. wasusually used. The number of load applicationsranged from
10,000 to 100,000.

Thereexistsathreshold stressfor soils. L oading abovethisstresswill causefailureafter



a small number of load applications. This suggests that an “endurance limit” or
“dynamic strength” could be a good indicator for evaluating permanent deformation
behavior of subgrade soils.

Most researchers used 20 to 30 cycles per minute asthe load frequency. At least one
resear cher reported that therest period did not affect the development of per manent
strain aslong astherest period wasgreater than 0.33 sec. Another resear cher found
that frequencies in the range of 1 to 20 cpm did not affect the accumulation of
specimen defor mation, provided that thesoil did not demonstratethixotr opic potential
and the degree of saturation was not high.

C Thecompacted densitiesranged from 90% to 100% . M oistur e contentswer e either
closeto Plastic Limit and/or on the wet side of optimum moistur e content.

No information about the effect of freeze-thaw on soils was found.

A summary of test configurationsand soil propertiesfor all of thestudiesreported

inthisliteraturereview. Theinitial testing conditionsfor thisstudy weredeveloped from a

synthesis of theinformation presented in Table 2-1.



Table 2-1 Summary of the Test Configurations for Various Permanent Defor mation Studies

Seed et al Larew & Barksdal Monismith et Poulsen el at Lentz Raad and Behzadi & This Project
(1958) Leonards e al (1979) (1979) Zeid Yandell (1997)
(1962) (1972) (1975) (1990) (1996)
Load Frequency | 20 20-22 30 20 120 60 40 40 30
(repetition per
minute)
Load Duration 0.2-0.33 1.4 0.1 0.1 0.1 0.2 0.5 0.1
(second)
Rest Period 2.7 1.2 1.9 2.9 0.4 1.3 1 1.9
(second)
No. of 100 60 to 80 100 10 or 100 100 10 10 10 100
Applications
(in thousands)
Confining 100 34.5, 69 20.7, 34.5 34.5-69 34.5,137.9, | 100 15 to 50 0,20.7,41.4
Pressure(kPa) 34.5, 69 345
Deviator stress up to 294 up to 1t06 34.5t0 138 25% to 90% | .7 to .95 of 34.5 to 345 >=41.4
(kPa) strength times of Strength strength up to failure
S3
Sample 35.6 35.6 71.2 71.2 63.5 55 38 100 73
Diameter(mm)
Sample Height 71.2 71.2 152.4 152.4 127 140 76.2 200 114
(inch)
Soil Tested Silty Sand | Three Soils: Sand Silty Clay 16 soils Sand Silty Clay Silty Clay Silty Clay
PI=15 Sand/Clay Pl =15 in-situ c~=1.8 PI=11 AASHTO T-99 Pl =10
LL=37 LL =35 specimens LL=28 P1=20 LL =27
OMC=13% OMC=8.5% LL=44 OMC=14.6%
Zamax=18.6KN/ Zamax=20.6KN/ OMC=14% ? 4ma=18.2kN/m®
m® m® Zamac=22.5kN/m*
Dry Density 90 to 95 98.5 90 to 100 95
(% of 2)
Moisture 16-20 7,10 16 16
Content(%)
Note Specimen size
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3. Soil Preparation and Test Program

3.1 Soil Processing

The soil used in this phase of project wastaken from the east shoulder of Highway
365, Section 12, T13N, R14W, southeast corner of Faulkner County, Arkansas. The soil
at thislocation ismapped as Gallion in the Faulkner County soilsreport (USDOA, 1979).
Basically, two distinct layer s of soilswerefound in thissmall Gallion area: 3.5-feet-thick
top layer of deep gray clayey soil and one layer of reddish brown sty soil. To smulate
useof thesoil in a constructed subgrade, thetwo layer s of material were mixed together
prior to preparing test specimens.

The soil taken from the field was air-dried at room temperaturein the l[aboratory.
Rocks, twigs, and other deleterious materials were removed. During the air drying
processlarge soil clodswer e broken into smaller clodsby hand, but theaverageclod size
could not be reduced below about 20 mm. To overcome this problem, soil aggregations
wer e further reduced by placing the air-dried soilsinto aL osAngeles Abrasion chamber
for mixing. Using the Los Angeles abrason machine, without shot, allowed the rapid
mixing of the two different soil types and reduced the small and hard clay lumps to
individual particles.

3.2 Soil Properties

Soil properties wer e deter mined using convertional engineering soil tests: These
properties are compared to those obtained for a smilar soil described as Gallion which

was used in a previous study of the resilient modulus of Arkansas subgrade soils. The
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comparison of results of the index property testing of the current test soil to those of

the presumably similar soil from the previous study is presented in Table 3-1. All index

testsindicate that the current soil isdifferent from the Gallion soil reported in TRC-

94(Elliott et.al, 1988). Gradation curve for the current test soil, obtained using

AASHTO T-88, wasillustrated in Figure 3-1.

Table 3-1 Comparison of Basic Soil Properties of Gallion Soil

Property Specification Current Study
Liquid Limit AASHTO T-265 27
Plagtic Limit AASHTO T-265 17
Optimum Moisture AASHTO T-99 14.56
Content (%)

Maximum Dry AASHTO T-99 18.22
Density (KN/m’)

Specific Gravity AASHTO T-100 2.6740
% of Fines AASHTO T-87,88 78

% of Clay Particles AASHTO T-87,88 22
AASHTO A-4

Classification

Unified ASTM D-2487 CL
Classification

Figure 3-1 Gradation Curvefor Gallion Soil
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2% of the calculated amount of water was added to account for moisture loss during
mixing, weighing, curing, compaction, and other handling sothat theactual target moisture
content was achieved. Approximately 1kg of air dried soil wasplaced in a stainless steel
the mixing bowl. Mixing water was dowly added while the soil was agitated with a
stainless steel spatula. Once all of the water was thoroughly mixed with the soil, the
combination was placed into a sealed plastic bag of 3.8 1 (one-gallon-size) for 72 hoursat
room temperaturefor conditioning. Experienceproved thistimeperiod to beadequateto
achieve a uniform distribution of moisture throughout the soil specimen.
3.3.2 Compaction

Research has shown that different compaction methods impart differing soil
structuresto compacted specimens. Thelaboratory compaction method selected should
replicatethe soil structure of a subgrade both at thetime of construction and later, when
theroad isactually in service. A major consideration in the design of the current testing
protocol istheability to measureboth resilient modulusand per manent defor mation in the
same test. Therefore the compaction technique selected for this test protocol must be
consistent with that prescribed for the resilient modulustest. The compaction methods
asuitablefor useinreslient modulustesting, asrecommended by AASHTO T-292-91, are
presented in Table 3-2.

30



Table3-2  Sdection of Compaction Method for Laboratory Compacted Specimens

I n-Place Conditions Applicable
Compaction
Methods
Saturation at Post-Construction
Time of Compaction In-service
% Moisture Content (MC)
<80 <MC at time of construction Impact, Static, Kneading
> 80 >=MC at timeof construction Impact, Kneading
<80 >MC at time of construction Static

Source: (AASHTO T-292-91 1)

In apreviousstudy on Arkansassubgrade soilsElliott concluded that the degr ee of
saturation after compaction isgreater than 80 percent for 75 to 80 per cent of the soilsin
Arkansas, (Elliott, 1988). Based on Elliott’swork and theinformation presented in Table
3-1, both kneading and impact compaction methodsar eacceptable. Elliott concluded that
kneading compaction adequately replicated in situ conditionsfor Arkansassubgrade soils
in hisredlient modulus test program, (Elliott, 1988). Based on Elliott’s work and other
previousstudies, kneading compaction was selected to fabricate specimensfor thisstudy.
Figure 3-2 showsthekneading compactor used in thisstudy. Themold for thiscompaction
gystem is 101.6 mm (4 in.) in diameter and 127 mm (5in.) in height.

Both thenumber of applicationsof thetamping foot and the system pressureof the
kneading compactor affect the density of a compacted specimen. In order to achievethe

target density, atrial-and-error approach is used to deter mine the combination tamping
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foot applicationsand kneading pressure. Thiscombination changesfor different soilsand
even for the same soil under different moisture contents. Several trials were normally

required before the correct combination could be achieved.

Figure 3-2 Kneading Compactor

Oncethecorrect number of tampsand the magnitude of pressurewer eestablished,
specimens were prepared in mass. A detailed compaction procedure is attached in
Appendix B.

3.3.3 Extrusion

Thetest specimen wascreated by trimming the compacted soil inthemold usnga
portion of Shelby tubehaving adiameter of 73.025mm (2.875in.). UsngaUniversal Test
Machine, (UTM), to supply the necessary for ce, the greased Shelby tubewasforced into
the soil in compaction mold. Thisprocessis much the sameasused in thefield to collect
an undistur bed soil sample. After removing the tube form the mold, it was placed in an
extruson frame and a Teflon piston having a diameter nearly equal to that of the Shelby
tube was forced into the tube using the UTM. This extruded the soil specimen from the

Shelby tube. An extruded specimen isshown in Figure 3-3.
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Figure 3-3 Soil Specimen

3.4 Triaxial Test

Conventional, unconsolidatedrundrained, triaxial tests were conducted on
unsaturated specimens prepared in the same manner asthose for repeated load tests.
The triaxial chamber was pressurized using air pressure and loaded under controlled
gtrain conditions,usngan MTS, UTM. L oad and defor mation wer e measur ed external to
the chamber using a 4.45 kN (1000 Ibf) load cdl and a 127 mm (0.5 in.) LVDT,
respectively. The tests were conducted at varying moisture contents to establish the
effect of moistur e content on the ultimate undrained monotonic strength of the soil. Figure

3-4illustrated triaxial test results.

Figure3-4 Triaxial Test (Datain Percent are MC)

33



3.5 Repeated L oad Test Configuration

Thesame M TS machine was used asthe loading device for all repeated load
testing. The basic setup of thisdeviceisillustrated in Figure 3-5. All repeated load
testes were conducted in atriaxial chamber. Pneumatic pressure was applied as
confining pressureto a pre-determined magnitude. A cyclic deviator stresswas
supplied by the hydraulic actuator of the M TS device.

Initially, a strain gage-type defor mation gage, having a range of 5.08 mm (0.2
in.) was attached between the loading piston and top plate of thetriaxial chamber to
measur e the deformation of soil specimen. However, at high deviator stressesthe
deformation capacity of this gage was exceeded later and it wasreplaced withaLDT

device having a defor mation range of 25.4 mm (1.01in.).

Figure 3-5 Test Setup

3.6 Data Acquisition

A HP-VEE program was written to capture data points. HP-VEE is a powerful
visual programming language, a product of ComputerBoards, now becoming Virtual
I nstrumentation. Thedata acquisition program isamouse-driven GUI application (Figure

3-6). Thisprogram makesit possibleto collect data at user-defined intervals. Four values
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form a data set for each sample time maximum load, minimum load, maximum
deformation, and minimum defor mation. It takes5 secondsto captureacompletedata set.
Data acquisition was developed as a two-stage process. 1000 consecutive data points at
the beginning of thetest followed by points at 600-second intervalsfor theremain of the

test.

Figure 3-6 Data Acquisition Monitor

3.7 Test Program

In order to establish arepeatable and reliable test methodology for the per manent
deformation test, factor s such asloading frequency, confining pressure, load applications,
stresspath, moisturecontent and deviator stresswill beinvestigated. Themajor goal isto
zeroin those primary factorsthat play important rolesin the accumulation of per manent
deformation of subgrade soils. On the other hand, those insignificant factors will be

excluded in the next phase resear ch to keep the test procedures smple and reliable

Based on theliteraturereview, thefollowing configur ationswer e selected for theinitial
tests:

Soils: moisture content = 15.3 % (105 % of OMC ), dry density = 0.95? gmax
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Confining Pressure, 3 levels. 0 kPa (0ps), 21 (3 ps), 41 kPa (6 ps).

L oad frequency: 30 cycles per minute.

L oad duration: 0.1 second.

Rest period: 0.9 second.

L oad applications. 100,000.

Deviator stress, 3 levels. 41 kPa (6 ps), 62 kPa (9 ps), and 82.74 kPa (12 ps).

I n addition tothedefault configur ation, two mor edifferent load frequencies, 60 and
120 cyclesper minute wer e used to seeif the machine-hourscould bereduced. However,
theload duration remained constant as 0.1 second. Thisload duration representsa great
range of load pulsesthat subgrade soils ar e subjected to under moving traffic conditions
(Barksdale, 1971).

The effect of stress history on deformation behavior was also explored. After a
specimen was tested under a lower deviator stress, a higher deviator stress would be
applied for another repeated load test. The purpose of thistesting wasto determineif a
single specimen could be used to test for permanent deformation at more than one
deviator stress level. If a single specimen could be used, time could be saved and the

influence of variability between specimens could be reduced.

3.8 Test Procedure

Detailed procedur e was attached in Appendix C.
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4. Test Results

Most of thetests in this phase of study were run up to 100,000 load repetitions.
However, one specimen was subjected to 1,600,000 load applications to examine the
accumulation of permanent deformation at higher numbers of applications. The load
duration used for all testswas 0.1 second.

Test resultsfor all repeated load testing are presented in Appendix A.

Presented in Figures A-1, A-2, A-3, A-4 aretheresultsof permanent defor mation
versus load application for various confining pressures and deviator stresses, using
arithmetic scales. FiguresA-1la, A-2a, A-3a, A-4apresent thesamedata usinglogarithmic
scales. Figure A-1b illustratesan attempt to plot the data correspondingtofigure A-1ona
semi-log scale (arithmetic for axial permanent strain and logarithm for load repetitions).

FiguresA-land A-lapresent thetest datafor asoil specimen subjected to 41 kpa
(6 ps) confining pressure and a deviator stress of 62 kpa (9 ps). The ultimate number
load cycleswas 1,600,000. Therest period was 0.5 sec. If thefirst 100 cycles of loading
areignored in Figure A-1 the permanent defor mation and total deformation formed two
parallel lines.

FigureA-2and A-2a presentsdata set for a specimen subjected to 21 kpa (3 ps) of
confining pressure and 41 kpa (6 psi) of deviator stress. The specimen was subjected to
90,000 load applicationswith rest period of 1.9 sec and load duration of 0.1 second.

Figure A-3and A-3aarethetest resultsfor a specimen subjected to 62 kpa (9 ps)

of deviator stresswith no confining pressure. The specimen was subjected to 120,000 load
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applicationswith rest period of 0.9 seconds and load duration of 0.1 second.

Figure A-4 and A-4aillustratetheresultsof a specimen with astresshistory of 21
kpa (3 ps) of confining pressure and 41 kpa (6 ps) of deviator stress. The specimen was
then subjected to an increased deviator stress of 83 kpa (12 psi) while the confining
pressure remained unchanged. Permanent deformation and total defor mation obser ved
the same general trend asthose without previous stress history.

Figures A-5through Figure A-8 present theresultsof a seriesof testsconducted at
three different load frequencies; 2 seconds, 1 second and 0.5 seconds. The confining
pressurevaried from 21 kPato 41 kPa(3to 6 ps) and thedeviator stresswas41 kPaand
62 kPa (6 and 9 ps). Deformation versusload application is presented on an arithmetic
scale.

FigureA-9toFigureA-16illustratestheeffectsof varied confiningpressure. The
deviator stresswas4l, 62, or 83kPa (6, 9, or 12 ps) whilethe confining pressurewas21
or 41kPa(3or 6 ps). Each figureillustratesthe effects of increasing confining pressure
for a particular deviator stress.

[llustrated in Figures 17 through Figure 20 are test results showing the effect of
varying deviator stressunder constant confining pressures. Again, deviator stresses of
41,62, and 83 kPa (6, 9and 12 ps) wer eused and confining pressur esweremaintained at
41 and 62 kPa (3 and 6 ps).

Theinvestigation of stress history issummarized in Figure A-21to Figure A-24.

Thesefiguresillustratethe affectsof previousloading history on per manent defor mation
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of the test specimen. One virgin specimen and another specimen subjected to previous
loading history wer etested under thesamedeviator stressand theresultswereplotted in
the same figure. Take the data presented in Figure A21 as an example, one test
gpecimen was subjected to adeviator stressof 62 kPa (9 ps) and a confining pressur e of
21 kPa (3 ps). The second specimen was subjected to the same deviator and confining
pressuresbut it had previously been tested to 10,000 load cyclesat adeviator stressof 41
kPa (6 psi.)

Figure A-25 illustrates the effects of moisture contents on the accumulation of
per manent defor mation. Three different moisture contents. 105%, 110%, and 120% of
OMC, wereused todemonstratethecritical roleof moistur e content on theaccumulation

of permanent deformation.
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5. Data Analysis

5.1 General Trend of Defor mation Behavior

A large part of thetotal sample deformation was developed during the first 100
cyclesof thetest. The general relationship between axial strain and log of the number of
load application isapproximately linear. Thelinearity of thisrelationship improvesif the
first 100 data pointsareignored. Theinitial data pointsarenot entirely repr esentative of
the soil'sbehavior becausetheloading system isbeing tuned to apply the correct deviator
stressduring thefirst 10to 30 cyclesof load. Thisearly loading oscillation hasresidual
effects on some later load cycles. However, by 100 load cycles the system seemsto be
operating under steady state conditions.

Both total deformation and permanent deformation appear to observe the same
trend under therepeated loading. FiguresA-1through A-4illustratethat thedata produce
two nearly parallel linesin alog e, ~logN or g, ~log N plot. Inspection of FiguresA-1
through A-25 illustrates that this general trend is independent of stress configuration,
stresshistory and rest period.

5.2 Analysis of Defor mation Development

Regr ession analyseswer e conducted for thedevelopment of permanent strain and
total axial strain. Regression results for Figure A-1a, b are summarized in Table 5-1.

Regression resultsrelating to Figure A-2b are presented in Table 5-2.
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Table 5-1 Regression Resultsfor Permanent and Total Defor mation (Figure A-1)
Permanent Total

Log-Log Semi-L og Log-Log Semi-Log

R? 0.9593 0.9802 0.9424 0.9637
I nter cept 0.3142 1.9650 0.3597 2.2222
Sope 0.0350 0.2234 0.0289 0.1935
Standard Error for R? 0.0086 0.0380 0.0085 0.0229
Sandard Error for Intercept  0.0018 0.0077 0.0017 0.0091
Standard Error for Sope 0.0004 0.0002 0.0004 0.0022

Table 5-2 Regression Resultsfor Permanent and Total Defor mation (Figure A-2a,b)

Per manent Total

Full-Log Half-L og Full-Log Half-L og
R? 0.9975 0.9955 0.9959 0.9921

I nter cept 0.0257 1.0215 -0.0340 0.8708

44



Sope 0.0350 0.1110 0.0427 0.1251

Standard Error for R? 0.0016 0.0065 0.0024 0.0099
Standard Error for Intercept  0.0005 0.0023 0.0009 0.0035
Standard Error for Sope 0.0002 0.0007 0.0003 0.0011

Interpretation of the regression information presented in Tables 51 and 52
indicate that the defor mation data can be well-fitted with a linear relationship of loge, ~
log N (log-log, Figure A-1a) or e, ~ log N(semi-log, Figure A-1b) plot. Note that thisis
consstent with the power mode first proposed by Monismith, in Equation (2-1)
(Monismith et. Al, 1975). Regression resultsfor other tests produce R? valuesfor both
semi-log and log-log that were in close agreement. In some tests the semi-log plots
produced higher R values while in others the log-log plot produced the higher value.
Since no solid conclusions can be made about which fitting method produces higher R?
values, the log-log fitting parameter swill be used for further analyses.

The permanent deformation under the first load application for the load tests
reported in Fig. A-la congtituted 64 % of total permanent deformation that was
accumulated after 1,600,000 applications. The accumulated permanent deformation,
expressed asa per cent of thetotal permanent defor mation at 1,600,000 cyclesof load, for
first 100, 500, 1000, and 10000 load applications, was 75, 83, 85, and 90 respectively.

Because per manent defor mation under thefir st several load applicationsmakesup
alarge portion of potential permanent deformation, it isessential to get the deformation
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data under first few repeated loads. Unfortunately, it is not easy to isolate and identify
these data considering the gradual increase of the applied load from zero to specified
magnitude and the oscillating nature of the sdlf-balance mechanism of MTS machine,
especially at high load frequencies.

A practical way to eliminate any unreasonable data generated under thefirst few
load applicationsisto remove these data points from the analysisand extrapolate them
from the regression. In this research program, only data after 100 applications will be
used in determining regression coefficients. The deformation data for load applications
between 1 to 100 can then be extrapolated using the regression equations.

Theregression coefficientsfor the data presented in Fig. A-laarelisted in Table
5-3. Two setsof regression coefficientsweregenerated. Onewith all data pointsinclude
and another with thefirst 100 data pointseliminated. All regression coefficientsimproved
when thefirst 100 load applications wer e excluded from the data set.

Table 5-3 Refined Regression Results for Permanent Defor mation

Excluding firs 100 UsingAll Data

applications
R? 0.9774 0.9593
I nter cept 0.3240 0.3142
Sope 0.0328 0.0350
Standard Error for R 0.0056 0.0086
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Standard Error for Intercept  0.0013 0.0018

Standard Error for Sope 0.0003 0.0004

5.3 Permanent Defor mation Under First Repetition

Testing by other resear chers, (Behzadi and Yandell, 1996; L entz, 1979; Bonaquist
and Witczak, 1996) indicated that thefirst coupleof load repetitionswould producealarge
portion of potential deformation over alargenumber of load applications. To explorethe
exact magnitude of the first cycle deformation a series of tests were conducted at a
confining pressureof 21 kPa (3 ps) and deviator stressesvaryingfrom 41to 145kPa (6to
21 psi). Table 54 lists the percentage of permanent deformation under specific load
repetitions based on a total of 10,000 applications.

Inspection of Table5.4 indicatesthat thefirst load produced an aver age of 55% of
the permanent defor mation accumulated over 10,000 repetitions. The per centage at 10,
and 100 repetition was 70% and 87%, respectively.

An obvious trend is the increasing percentage of first cycle deformation with
increasing deviator stress. A linear model may be proposed asEquation (5-1): (Note: to
be refined)

e =-4.4193 + 0.7618 s4 R?=0.9571 (5-1)

Equation (5-1) suggeststhat permanent defor mation will accumulatefaster under
higher deviator stressthan under lower deviator stress. Figure5-1 presentsa comparison

of the actual measured deformation and predicted defor mation using Equation (5-1)
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Table5-4 Accumulation of Permanent Deformation at Various Load Cycles,

Expressed as a Per centage of Deformation at 10, 000 Cycles

Deviator |1st 10th 100th 1,000th 10,000th
6 54 66 83 92 100
8.5 49 65 82 92 100
11 36 59 80 92 100
13 59 74 91 98 100
17 61 77 92 97 100
21 68 76 92 98 100
Average 55 69 87 95 100
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Figure5-1
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5.3 Number of L oad Applications

Permanent deformation testing is expensive and time-consuming work. If the
number of load applications can be reduced to a point where usable information about
per manent defor mation can beextracted from alimited data set, theexpenseand timecan
bereduced greatly.

Table 55 lists the regression equations using different data sets from the test
presented in Fig. A-la. Detailed regression coefficients are summarized in Table 5-6.
Usingtheequationsin Table5-6, predicted per manent defor mation can becalculated asa

function of load applications. Measured and predicted data aresummarized in Table5-7.
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Table 5-5 Summary of Regresson Equations

Date Range Number Equation
of
Equation Log(e’)=a+bHlogN
Range 1 (5-2) Log (¢°) =0.3142 + 0.0350HIog N
Using All Data

(1600000 r epetitions)

Range 2 (5-3) Log (€°) = 0.3240 + 0.0328Hlog N
(100 to 1.6E6 repetitions)

Range 3 (5-4) Log (€°) = 0.3199 + 0.0340Hlog N
(100 to 1.0E6 repetitions)

Range 4 (5-5) Log (€°) = 0.3134 + 0.0360Hlog N
(100to 1.0E5 repetitions)

Range5 (5-6) Log (€°) = 0.3049 + 0.0389Hlog N
(100 to 1.0E4 repetitions)

Range 6 (5-7) Log (€°) = 0.2933 + 0.0432Hlog N
(100 to 5000 r epetitions)

Range 7 (5-8) Log (€°) = 0.2525 + 0.0588Hlog N
(100 to 1000 repetitions)

Range 8 (5-9) Log (€°) = 0.2310 + 0.0678Hlog N

(100 to 500 r epetitions)
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Table 5-6 Regression Results Using Different Data Sets

Range 1 Range 2 Range 3 Range 4 Range 5 Range 6 Range 7 Range 8

UsingAll Data  (100t0 1.6E6) (100to1.0E6) (100to1.0E5) (100to1.0E4) (100t05000) (100to1000) (100 to 500)

(1600000)
R? 0.9593 0.9774 0.9803 0.9837 0.9626 0.9496 0.9855 0.9969
I nter cept 0.3142 0.3240 0.3199 0.3134 0.3049 0.2933 0.2525 0.2310
Slope 0.0350 0.0328 0.0340 0.0360 0.0389 0.0432 0.0588 0.0678
Standard Error  0.0086 0.0056 0.0056 0.0041 0.0045 0.0044 0.0019 0.0008
for R
Standard Error  0.0018 0.0013 0.0012 0.0011 0.0019 0.0026 0.0021 0.0015
for Intercept
Standard Error  0.0004 0.0003 0.0003 0.0003 0.0006 0.0009 0.0008 0.0006
for Sope
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Table 5-7 Comparison of Measured to Predicted Per manent Defor mation Using Regression Equations

Load Measured |Equation 5-2 | Equation 5-3 | Equation 5-4 |Equation 5-5 | Equation 5-6 | Equation 5-7 | Equation 5-8 | Equation 5-9
1| 2.12927 2.06158 2.10863 2.08882 2.05779 2.0179 1.96472 1.78855 1.70216

5| 1.93789 2.18104 2.22293 2.2063 2.18053 2.14828 2.10618 1.96607 1.89841

10| 1.99579 2.2346 2.27405 2.25892 2.23563 2.20699 2.1702 2.04786 1.98976

50| 2.21472 2.36409 2.39732 2.38597 2.36899 2.34958 2.32646 2.25112 2.21917

100 2.31974 2.42214 2.45245 2.44287 2.42885 2.41379 2.39718 2.34477 2.32595
500 2.58854 2.5625 2.58539 2.58027 2.57373 2.56974 2.56978 2.5775 2.59412
1000| 2.66389 2.62543 2.64484 2.6418 2.63876 2.63998 2.64789 2.68473 2.71894
5000 2.8024 2.77756 2.78821 2.79039 2.79617 2.81054 2.83854 2.95121 3.03243
10000| 2.86707 2.84577 2.85233 2.85693 2.86682 2.88735 2.92483 3.07397 3.17834
50000| 3.02747 3.01068 3.00695 3.01762 3.03783 3.0739 3.13542 3.37909 3.54479
100000f 3.10011 3.08461 3.0761 3.08958 3.11458 3.15791 3.23073 3.51965 3.71535
500000] 3.20265 3.26335 3.24285 3.26336 3.30037 3.36194 3.46334 3.86901 4.14372
1000000 3.24121 3.34349 3.31742 3.34118 3.38376 3.45382 3.56862 4.02995 4.3431
1600000 3.28502 3.39895 3.36895 3.395 3.4415 3.51755 3.64182 4.14288 4.48373
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6. Conclusion and Recommendation
From the test results and analysisin the first phase of this study, the following
recommendations are made for testing in the next phase:

Testingwill beconducted at asingle confining pressureof 21 kPa (3ps). Resultsof phase
| work indicate that confining pressure does not congtitute a significant factor in the
development of permanent deformation. This confining pressure reasonabley
representsin-situ stressconditionsthat atypical pavement subgradeissubjected to.

Reduce the number of load applications 10,000 applications instead of 100,000
applications recommended by other researchers. This is supported by the linear
relationship between permanent strain and load applications.

Set the load frequency tol Hz with arest period of 0.9 second. Using thislength of rest
period, the reslient modulus can be acquired smultaneoudy and the data will be
consistent with AASHTO T292-91I.

A virgin soil specimen should be used for each deviator stress. The results of phasel
indicatethat sequential testing of soil under increasingloadsincreasestheresistance
of soilsto per manent defor mation. Specimens subjected to previousload applications
would demonstrate lower deformation than fresh specimenswithout stress history.

When constructing the relationship between e, and log N, a reasonable approach isto
only use data beyond thefirst 100 cyclesof. Theresults of phasel indicatethat data

collected for thefirst hundred cyclesdo not constitute a reasonable part of thewhole
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data set because of gradual application of load over thefirst several cyclesof testing.

Test specimenswith different deviator stressesstarting 28 kPa (4 psi). Dynamic strength
can be obtained when quick failure occurs. For the soil test in Phase | study, the
dynamic strength isabout 60% of static strength.

For practical use, a reasonable method for predicting permanent deformation would
consist of two steps. (1) Test one specimen up to 10,000 cyclesto get the exponent of
the power model for Equation 3.1. (2) Test a series of specimens under different
deviator stressesfor only 1000 cycles each to get the prediction model expressed in
Equation (5-1)

Test specimens should be subjected to a conditioning period after they are subjected to
confining pressure in the triaxial cell. This conditioning phase should consist of
applying a small static deviator stress at the same time the confining pressure is
applied. Thedeformation versustime decay isthen monitor ed to deter minewhen the
specimen has achieved full consolidation under the applied confining pressure. Once
the decay of the defor mation iscomplete the actual dynamic testing of specimen can
proceed.

Representative soilsin Arkansas should betested toinvestigate changesin deformation
behavior from soil to soil. Threelevelsof moisture content: 105%, 110%, and 120%
of OMC, and three density levels: 90%, 95%, and 100% of M DD should be used to

exploretheeffectsof moistur e content and density on theaccumulation of per manent
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deformation. Detailed test plan for Phasell research isattached in Appendix D.
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Sl Unit-Conver sion Factor
1 kPa=6.895 psi
1 mm =254inch

1 g = 0.002203 pound
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Appendix B Detailed Procedure for Compaction

Turn on theair-pressureand MASTER SWITCH of the kneading compactor .

Make surethat the pressureisset to required magnitude

Set the compaction mode onto the base and lock it.

Put a greased rubber disk insde the mode, on the base.

Turn on the COUNT switch and zero it.

Set the chutein the chute-holder such that it could feed the soil intothemold properly.

Weigh the soil mixtureinto three equal-size portions.

Takeoneportion of the soil mixture, put it in the chute, and feed it through the chute
into the mold.

Usea straight edgeto stir up the mixturein the mold such that a dight mound would
be formed.

L ower down thetamping foot by: (1) turning thedirection switch to down-position; (2)
switching the pressurelatch tothedriving-pressurepostion; and (3) switching back
to compaction-pressur e position once the tamping foot began to move.

Once the tamping foot is about 50 mm (2 in.) above the soil mixture, hit the START
button to start kneading compaction, Keep an eye on the COUNT.

Toggle the START button to stop compaction once the count reached the required

number. Thefirst layer was finished.
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Lift the tamping foot by turning the direction switch to up-postion.

Scarify the surface of the compacted layer.

Repeat steps (8) through (14) for the second portion of soil mixtureto get the second
layer compacted.

Set the greased collar on top of the mold.

Repeat steps(8) through (13) for thethird portion of soil mixtureto get thethird layer
compacted.

Removethemold together with collar away from thebase. Lifethecollar. Trim thetop
of the compacted mixtureinto an even surface.

Turn off theMASTER SWITCH and air pressure. Releasetheair and lower down the
tamping foot to maximum travel to avoid system clogging.

Ready for extrusion.
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Appendix C Detailed Procedurefor Repeated L oad Testing

Check the power, pressure, and software.

Hit the INTERLOCK RESET button and then RESET button. Hit the HYDRAULIC
PRESSURE button toturn on thehydraulic system and then toggleit toHI GH to get
high pressure. Zero the count.

Put a porous stone of the same diameter as that of specimen on the base of triaxial
chamber.

Set the specimen on top of the porous stonein step (1)

Put another porous stone of the same diameter of that in step (1) on top of the specimen.
Add atop platen on top of the porous stone. Put a loading ball on top of the platen.

Set the chamber on the base to check thealignment. If alignment isnot good enough, lift
the chamber and mover the specimen along with por ous stones, platen, ball to keep
the alignment.

After checking the alignment, lift the chamber and wrap the specimen along with porous
stones and platen with a membrane using a membrane expander.

Set the chamber and fasten the four screws.

Put aloading ball on top of load piston

Put the diding rod back into the tube of measuring LDT.

Lower down theloading ram gradually such that it would touch theloading ball on top of
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the piston without significant load by tuning the SET-POINT switch counter-
clockwise (Thisload could bechecked in thedisplay window by settingthe DISPLAY
to DC mode).

Limit this pre-load to acceptable magnitude (This pre-load is necessary to keep thetest
configuration in contact. The deviator load that would be applied later could not be
kept stable unlessa certain magnitude of pre-load was present.) For deviator stress
less than 62.055 kPa (9 ps), a pre-load of 13.344 N (3 pounds) is desrable. For
deviator stressgreater than 62.055 kPa (9 ps), apre-load of 17.792 N (4 pounds) to
22.24 N (5 pounds) is acceptable.

Apply confining pressure as required by turning on pressure switch in the gas-control
panel.

Hit the RUN button in the HP-VEE computer screen to monitor the settlement of
configuration. After both theload out and the defor mation out become stable, hit the
STOP button to end monitoring. This process would take 5 to 10 minutes.

Hit the RUN button in the HP-VEE computer screento begin test. After at least onedata
point wasacquir ed, togglethe CONTROL -M ODE button toREMOT E-postionand
apply the deviator stressto therequired magnitude.

Keep tuning the SPAN 1 (load-control) in the M TS control pand to stabilize theapplied
load.

Check theload and data out put frequently while the test isrunning, especially the test
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would run overnight.

When the specimen has been subjected to the required number of load applications, hit
the STOP-button in the HP-VEE screen to stop data acquisition. Copy the datafile
into disk.

Togglethe CONTROL -MODE button to LOCAL -position. Removetheapplied deviator
stress by turning the SPAN 1 switch counterclockwise back to zero. Remove
confining pressure. Lift theloading ram by tuning theSET-POINT switch clockwise
back to zero. ToggletheHYDRAUL | C-PRESSURE button to L OW and then hit the
HYDRAULIC OFF button to turn off the hydraulic pressure.

Removethediding rod from thetubeof LDT and put it in a safe place. Dismantle other

settings.
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Appendix A

Plots of Test Results
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Appendix D Recommended Testing Program for Phasel|

Testing Configuration:
Load Frequency: 1Hz
Load Duration: 0.1 second.
Rest Period: 0.9 second.
Confining Pressure: 21 kPa (3ps).
Number of Load Application: 10,000 before failure
Compaction Specification:
Compaction Method: Kneading Compactor.
Compacted Density: Three Levels (90%, 95%, 100% of OMC).
Compacted Moisture Content: Three Levels (105%), 110%, 120% of MDD).
Deviator Stress: Starting from 28 kPa (4 ps) up to quick failure.
SoilstobeTested: 7 soilswill betested. The selection of these soilswas based on the soil
association, cover age, distinct properties. TRC-94 wasused asthe sour cein seleding

these soils. Table D-1 listed those 7 soils and their related properties.
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Table D-1 Soilsto be Tested in Phasell |

Soil

Enders
Carnasaw
Sharky
Calloway
Sacul
Houston
Jackport

Coverage

(%)

10.8

108

9.4
8.3
6.2
6.1
1.0

LL

223
32.8
71.4
34.8
33.6
59.3
54.9

Pl

4.0
10.0
36.3
12.5
11.6
37.7
33.8

AASHTO

A-4(1)
A-4(5)
A-7-5(43)
A-6(3)
A-6(5)
A-7-6(35)
A-7-6(32)

oMC
(%)
17
15
285
17.4
195
16
20

%
clay
23
25
57
11
23
34
41



