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SUMMARY

An inverted base pavement is a new pavement steuchat consists of an
unbound aggregate base between a stiff cemenédreaundation layer and a thin
asphalt cover. Unlike conventional pavements wihaty on upper stiff layers to bear and
spread traffic loads, the unbound aggregate iatgerlin an inverted base pavement plays
a major role in the mechanical response of the ipam structure. Traditional empirical
pavement design methods rely on rules developexligir long-term experience with
conventional flexible or rigid pavement structurd$e boundaries imposed on the
unbound aggregate base in an inverted pavemewtwgwchange radically from those in
conventional pavements. Therefore, current emplyicderived design methods are
unsuitable for the analysis of inverted base pavesnelhe present work documents a
comprehensive experimental study on a full-scalerted pavement test section built
near LaGrange, Georgia. A detailed descriptionhef mechanical behavior of the test
section before, during and after construction piesicritically needed understanding of
the internal behavior and macro-scale performardki® pavement structure. Given the
critical role of the unbound aggregate base angridgimity to the surface, a new field
test was developed to characterize the stress-depestiffness of the as-built layer. A
complementary numerical study that incorporatetesi&the-art concepts in constitutive
modeling of unbound aggregates is used to analygerinental results and to develop
preliminary guidelines for inverted base pavemesgigh. Simulation results show that
an inverted pavement can deliver superior ruttegjstance compared to a conventional

flexible pavement structure with the same fatigtee Furthermore, results show that an

XVil



inverted base pavement structure can exceed thetwstal capacity of conventional
flexible pavement designs for three typical roapesy both in rutting and fatigue while

saving up to 40% of the initial construction costs.
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CHAPTER 1

INTRODUCTION

1.1. Motivation and Significance

The U.S. public road system comprises over 4 millmiles of roads and
highways (FHWA 2009). Georgia has 88000 miles ofegaroads, 99% of which are
flexible pavement structures. Commissioning nevdsoand retrofitting existing ones are
multi-million dollar decisions. The aggregate baseoth rigid and flexible pavement
structures is considered a weak layer that needset@rotected from service traffic
induced stresses by either a thick Portland cementrete layer or a thick asphalt
concrete layer.

Inverted base pavements consist of an unbound gajgréase confined by a stiff
cement-treated foundation layer and a thin asguadér. The thin asphalt cover and the
proximity of the unbound aggregate layer to thdasae make the granular layer a critical
structural element. Unlike conventional pavemertieas which rely on the upper stiff
layers to bear and spread the traffic loads, theound aggregate inter-layer in an
inverted base pavement plays a major role in thehar@cal response of the pavement
structure. Success stories in South Africa and gestions in the U.S.A. confirm the
viability of this alternative pavement structure a(Bsdale 1984; Tutumluer 1995;
Tutumluer and Barksdale 1995; Rasoulian et al. 2@08soulian et al. 2001; Terrell
2002; Terrell et al. 2003; Titi et al. 2003).

Traditional empirical pavement design methods miyrules developed through

long-term experience. The application of empiridasign methods is limited to the type



of pavement structure, materials, construction tmes, and site dependent
environmental conditions considered to develop dasign procedure. The boundaries
imposed on the unbound aggregate base in an idvg@d®ement structure change
radically from those of either flexible or rigid y@@ments. Therefore, empirically derived
design methods used for conventional flexible pa@nstructures are unsuitable for the
analysis of inverted base pavemenmtsorder to overcome empirical design limitations,
research efforts have focused on the developmememhanistic design techniques in
which the pavement section is treated as a streicamd its mechanical behavior is
evaluated using analytical/numerical tools from haetgcs.

Mechanistic pavement analysis requires a profourterstanding of the behavior
of the materials in the pavement structure. In dostext, the resilient response of
unbound aggregate bases, sub-bases, and subgeakieyisnput property in mechanistic-
empirical pavement design procedures, i.e., NCHRB7A. Inaccuracies in the
determination of the resilient behavior contribtite erroneous predictions of overall
pavement response (Witczak 2004).

Unbound aggregates exhibit a stress dependentimear-lelastic response under
cyclic loading (Morgan 1966; Monismith et al. 1967icks and Monismith 1971; Allen
and Thompson 1974; Barksdale 1984; Adu-Osei 206Ratp et al. 2000). In an inverted
pavement sectigrthe thinner asphalt concrete layer combined whih stiffer cement
treated foundation leads to the development ofelastyesses within the unbound
aggregate under service loading. Larger fluctuationthe state of stress exacerbate the
non-linear response of the unbound aggregate haseinverted structure. Therefore, the

mechanical response of the unbound aggregate Ibatbeunder construction and during



its service life, must be thoroughly characteriaed clearly understood before predictive
inverted pavement design methods can emerge.

The present work documents a comprehensive expetaieanalytical and
numerical study centered on a full-scale invertadement test section built in the state
of Georgia. A detailed description of the mechaniEhavior of the test section before,
during and after construction provides criticallgeded information to enhance our
understanding of the internal behavior and macebesperformance of this pavement
system. A complementary analytical and numeriaadl\stthat incorporates the state-of-
the-art in constitutive modeling of unbound aggtegais used to extrapolate
experimental results and to develop preliminarydglines for inverted base pavement

design.

1.2. Thesis Organization

The study presented in this dissertation centertheriundamental understanding
of unbound aggregate bases in the context of iedebase pavement structures. The

information is organized as follows:

Chapter 2 documents the full-size field study of iaverted base pavement test
section constructed in LaGrange, Georgia. Thikessecond of its kind in the U.S.A.
and the first one to be fully tested, documented analyzed. Members of the
Particulate Media Research Laboratory participatedthe extensive field test

program.



Chapter 3 explores the limitations of available olabory and field unbound
aggregate base stiffness characterization methwtipr@sents a novel test alternative

for as-built characterization.

Chapter 4 offers a comprehensive review of unboagdregate behavior and
available constitutive models, addresses modettetein detail, and implements a
calibration method based on robust physical priesipnd concepts from information

theory.

Chapter 5 documents the numerical implementatiorthef selected constitutive
model, explores the effect of modeling assumptiansl presents the predicted
mechanical response of an inverted base pavememtwse. Dr. H.S. Shin helped

implement the model in ABAQUS.

Chapter 6 summarizes a simulation study of inveltase pavement structures and

recommends preliminary guidelines for design.

Chapter 7 summarizes salient conclusions and ftespotential areas for future

research.

The chapters in the thesis are written as selfasoetl documents; therefore, the reader
will find some repetition particularly among therwductory sections for the different

chapters.



CHAPTER 2

THE LAGRANGE CASE STUDY

2.1. Introduction

The need for improved road performance, optimalaisesources, superior cost
efficiency, budget constraints, and energy efficieprompt the analysis of alternative
pavement structures. The use of inverted base pavsin the U.S.A. has been hindered
by the lack of field experiments and related redearequired to investigate the
mechanical response of this pavement structure rulod@l conditions, construction
practices, and required quality control and perBomoe. A full-scale field study was
conducted in LaGrange, Georgia, with support of tBeorgia Department of
Transportation (GDOT). The laboratory and fielddss conducted as part of this pilot
project advance both the current state of knowlenlgehe behavior of inverted base
pavement systems and the state of the practicerimstof construction processes and
guality assurance.

The investigation was designed to gather detaitéalmation before, during and
after the construction of the inverted base pavenssth section in order to gain critically
needed understanding of the internal behavior amdronscale performance of this
pavement structure through complementary analyéindl numerical studies. The results
of this investigation will help identify the potesit benefits and limitations of inverted
base pavement structures, and will allow for tHétion of numerical models that can

later be used for optimal design.



2.2. Project Description

The test section is part of an industrial parkwagmded to serve the growing car
manufacturing industry in south-west Georgia. Theerted base pavement test section is
a two-lane 1036m long stretch of the south LaGrdagp. It was designed to sustain an
initial one-way annual average traffic of 7000 s per day projected to grow to
11700 by the end of its service life. Truck traffias estimated at 7% and consisted of
3% multi-unit (truck tractor semi-trailers and fafhiler combination vehicles) and 4%
single-unit (two and three axle trucks and bussesnly six tires). Pavement structures
selected to satisfy the projected traffic demane presented in figure 2.1. GDOT
designed the rigid pavement following the AASHT®7Y2) interim pavement design
guide; the inverted base pavement was designed wsnpirical guidelines from the
South African experience. The structural comparibetween the conventional rigid
pavement and the inverted section could not be ragu®ri.

The test section cuts across residual soils fromGkorgia Piedmont geologic
formation. Figure 2.2 shows the original topogra@nd the built longitudinal cross
section. Material removed from the cut sections twassported and compacted in the
two fill sections. Construction of the subgradekigtace from January 7 to February 19,
2008. The upper 0.15m of the subgrade were stabillzy mixing in crushed stone
(figure 2.3) and compacting. Stabilization work began on July 2608 and was
completed on July 30, 2008.

The construction of the cement-treated base toekepbetween July 30 and
August 5, 2008. Cement and aggregate were mixadiung mill and hauled 3.2km to the

construction site. Spreading and compaction opmratstarted at station 280+00 and



moved along the westbound lane towards station @14#he eastbound lane was
constructed on the way back, from station 314+@@atds station 280+00. Construction
issues near the bridge approach (station 314+@@) te a short gap in the test section
near the bridge. The mix contained 4% cement bygkteand was compacted to 98% of
Proctor. Progress was monitored from the time #raant treated aggregate left the pug
mill until the final bituminous seal coat was plddégure 2.4).

The placement and compaction of the unbound aggrdgse started August 11,
2008 and lasted 18 days. The asphalt concrete Yeg®iplaced in two lifts. The first was
a 19mm NMS 0.05m thick layer built shortly aftereticompletion of the unbound
aggregate base in October 16, 2008. The ridingseanivas a 12.5mm NMS, 0.04m thick

added on April 18, 2009.

2.3. Laboratory and Field Material Characterization

The layers were carefully monitored during condtam; including extensive
material characterization in the laboratory anthmfield.
2.3.1. Subgrade

Thirty five subgrade samples were collected from tést section and used to
determine grain size distribution, specific surfatiquid limit, bulk density, water
content, complex permittivity, electrical condudlyy suction, and P-wave velocity in the
laboratory. The field characterization of the sualogr included dynamic cone
penetrometer, helical probe test and surface wavest. results are summarized in table

2.1, the main findings follow:



The mean grain size distribution is characterizgd =0.2mm, B¢=0.5mm,
coefficient of uniformity G=6, and coefficient of curvature «€1.3, which are
characteristic of well graded granular materialse Trraction of fines (d<7bn)
ranged from 1% (at station 299+00) to 36% (at ataB06+00). The high specific
surface of the fine fraction suggested the presefatay minerals (7 to 30 fg?),
and susceptibility to changes in water content@mpidre fluid chemistry.

The recovered in-situ water content data fall witlihhe range of optimum water
content established by Proctor compaction testdecaiout by GDOT. Measured
liquid limit values are plotted in figure 2.5 faeference.

The mean laboratory-measured bulk density was 1¥60k while GDOT field-
measured density averaged 1906K3 The subgrade bulk density is intimately
related to its grain size distribution and partisleape. Variations in density also
reflect the relative proportions and specific gtiag of the minerals that make the
solid particles, the porosity of the granular pagkiand the water content at the time
the measurement is made. The bulk density resatisbe used in conjunction with
water content data to calculate the dry densityhef material, estimated porosity
values are plotted in figure 2.6.

Complex permittivity was monitored over the freqoyemange from 0.2 to 13GHz.
Data reported itable 2.1 correspond to a frequency of 0.5GHz. igh lirequencies,
permittivity is determined by the polarizability difee water; thus, the real
permittivity of the wet soil increases with increwms water content. Outlier water

content data at stations 298+00 and 299+00 coratddinis observation.



The measured electrical conductivity values lagherange from 0.004 to 0.06 S*m
Since conductivity through the mineral itself isyqmaratively low (kaolinite: 3.1x10
83.m'; quartz: 5x13°S-m?), the electrical conductivity of the tested s@ihmples is
controlled by the pore fluid. The conductivity diet electrolyte varies with the
concentration and mobility of electrical chargeshim the material (electrons, ions,
polar molecules). However, conductivity is also @amted by surface conduction
which becomes significant in high specific surfaoés (Revil and Glover 1997).

Total suction data gathered at the in-situ watetet fall between 200 and 1500kPa.
Similar results are observed in the matric and d&nsuction measurements. Even
higher suctions are anticipated at lower water eatst under dry climate conditions.
In any case, the measured suction levels anticipateigh moisture-dependent
response of the subgrade.

The P-wave velocity in unsaturated sediments istjgaly unaffected by the bulk
stiffness of the fluid when the degree of saturat&95%. Instead, it reflects the
stiffness of the soil skeleton which is in part tolied by capillary forces, i.e. suction
(Santamarina et al. 2001). Measured P-wave vedscior the subgrade are in the
range from 300 to 800 ni‘sin agreement with the high measured suction salue
which suggest that capillarity controls the subgratffness. It should be noted that
only samples that satisfied the test geometricaktraints where used to determine
V,. Since the soil samples that fulfilled this requient where for the most part very
well compacted blocks, the measurement is biasegtifier values and does not

necessarily represent the average stiffness dfuthgrade.



« The field-measured surface wave velocities rangmf/z = 150 to 200ns™ (figure
2.7).

* The measured helical probe torque and dynamic qmrestration resistance are
positively correlated to both the total suction atid dry density; no evident
correlation with bulk density or porosity was olwst.

* An overall increase in surface wave velocity wasesbed in the stabilized subgrade
as evidenced by data plotted in figure 2.7. Theeries of the stabilized layer are
summarized in table 2.2.

2.3.2. Cement-Treated Base

The off-site mixing, transport, spreading, and caotpn of the cement-treated
base were carefully monitored to assess hydratitor po compaction. Construction
times are summarized in figure 2.4. Electrical prtips of curing cementitious materials
vary as a function of hydration, pore fluid compiosi, moisture, and temperature

(Monfore 1968; Christensen et al. 1994; Fam anda®aarina 1996; McCarter 1996;

McCarter et al. 1996; Wang et al. 2003; Rajabipand Weiss 2007). As the cement

paste cures in a mortar mixture there is a redagtidhe ionic concentration of the pore

fluid which leads to measurable changes in eledtriesistivity. Therefore, electrical
resistivity data can be used to assess the curiayiteon of Portland cement mixtures.

Curing of the compacted material was monitored gisin electrical resistivity probe

developed as part of this study. Different locatiorear the spreader were selected and

tested in order to assess spatial variability andetect heterogeneitieResults show no
significant resistivity difference from location kocation, suggesting homogeneity in the

construction process. After collection of spatiatiability data, the electrical resistivity
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monitoring equipment was fixed at a given locattonmonitor the time evolution of
electrical resistance with time, which can be ussdan index of curing progress.
Resistivity measurements started approximatelyoc280 minutes after the cement was
first exposed to water in the mixer. Field datavehwticeable changes in conductivity
starting at 100min (figure 2.8).

Characterization of the hardened cement-treated pesperties was done on 7-
day cores recovered from the site and tested foborédory P-wave velocity and
compressive strength; a summary of results is pteden table 2.3. A primary concern
with the construction of the inverted base pavensanicture is the mechanical response
of the cement-treated base during the compactioth@funbound layer above and its
long-term integrity. Copper wire loops were insgdllwithin the cement-treated base
surface at selected locations. A 6.35mm thick geoaas cut 12.7mm into the sub-base
as shown in figure 2.9. Then, a thin polyurethaoeted copper wire d= 0.3mm was
placed in the grove and bonded to the sub-basg usimtar mix.The resistance between
the two ends was measured immediately after theliason of the wire to verify its
integrity. The resistance at each of the threerunsénted stations was measured
following the construction of the unbound aggregbéese; no changes from the pre-
construction values were observed. These resultsv shat the cement-treated base
sustained no significant damage during the compadif the unbound aggregate and the
asphalt concrete layers. This was later confirnmedaiforensic study through visual

inspection.
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2.3.3. Unbound Aggregate Base

The unbound aggregate base is the central compafetite inverted base
pavement structure. Therefore, special attentiog @evoted to identify changes in the
aggregate base properties caused by compactiontlwwestiff cement treated base. We
recovered aggregate samples pre and post compatttithree locations to determine
grain size distribution in an effort to establighcrushing was taking place during
compaction. Findings of the gradation teste summarized ifigure 2.10. Overall the
data remain inconclusive as to the extent and fsggnice of particle crushing.

The development of inherent anisotropy in the umdoaggregate layer as a result
of compaction induced particle alignment was asxkssa a forensic study. Trenches
were dug through the asphalt layer uncovering tii®und aggregate and allowing us to
take a look inside the unbound aggregate base laotdgraph the grain skeleton. Digital
image analysis results presented in figure 2.1Wwstat particles preferentially align
with their major axis parallel to the horizontahpé. Note that only the coarser visible
particles are considered in this analysis.

The unbound aggregate non-linear stiffness-stresponse is critical to the
mechanical response of an inverted pavement steicthe as-built unloaded stiffness of
the unbound aggregate base was determined usimfyapanalysis of surface waves
(SASW) prior to the construction of the asphaltaete layer (figure 2.7). The stiffness-
stress relationship of the unbound aggregate sridgted using a novel laboratory and
field procedure (details are presented in chaplerR&sults of the stiffness-stress

characterization under zero-lateral-strain loadimdjcate that the relationship between
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the resilient modulus in the vertidak, and horizontakg;, directions and the mean stress

are given by:

036 036
E. =713MPal > | : E. =102MPa| 2.1
1kPa 1kPa

Unbound aggregate test results are summarizetle 224.
2.3.4. Asphalt Concrete

The characterization of the asphalt layer focusedhe determination of elastic
parameters, namely the elastic modulus and thes®oss ratio. This was accomplished
through field measurements of surface waves andrdédyy P-wave velocity
measurements in samples recovered during the forengestigation. Characterization

test results are summarized in table 2.5.

2.4. Discussion

Dynamic cone penetration data can be used in comgumwith density, liquid

limit, and water content to estimate the resilimoidulus of the subgrade; for example:

E, = aO(PR)allyjfy +(HJ ] 2.2
WC

wherePRis the dynamic cone penetration ratg, is the dry unit weight, L is the liquid

limit, w; is the water content, ang are fitting parametersResilient modulus data

estimated based on this correlation developed lyrgg@eand Uddin (2000) yield a mean

value k= 250MPa with a standard deviation of 100MPa. SQwrfaave velocity data are
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used to estimate the constrained modulus usingrytheb elasticity and assuming

isotropic response:

M = 2p(%]2 1-v) 2.3

Measured bulk densitigsand field velocityWr data are used to calculate the constrained
modulusM for the different layers (Figure 2.12). Poissar@8o v was assumed to be 0.2
for the unbound layers, 0.25 for the cement-treatese and 0.3 for the asphalt concrete
layer (confirmed with Y and \k data). The stiffness profile of the as-built paeemn
structure (without load) range between 30000MRaatsphalt concrete and 140MPa at

the subgrade.

2.5. Conclusions

The average measured specific surface and coeffi@é uniformity of the
subgrade at LaGrange indicate that its mechaniebblor is strongly influenced by
electrical interactions and capillarity; therefoit,is susceptible to changes in water
content and pore fluid chemistry. The measured@uealues indicate strong capillarity,
i.e., high equivalent effective stress. This expaihe high P-wave velocity values
measured as part of this study.

The as-built inverted base pavement stiffness lgrefthibits pronounced contrast
among successive layers; 30000MPa at the asphatrete, 500MPa for the unbound
aggregate base (unloaded), 22000MPa for the cetmeated base, and 150MPa for the
compacted subgrade. However, the unbound aggrdmete stiffness is a non-linear

function of the state of stresses. The stiffnesssstrelationship has been determined

14



based on P-wave velocity measurements in a zezmaladtrain cell, and shows a power
law dependency between stiffness and stress.

The off-site mixing, transport, spreading, and caotpn of the cement-treated
base resulted in a homogeneously compacted layereddly settling of the cement
mixture was observed. The 7-day cured cement-tidzdse withstood compaction of the
overlaying layers without cracking under the logdimposed by heavy equipment and
construction operations.

Pre and post compaction gradation test resultsoti@ffier a clear assessment of
the extent and significance of particle crushingha unbound aggregate layer during
compaction over the stiff cement-treated base.t@lighage analysis confirmed particle-
shape/compaction induced anisotropy in the as-bmitiound aggregate base. Yet, the
results of laboratory non-linear stiffness stressponse show that stiffness anisotropy is
primarily caused by the anisotropic state of seesand that there is a unique stiffness-
stress relationship in the directions of princigtesses. Therefore, while there is
evidence that suggest inherent anisotropy causegréferential particle alignment,

stiffness anisotropy is primarily controlled byests anisotropy.
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Table 2.1 Subgrade characterization

Parameter Parameter

Coefficient of Uniformity C,[] 6 Degree of Saturatiors| ] 0.3~0.9
Coefficient of CurvatureC| ] 13 Bulk Density ppui [kg:m?] 1700
Fraction smaller than 7in [ ] 0.012~0.36 | Dry Density pgry [kg-m?] 1540

D1 [mm] 0.09~0.25 Porosity n [ ] 0.3~0.5
D3o [mm] 0.25~07 Complex Permittivityx’' [ ] 5~35

Deo [mm] 0.27~1.75 Electrical Conductivityopc [sm?] 0.004 ~ 0.06
Specific SurfaceS, [m*g] 7~30 Total Suctionhy [kPa] 200 ~ 1500
Liquid Limit LL [%] 50 ~ 100 Matric Suction hy, [kPal] 50 ~ 500
Water Contentw [%] 15~ 40 Osmotic Suctionh, [kPa] 100 ~ 1000
Penetration RatBR[mm-blow?’] 4 ~15 P-wave Velocity [ms?] 300 ~ 800
Torque (HPT)T [N-m] 5~12 Surface Waves Mm-s'] 150 ~ 200
Constrained Modulusvi [MPa] 100 ~ 200 Resilient ModulugVl,pc [MPa] 100 ~ 300

Table 2.2 Stabilized subgrade characterization

Parameter

Surface Waves ¥[m-s'] 200 ~ 300
Constrained Modulust [MPa] 200 ~ 500
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Table 2.3 Cement-treated base characterization

Parameter

Electrical Resistivitypgjecric [Q'm] 800 ~ 5000

P-wave Velocity }[m-s"] 2900 ~ 3400
Surface Waves Mm-s’] 1400 ~ 1900
Poisson’s ratiov [ ] 0.251

Constrained ModulusM [MPa] 18000 ~ 24000
Compressive Strength [MPa] 3~5

Table 2.4 Unbound aggregate base characterization

Parameter

Surface Waves y[m-s’] 200 ~ 400

Constrained Modulusvl [MPa] 300 ~ 700

Table 2.5 Asphalt concrete characterization

Parameter

Surface Waves ¥[m-s?] 1000 ~ 2400
P-wave Velocity \ [m-s"] 3500 ~ 4100
Constrained Modulust [MPa] 10000 ~ 40000
Poisson’s ratiov [ ] 0.307
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Portland Cement Concrete. -241m

.254m

Stabilized Subgrade 0.158m

Figure 2.1Designed inverted and conventional base sections. upper 0.15m of the
subgrade were stabilized with unbound aggregate beterial in order to satisfy the

design requirements.

240

230

220

210

Elevation [m]

200

190 : : : : : .
280 285 290 295 300 305 310

Station

Figure 2.2Test section original topography (dashed) overtsidhe as-built longitudinal

cross section. Laboratory test samples are recoatrevery station.
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Figure 2.3 Stabilization of the subgrade upper ®.1through addition of unbound

aggregate base and re-compaction.
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35~95min

Figure 2.4 Cement-treated base construction mangdrom the time water is added to

the mix to the final bituminous cover.
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Figure 2.6 Porosity data computed from density messents. The lower figure shows
sampling locations relative to cut and fill secgon
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Figure 2.7 Surface wave test results for all layers
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Figure 2.9 Cement-treated base integrity assess@&®T bridge crew cut a 6mm wide
12mm deep groove on the hardened surface whicmasdefrom the center line to the

shoulder in a rectangular section. A 0.3mm diametgper wire was buried in the

groove
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Figure 2.10Grain size distribution of sample recovered ati@aB800+00, 290+00, and
280+00.
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Figure 2.11Particle orientation anisotropy from digital imagecessing of photographs
taken during the forensic investigation
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CHAPTER 3

NEW FIELD TEST

3.1. Introduction

The stress-dependent resilient behavior of the umb@ggregate base and of the
subgrade plays a critical role on the pavementaresp (ERES 2004; Witczak 2004).
However, laboratory cyclic triaxial characterizatimethods are still considered complex
and remain expensive for routine practice. In aoldjt the validity of laboratory
measured moduli to represent in-situ conditionsaieasiunder scrutiny (Puppala 2008).

The in-situ assessment of stress-dependent ssffoesld overcome difficulties
encountered with laboratory procedures. A limitedmber of field studies have
attempted to capture the in-situ stress-dependgimess of unbound aggregate layers in
pavements structures. In particular, miniaturizedsns of cross-hole and down-hole
seismic tests were installed during the constractod an inverted base pavement
structure to characterize the stiffness-stressoresp of the unbound aggregate base
(Terrell 2002; Terrell et al. 2003). Results showclaar change in stiffness with
increasing effective stress (from 180MPa unloaded&60MPa under a 200kPa vertical
stress). However, the parameters required to apptely capture the non-linear cross
isotropic unbound aggregate behavior cannot bdvwedaising this or any other in-situ
characterization method currently available.

Laboratory and field difficulties identified aboveare aggravated by
reproducibility issues, the need for speciallyrteai personnel for data analysis, and the

lack of correlation between laboratory and in-siteasured stiffness. Consequently, most
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state transportation agencies do not measure $ileené modulus either in the laboratory
or in the field. Instead, they favor indirect medb@and empirical correlations to estimate
the resilient moduli of subgrade and unbound aggeedayers (Puppala 2008). The
purpose of this chapter is to present a comprebhemsiethodology to assess the non-
linear stiffness-stress response of granular basegu. The method is based on the

concept of stress tomography. A detailed literataxgew is presented first.

3.2. Review of Available Characterization Methods

3.2.1. Laboratory Methods

Laboratory tests used to evaluate the resilieniaen of unbound aggregate
materials include cyclic triaxial, resonant colunsinple shear, hollow cylinder, and
multi-axial cubical triaxial tests. All these testee limited by specimen size to particle
size considerations.

Cyclic-load triaxial tests are most frequently usktlltiple test protocols have
been proposed. The current laboratory characteirzatandard for resilient modulus
(AASHTO T-307) emerged in an effort to develop aque repeatable protocol. Cyclic
triaxial tests are generally conducted under conmstonfining pressure. Variable
confining pressure triaxial tests require changihg confinement in phase with the
vertical load to recover data for a variety of sgr@aths (Andrei 1999; Adu-Osei 2000).
Typically, the triaxial test is run under undraingshditions. Pore pressure data are not
available in most undrained tests (even for sulmgnadterials) and data reduction is

made using total stress analysis (Konrad 20Béundary effects and friction at the soil-
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platen interface are reduced using a 2:1 cylintigemmetry specimen. The specimen
diameter must be at least ten times larger thanntgimum grain size. Since the
maximum standard triaxial specimen size in pradsc@.15m, this geometric constrain
limits the maximum particle size of the tested agate to 0.015m. However, unbound
bases often contain maximum size aggregates latgan 0.025m which violates
geometric constrains for a standard 0.15m cell.sTdhaompromise has been made to use
standard cells for unbound aggregate base matafigisremoving particles larger than
0.025m (Witczak 2004). Laboratory measured redilimoduli are often reported as
averages with no information given about the varaim the collected data leading to a
false sense of certainty in the measurement.

Early numerical studies invoked anisotropic mategaoperties that were
assumed but not measured (Barksdale et al. 198amluer and Barksdale 1995). ICAR
developed a protocol to measure anisotropic mafengerties using three triaxial stress
regimes (triaxial compression, triaxial extensiand triaxial shear) with ten static stress
states each in order to determine stress sengititl the level of anisotropy. Data
reduction and analysis of the test results is cotetliby a system identification algorithm
that uses all the applied stresses and corresppretmins to invert the five cross-
isotropic elastic material properties (Adu-Osei @00
3.2.2. Field Methods

The most common field test used to determine thdiert modulus of unbound
layers is the falling weight deflectometer (Pupp&808). The falling weight
deflectometer provides an indirect assessmenteofrtaterial stiffness without sampling.

The less common seismic pavement analyzer usesp#etral analysis of surface waves
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technique to estimate the stiffness profile of tevement structure (Nazarian et al.
1995). The main disadvantage of the falling weigdeflectometer and the seismic
pavement analyzer is the need for a formal invertiorecover the unknown parameters.
The information that can be extracted is limitedthy amount of information embodied
in the measured data. When insufficient informatgavailable, the analysis yields non-
unique solutions, and vastly different parametarslze extracted for the same data set.
3.2.3. Summary of Observations

The analysis of inverted base pavement structuespuines an accurate
representation of the stress-dependent stiffnefisecinbound aggregate base. The stress
states used in current test protocols was dictdtgdrepresentative field loading
conditions that unbound aggregates experiencenmerdional pavement structures. The
unbound aggregate base in an inverted pavemerttigieuis subjected to considerably
higher stresses. Therefore, the mechanical responst be analyzed using material
parameters recovered from the proper state of sstrather than by extrapolation.
Standard in-situ methods used in practice canrsgsasthe stress-dependent stiffness of
unbound layers; thus, the measurements do notgeamough information to recover
constitutive parameters needed to appropriatelyemibe behavior of these layers. Such
information is critical in inverted pavements whdfe granular layer plays a key
structural role. It becomes evident that the prapaalysis of inverted base pavements
requires new test protocols to capture the norafirstiffness-stress response of the as-

built unbound aggregate base.
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3.3. Determination of Stiffness-Stress ParametersTFest Design

The P-wave velocity reflects the stiffness of tlwl skeleton in unsaturated
sediments. The proposed test involves two lineayarof piezopads which are used for
P-wave sources and receivers (figure 3.1). Eachsumement consists of P-waves
emitted from a single sensor in the source arrag simultaneously recorded in
tomographic mode at all sensors in the receiveayarfhus, horizontal and diagonal
travel paths are involved.
3.3.1. Test Design — Physical Considerations

Constraints imposed by the maximum aggregate sigetBe thickness of the
layerh, the proximity to stiff layers P, separation betwearrayss, and the wave length
of the emitted signal must be taken into considanaor proper test design. Preliminary
guidelines include:

1. s> 10Dy (spatial averaging considerations)

2. s<h (to emphasize direct arrival)

(to prevent refracted path)

4. s> 4 (far field considerations)
5. A >> Dy (equivalent continuum assumption — note thatdrih limits A=2Ds)

The physical constraints imposed by these expnessiannot be simultaneously
satisfied; thus, a compromise must be made andegoesces must be clearly
understood. The most challenging condition to meethe one imposed by the ratio
between the wave length and the aggregate size. akinmum aggregate size
Dmax=0.038m requires ~ 0.38m which would in turn force the separationngetn arrays

to bes>1.52m. In the field, the proximity of the stiff dsgdt concrete and cement-treated
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base limits the source receiver separatios £00.152m. The type of sensor places an
additional constraint on the maximum allowable alise between source and receiver
forcing a violation of the continuum assumptiomr> Dso. Paradoxically, the continuum
assumption is still needed to analyze the P-wate da

Taking into consideration the described physicalst@ints, a compromise inter-
array spacings = 0.1m was selected. The P-wave velocities measurgueliminary
laboratory testing of a well-graded crushed graraggregate (B=0.005m) range
between 260 and 74Gst. The frequency for the recorded waves is in thikeoi0kHz;
thus, the wave length ranges betweer 0.026 and 0.074m. Considering that the
aggregate is well gradedsfs a good indicator of particle size. Then, thiected sensor
separation satisfies condition 1, condition 2 fabound aggregate bases thicker than
0.1m, and condition 3. Condition 4 is not fullyisaed; however, the ratid/ Dsp =~ 5 to
15 exceeds the Brillouin filter.
3.3.2. Sensor Installation

The installation of sensors is critical for thesitu characterization of the non-
linear stiffness-stress response of unbound agtgdgeses. Our goal in this study was to
identify optimal drilling procedures to penetrateaugh the asphalt concrete layer and
into the aggregate base while minimizing the disince of the layer. We sought to drill
the smallest borehole that would allow the installaof high energy sensors to facilitate
wave detection in noisy environments. After consideand testing multiple alternatives
we opted for using 0.013m diameter piezopads dmtehole diameter of 0.016m drilled
dry using a rebar cutter and a diamond core kju(é 3.2). Two boreholes separated

0.1m are drilled to house the source and receikys which are placed facing each
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other. The boreholes are filled with dry fine Ottasand tamped with a rod to a dense
state. The sand fill acts as the coupling mediunwive propagation and provides lateral

support to the granular base.

3.4. Test Results

3.4.1. Laboratory Prototype — Zero-Lateral-Strain RPWave Velocity Measurements
Preliminary test prototypes lead to the developnoéiat laboratory procedure that
permits the simultaneous determination of the gaktand radial stiffness-stress response.
The unbound aggregate base material is mixed aigtieum water content, placed in a
Proctor-type mold, and compacted in a vibratoryletdor 15 minutes under a 240N
weight i.e., a vertical stress of 13kPa. The uppeid extension is removed and the
material is leveled so that it occupies the fullwoe of the lower half of the mold
(0.152m diameter and 0.116m height). Two borehatesdrilled though the compacted
material. Then, the aluminum platen shown in fig@t8-a is secured on top of the
specimen with the small holes sitting directly ap of the boreholes to allow for the
installation of the source and receiver arrays. bage of the Proctor mold is removed
and replaced by the aluminum platen shown in figiBb. The center holes in the top
and bottom platens house two Matec 9J104 piezadsyshat measure vertically
propagating P-waves (figure 3.3-c). The instrumertiel is placed in the loading frame
and the sensors are connected to the periphecitales. P-waves are generated by a
wave form generator (Agilent 3320A) using squamgnals with 10V amplitude at a

frequency between 20 and 120Hz. Signals pickedyphé array of receivers are pre-
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amplified and filtered to remove high frequency si(Krohn-Hite 3364). The pre-
conditioned signals are fed into a 4-channel assxibpe (Agilent 54624A) and stored
into a laptop computer via a GPIB card connection.

The specimen undergoes 25 cycles of preconditidioiagding-and-unloading with
vertical stress amplitude of 700kPa. The unloadifigr the final cycle is stopped at a
vertical stress of 14kPa to simulate the overbumieithe unbound aggregate base. The
first measurements are made starting at 14kPa\srg 80kPa until the vertical stress is
580kPa which is 83% of the maximum preconditionegtical stress. Five signals are
recorded at each load increment (Figure 3.3-c)ticadrpropagation (VV), horizontal
propagation at mid-height and bottom (MM and BB)d dwo diagonal propagations at
an angle of 24° with the horizontal (MB and BM).

Signals recorded at 8 different load incrementsnguiloading and unloading are
plotted in figures 3.4and 3.5 for different propagation directions. While ithas clear
stress dependency, the identification of the fsival is rather complex in part due to
concurrent travel paths along the steel shell Bso &ecause of the tight physical
conditions and compromised geometry discussedeearResults for VV and BB
propagation are summarized in figure 3.6.

3.4.2. Field P-Wave Velocity Measurements - InverteBase Pavement Structure

The proposed field characterization of the stiffasgess response of the unbound
aggregate material was performed in a Lafarge guaecess road in Morgan County,
Georgia. The road is an inverted base pavemenbeeminstructed in 2001 as part of a
GDOT sponsored research project and has experiemgieterrupted high volume of

heavy truck traffic for 9 years. Surveys conduckéay 2008 showed the section had
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serviced over 1.2 million ESALs after 7 years, abob% of the designed service life

without exhibiting signs of failure; in fact, theage still no signs of failure or changes in

rideability at present (Lewis 2009). The originekearch on the haul section included a
comprehensive characterization of the unbound agtgeebase, details in (Terrell 2002;

Terrell et al. 2003).

Boreholes were drilled through the asphalt layet ino the unbound aggregate
base. Then, source and receiver arrays were plasg&te the boreholes and these were
backfilled with fine Ottawa sand. The peripheraadionics were the same as those used
in the laboratory. The first set of P-wave measwmaimwere performed in the absence of
externally applied loads. After that, a loaded @allar 769D water truck was used to
load the pavement in order to measure the stiffaress response of the base. The tire
applies a 552kPa distributed load over a quasiarcarea of radius r = 0.25m. The tire
location at the time of the measurements is showrfigure 3.7. The tire load is
represented by an equivalent circular contact afeadius r and a distributed load Q. A
set of 4 P-wave measurements are performed for @&clocation: 2 horizontal paths
(MM and BB) and 2 diagonal paths (MB and BM at agla of 24° with the horizontal);
each measurement is repeated 3 times. Signal stpckiused to improve the signal to
noise ratio (2048 signals). This situation prectudlee continuous monitoring of the
stiffness-stress response under a passing vehidle. distance between the load
centerline and the buried sensors varies betwe&#b@nd 0.98m (figure 3.7). The water
truck tire passes 6 times over the marked locaionk4 sets of 3 signals are recorded for

each tire location.
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A set of recorded signals is presented in figuBf@: the 4 tire-sensor distances
tested. Electromagnetic cross talk causes the fiddearrival observed at~ Osec. The
first arrival is determined by subtracting % of feriod T from the first negative peak.
Measured P-wave velocities as a function of theadie between the tire and the sensors

are presented in figure 3.9.

3.5. Analysis and Discussion
The P-wave velocity in unsaturated unbound granulkedia is determined by the
state of effective stress in the propagation dioec(Kopperman et al. 1982; Hardin and

Blandford 1989).

P \B
vV, = a( 7, J 3.1
1kPa
B V4 \B
Vpr = a(a-_rj = a(mj = aKO/B[ Oz j 3.2
1kPa 1kPa 1kPa

where V, is the velocity of waves propagating in the hantzb direction, \; is the
velocity of waves propagating in the vertical diree, andK, is the ratio of the effective
horizontal to vertical stress. Thefactor is the value of pwhenc’=1kPa and3 captures

the stress sensitivity of P-waves.
The P-wave velocity is related to the constraineztintus M by M =,0(Vp)2,

wherep is the mass density of the compacted unbound ggtgeThen, the constrained

modulus stress dependency is obtained from eqaBidnand 3.2.

'\ 28
M, :paz( i ] 3.3
1kPa
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or in terms ok-type model parameters:

NS
M= kl(]kLPaJ wherek, = pa? andk, =24 35

3.5.1. Determination of Stiffness-Stress Parametefsom Laboratory Measurements

Vertical and horizontal P-wave velocities measumedhe laboratory collapse
onto a single trend fdk,= 0.38, and the full data set can be captured using45ms*
and = 0.18 (figure 3.10). For the sameand values in the vertical and horizontal
direction, Vr = mV,,,, wherem= Ko*, and M= n?M,. Calculated constrained moduli are
presented in figure 3.11 for the measuped2000kgm™ and the inverted values &f=
0.38,a= 245ms™ andp=0.18.
3.5.2. Determination of Stiffness-Stress Parametefeom In-Situ Measurements

The recovery of material parameters from the figddt requires a detailed
analysis. The in-situ stress field is not unifostresses vary along the propagation path,
the propagation direction is not necessarily alignéth a principal stress direction, and
load conditions are not exactly zero-lateral-strd@spite the fact that the stiff layers in
the inverted pavement offer confinement for theauma aggregate layer.

The experimentally measured P-wave travel time ns imtegral along the

propagation path:

= ﬂ:]'\/;m:j dl 3.6
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The model parameters 8, andK, can be recovered through inversion using sucoessiv
forward simulations (figure 3.12-a). For the puwp®f this study, and given the loading
configuration, we use stress conditions at the paitt between the source and receiver
arrays to invert the parameters (figure 3.12-b).teNthat the limited number of
measurements supports the extraction of a minimetros material parameters rather
than a full set for cross-isotropic stiffness pagtarns.

The material parameters recovered from the laboratero-lateral-strain cell
experiment are used as input for a finite elemeotieh of the inverted base pavement
structure that is used to estimate the stress fiist arder estimate of the constitutive
parameters in-situ. Details on the finite elemewidel can be found in chapter 5. The
constitutive models and material parameters us¢der-EM simulation are summarized
in table 5.1.

The numerical simulation results were used to eg#nthe in-situ mean stress at
the mid-point between the sensors for the multipéel configurations tested. This data
allows us to invert the in-situ material parametesing error surface analysis. The in-situ

stiffness-stress relationship is given by:

3.7

012

E.[MP4 :17{&—‘;)‘3}
In-situ measured P-wave travel timég) @nd the first iteration predictions based

on zero-lateral-strain calibrated material paramsefg) for the four load configurations

tested are presented in table 3.1.
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3.6. Summary and Conclusions

The stress dependent stiffness of unbound aggregstys determines the
performance of inverted base pavement structureberefore, an accurate
characterization of the stiffness-stress resposssitical for inverted pavement design.
Available laboratory protocols fail to reproduce ih-situ stress levels to which unbound
aggregate bases are subjected to in an inverteshynt structure, and available in-situ
measurements fail to gather sufficient informatiorextract the constitutive parameters
required to appropriately model unbound aggregakator.

In an inverted pavement structure the unbound gggedayer is confined by the
stiff asphalt concrete and the cement-treated bidses, the highest load condition under
the wheel can be better represented as a zeradlatesinK, loading configuration.

A laboratoryK, test was prototyped for the characterization ofdigness-stress
response of unbound aggregate materials basedeorotitept of stress tomography. P-
wave velocities measured in the vertical and hotalodirections collapse onto a unique
trend for a single set &, a, andp. Then, \f; = MV, whereme= K.

The concept of P-wave stress tomography was applisdu to characterize as-
built unbound aggregate bases. The test has beeassfully used to measure the in-situ
stiffness-stress response of an existing inverée@ment structure.

In-situ test results show that material models rggbin the literature (developed
from existing laboratory test protocols) under-peedthe in-situ stress-dependent
stiffness of the unbound aggregate base. Matesi@mpeters recovered frorero-lateral-
strain stiffness measurements yield better preafistiof in-situ performance; however,

tend to over-predict the stiffness at higher seess
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Table 3.1 Comparison between in-situ measured Reviravel timest() and the first
iteration predictions based on zero-lateral-stcailibrated material parametetg) for the
four load configurations tested.

Distance [m] | p [kPa] tm [us] tp [ps]
0.926 2.7 292 319
0.665 3.7 285 308
0.439 17 269 240
0.308 76 253 195

39



Piezopad

Asphalt Concrete
OO =

h

t

Unbound Aggregate Base
SR,
D Cement Treated Base
D
o> Subgrade
0 QT

Figure 3.1Graphical description of the designed sensors alative scales that influence
the selection of sensor size and positioning.

Figure 3.2Borehole drilling tools (a) diamond core bit andl i@bar-cutter.
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middle-to-bottom source receiver pair MB.
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Figure 3.5Laboratory test data results for waves propagatirige vertical direction VV.

Signature cascade as a function of the applieicaéstress.
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Figure 3.8Field test data results for horizontally propagatimaves between sensors
buried at 0.17m (BB) from the pavement surfacen&igre cascade as a function of the
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CHAPTER 4
UNBOUND AGGREGATE BASES:

CONSTITUTIVE MODEL SELECTION AND CALIBRATION

4.1. Introduction

Unbound aggregate bases exhibit non-linear stregsrtlent behavior. Under
repeated loading, plastic deformations graduallgrelese with the number of load
repetitions until only elastic strains take plaeging loading; this is also known as the
“elastic shake down” state. The resilient modulaptares the ratio of the cyclic stress
amplitude to the elastic strain at this stage. mba-linear material behavior must be
considered in mechanistic pavement design methddaever, initial attempts in the
AASHTO (1993) pavement design guide are overshaddwehe empirical nature of the
guide. The stress-dependent non-linear responsenbbund aggregate bases has a
profound effect on inverted base pavements whereitfbound aggregate is subjected to
high changes in stress and stiffness during loadimigading cycles. It is therefore
essential to properly capture the material respanseonstitutive models used in
numerical codes.

There is an inherent trade-off between an accumgpeesentation of complex
granular media behavior and the need for simpliaitgd robustness required for routine
analysis. This chapter starts with a fundamentalysis of the factors that control the
resilient behavior of unbound aggregate basexvieltl by a comprehensive review of
available material models developed within the famrk of pavement analysis. This

review leads to a critical assessment of availalddels within the framework of inverse
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problems. A robust model is selected based on nmtion theory concepts, and a
procedure is developed to invert physically meaftihgnaterial parameters. Data
available in the literature are used for calibnatof the material model and results are

compared to reported predictions.

4.2. Resilient Modulus — A Granular Media Perspectie

The large-strain load-deformation response of untdaaggregates is determined
by changes in the granular skeleton. Converselg, small-strain resilient load-
deformation response occurs at constant fabric #red macro-scale deformation
integrates contact-level particle deformation. Aafale experimental studies show that
the main parameters that control the resilientaasp of the granular base are: stress
history, stress level (mean and deviatoric strass, load duration), density, gradation
(grain size and uniformity), and moisture condiiorin this section we summarize
experimental observations on the resilient behasfounbound aggregates and offer a
particle-scale analysis of causal mechanisms. Aptehensive precedent to this review
can be found in the work by Lekarp et al. (2000).
4.2.1. State of Stresses

The state of stress has the most significant effecthe resilient response of
unbound aggregate bases. The resilient modulugdses with the mean stress and
decreases slightly with increasing amplitude of thpeated deviator stress (Morgan
1966; Monismith et al. 1967; Hicks and Monismith719 Smith and Nair 1973). The
resilient modulus approaches asymptotic values wéeated loading and becomes

insensitive to stress history provided the appliediatoric stress remains away from
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failure. Load duration and frequency do not affdet resilient behavior of granular
materials for moisture contents at or near optimawever, the resilient modulus is
likely to decrease with increasing loading frequemten loading occurs near saturation
(Lekarp et al. 2000).

The velocity of P-waves in an unbound aggregateomreds to similar small-strain

mechanisms and it is related to the medium stiffreesV, = Mp_l. Several studies

have shown that the velocity,\6f P-waves propagating in a principal effectiveess
direction is only affected by the principal strassthe direction of propagation’
(Kopperman et al. 1982; Hardin and Blandford 198%e relationship is captured using
the power function:

p

o

V. =a — 4.1
P (JkPaj

where the fitting parameters are the faatowhich represents the P-wave velocity at
o'=1kPa and the exponefitwhich describes the stiffness sensitivity to angj@in the
principal stress in the direction of wave propagati
4.2.2. Density

The resilient modulus increases with increasing siign Denser granular
assemblies have a higher coordination number whicreases skeletal stability and
decreases the average inter-particle contact famdecontact deformation (figudel-a,b
- Trollope et al. 1962, Hicks 1970, Robinson 19R4dda and Witczak 1981, and Kolisoja
1997). While early studies reported relatively Idensity effects on the resilient modulus

(Thom and Brown 1987), more recent works have shibvahthe effect of density can be
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considerable on the resilient modulus of low dengiaterials (Vuong 1992), and at low
mean stress (Barksdale and Itani 1989; Konrad 2006)
4.2.3. Grain Size Distribution

The unbound aggregate base stiffness initiallygases with higher fines fraction
as a result of an increase in coordination numbased by pore-filling fines. Beyond a
certain threshold, the soil skeleton is dominatgdth®e presence of fine particles and
coarse patrticles float in an skeleton made of fiffigsire 4.1-c), the soil matrix becomes
fines-dominated and the resilient modulus reducassiderably (Jorenby and Hicks
1986). This mechanism could in part explain theflggiing observations found in the
literature where results vary from a minor incretsa dramatic drop in resilient modulus
with increasing fines content ranging from 0 to 1Q8cks 1970; Barksdale and Itani
1989).
4.2.4. Moisture Content

Capillary forces add to skeletal forces in unsdadaarticulate media (figure 4.1-
d). As a result, the stiffness of the unbound ag@pe increases in unsaturated bases
(Dawson et al. 1996; Santamarina et al. 2001). étiglpillary suction can be generated
in the small pores of fine grained subgrades. Hamewmoisture also influences the
coarser aggregates used as bases and sub-badess stinducted using gravels (0.04m
maximum particle size) and rock fill show that tbempressibility of the medium is
affected by changes in moisture introduced by wegttind drying (Oldecop and Alonso

2003).
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4.2.5. Particle Shape

Rough angular to sub-angular shaped particles tendterlock and to develop
stronger (yet not necessarily stiffer) granulareasslies (figure 4.1-e). Rough angular
particles also tend to form looser packings thamdosmooth particles (Cho et al. 2006),
and can accommodate a higher volume of fine pasgtiethile maintaining a coarse
particle matrix. Aggregate shape is also a factorthe development of stiffness
anisotropy. Flat and elongated (i.e., eccentri@irgr in unbound aggregate bases favor
preferential particle alignment under gravity amafompaction (figure 4.1-f). Anisotropy
in particle orientation contributes to anisotropytihe mechanical properties of the layer
(Kim 2004). The analysis of the-p parameters (equation 4.1) recovered from angular
and rounded particle mixtures under virgin loadamgl recompression reveal that particle
shape does not influence tfeexponent as much as thefactor (figure 4.2). Note that
Cho et al. (2006present data for virgin compression, while the ltssshown in figure
4.2 correspond to the same data set but for recssjan. In summary, when properly
densified, rough and angular crushed aggregates mtiknger bases with a higher
resilient modulus (Allen and Thompson 1974; Thord &iown 1988; Barksdale et al.

1989; Kim et al. 2005).

4.3. Available Constitutive Models
An isotropic linear elastic material can be modeheth two elastic parameters;
however, five parameters are required to modelscisstropic linear elastic materials.
The stress dependent non-linear response of unbaggregates requires more complex

models. We seek to find the simplest and best gtigdi model for pavement

52



applications. The review presented here extends dbmprehensive compilation
conducted by Lekarp et al. (2000).

Available constitutive models are summarized irgab2. All models attempt to
capture the variation in the unbound aggregatdnstf in response to changes in
confining stress (Brown and Pell 1967; Monismithakt1967; Seed et al. 1967; Hicks
1970; Rada and Witczak 1981). More sophisticatgaessions include the effect of the
deviator stresses (Thom and Brown 1988; Nataatn@f)2; Pezo 1993; Kolisoja 1997,
Van Niekerk et al. 2002; Rahim and George 2005k Trifluence of other physical
parameters such as porosity is captured expli¢flgman et al. 1994; Lytton 1995;
Kolisoja 1997; Rahim and George 2005}mough the fitting parameters themselves.

Laboratory protocols that impose independent cycbatrol of confining and
deviatoric stresses generate information-rich tfadh permit the determination of cross-
isotropic elastic parameters (Adu-Osei 2000; AdeiG=t al. 2001b; Kim 2004). All
cross-isotropic parameters can be extracted framia confinement cyclic triaxial tests
at multiple states of stress. Typically, the samesttutive model is selected to represent
the axial, radial and shear moduli. In particutag model proposed by Uzan (198&s
been used to model the axial, radial and shedrer@smoduli of unbound aggregates in
anisotropic pavement analyses (Tutumluer 1995; mluer and Barksdale 1995;
Tutumluer and Thompson 1997; Adu-Osei 2000; Adur@seal. 2001a; Adu-Osei et al.

2001b; Tutumluer et al. 2003; Tutumluer and Sey2208; Kim 2004).
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4.4. Model Selection
The material model selected to capture the strepsfilent stiffness must be able
to predict experimental measurements while satigfyghysical constraints. Models with
more parameters have more degrees of freedom arobtizr fit the data; this has lead to
the development of increasingly more complex modd®wever, a better fit does not
necessarily imply better prediction capability. $a@bservations are discussed next.

4.4.1. Guiding Criteria

Robust model predictions start with the physicailyded selection of a good
material model, following experimental observatiarsd physical principles reviewed
above. In addition, fundamental concepts from im@tion theory must be considered
during the selection of a robust model (detailsSantamarina and Fratta 2005). In
particular:

1. Ockham’s Razor‘plurality should not be assumed without necgssithe number of
unknowns in a model should only be increased ifpitsdictions are significantly
more accurate for multiple data sets. If two moa¢isr the same level of accuracy,
the model with the least number of parameters shdid favored to improve
predictability.

2. Physical criteria physical insight (i.e., the resilient behavior grinular materials)
must guide the analytical form of the model (eliggar, exponential, or power law),
help in limiting the number of unknowns, and pravighysical constraints to the
range of values material parameter can take.

3. Predictability. a properly selected and calibrated material mougst predict future

behavior. A n-1 polynomial can perfectly fit n-dgtaints; however, high-order terms
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provide marginal insight on the physical laws thgavern the measured response.
Conversely, lower-order polynomials follow domindrends, filter data noise, and
extract the most meaningful information conveyedhmy data. As a result, new data
will most likely appear closer to the low-order yrwdmial model predictions,
particularly when the model is used to extrapola#gond the range of calibration
data (figure 4.3).

The introduction of physically meaningless paramgeia the pursuit of error
minimization has clouded physical understandinthefmaterial response and has lead to
the emergence of models that have more paramétarghose that can be retrieved from
even the best instrumented laboratory tests availadday. Furthermore, additional
information, such as physical constraints, is oftaailable and must be taken into
consideration during model calibration. We focustbe physics-guided selection of a
sound and robust mathematical model and the dewmop of parameter inversion
methods that go beyond error minimization to ensbeedevelopment of a physically
meaningful and predictive constitutive model.

4.4.2. Selected Model

We want the selected constitutive model to cap(lijehe Hertzian-type stress-
dependent stiffness of granular bases and (2)kbletal softening caused by deviatoric
loads that approach failure. The model initiallpposed by Huurman (1996) and latter

modified by Van Niekerk et al. (2002) satisfiessbdéwo fundamental criteria:

ks Ky
p q
En=k| 2| |1-k| 4.2
i (poJ S(QfJ
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This non-linear elastic model consists of two &tremyms and four fitting parameters,
wherep, is a normalizing stresg; is the resilient modulus @ = p, andqg = 0,k, > 0
captures the sensitivity of the resilient modulughte mean stress, akgl> 0 andk, > 0
combine to capture skeletal softening induced leydéviator stresg in reference to the
proximity to the failure loady. The ky-exponentis analogous to th@-exponent in
equation 4.1.
4.4.3. Fitting the Model to Data — Parameter Inver®n

We invert the material parameteks ko, ks andk, based on the analysis of the

error surface and physical constraints. In thisec#se error surface exists in 5D, where
the sum of the square errorslis = Zeiz . Here gis the error between the i-th measured

and predicted value and is plotted as a functioky df,, ks andk, assumed values. We
visualize the error surface by plotting 2D slicesoas the point of minimum error (min-
L,). The shape of these slices indicates the semgiti¥ the fit to the variation of a
parameter and permits the reduction of unknowns.

Guidance for the determination of physically megfuihk,-values can be found
in the elastic wave velocity literature whége~ 23 (refer to equation 4.1 - Kopperman et
al. 1982, Hardin and Blandford 1989, Santamarinalef001). We conclude that the
values ofk, can range fronk,= 0 for cemented soils te= 1.5 in soils whose response is
strongly influenced by electrical interactions.the case of unbound aggregates used for
pavement bases and sub-bases, expected values faumid in the range fromg= 0 for
cement-treated bases to 0.5 for rough/angular ggtgs.

The deviatoric stress softening effect is contblgth ks andks. At q = ¢, the

material reaches failure and the stress softerenm treduces to ks; thus, physically
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meaningful values oks; are in the range fromks= 0 (no-softening) tds= 1(flow at
failure). Thek, parameter captures the softening sensitivity ef ritaterial for a given
deviatoric stress amplitude. Stiffness diminishesdrly with deviatoric loading ik,= 1.
Typically, the effect of deviatoric loading is lomheng<<g; and increases as the material
approaches failure, therefdcg> 1.
4.4 .4, Failure Conditions

Resilient behavior is by definition elastic, yeethmiting failure strengttg is
recognized in the model (equation 4.2). Furthermouoenerical results must be carefully
examined to confirm that the modeled loads havesedua state of stresses within the
aggregate base that is compatible with failure ttaongs. Here the Drucker-Prager failure
criterion is applied to determine the boundary leetw elastic and perfectly plastic
deformations. The failure surfatés a function of the material strength parametees,
friction angleg and apparent cohesian The onset of plastic deformation or failure
surface is defined bly= 0. The material remains in the elastic regimeag asf < 0 and
deforms plastically fof = 0. Thus, the state of stresses at failure isrglwy:

_ bcosg ot 6sing

= _ _ 4.4
3-sing 3-sing

af

4.5. Calibration Examples
The selected constitutive model is used to modelighed experimental results

gathered in triaxial tests under both constantwemhble confinement.
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4.5.1. Constant Confinement Cyclic Triaxial Data Amlysis

Stress-strain data were measured using 0.30m hidgimOdiameter, well graded
crushed Georgia granite specimens (Tutumluer 198BBg. test protocol consisted on
applying a confining pressure. and cyclically loading the specimen in the axial
direction up to a preselected deviatoric stressll&ég,. The resilient modulus in the axial
direction k&, was calculated by dividing the applied deviatoest amplitude by the
measured axial elastic straip thus: l, = Ac; /e;. The test was repeated at five different
confining pressures. under three different levels of cyclic deviataiessAc, each. The
data are presented in figure 4.4 in terms gf ¥ersus the peak cyclic deviator stress
0=AGz-max

The inversion of material parameters and the cocisbn of the error surface
were done using thexinorm as described above. Slices of the error serdae shown in
figure 4.5. The dotted curve is obtained by colfitrgl k, and optimizingk; (while
ks=ks=0). The relatively flat trend for the dotted li(@g., betweetk,= 0.5 andk,= 0.7)
shows a trade-off betwedn andk,. Slices of the error surface are obtained byrsgkt
constant and varying the value laf (continuous line) or by holding, constant while
varyingk; (dashed line). Thig andk; values that minimize the,lnorm are shown at the
intersection between curves in figure 4.5b. Figubx and figure 4.5d show slices of the
error surface across min;Lsteep slopes near optimum indicate high predidiab

Knowing the upper bound of physically meaningfulues fork,, we setk,= 0.5
and determine the corresponding valu&k@af 30MPa. Having determindd and k, we

introduce the deviatoric stress fact&zQ, ksz0) to fine-tune the model using a similar
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analysis of the error surface and obtainge0.9 andk,=16. We call this approach
“physically constrained optimization” (PCO).

Alternatively, we find the set of unconstrained graeters solely on the basis of
error minimization i.e., “min-g’ approach. The two sets of parameters are listadhble
4.3; measured and predicted values are compardigure 4.6. In this case, the two
approaches provide adequate fitting of the datapardmeters in minJdapproach are
within physically acceptable ranges.

4.5.2. Variable Confinement Cyclic Triaxial Data Aralysis

Variable confinement cyclic triaxial test resulteorh a 0.15m highO.15m
diameter well graded crushed California granitecspens are analyzed next (ICAR 502
series - comprehensive study on anisotropic behaicaggregates used as bases in
flexible pavements - Adu-Osei 2000, Adu-Osei eRD1a, and Adu-Osei et al. 2001b).
The ICAR protocol employs three triaxial stressimegs: triaxial compression, triaxial
extension, and triaxial shear. The ICAR data redncnd analysis of the test results was
conducted using a system identification algorithmat tconsiders all the applied stresses
and corresponding strains to invert the five cligsgropic elastic material properties: the
modulus in the axial directiongg the modulus in the isotropic planepEthe shear
modulus in the anisotropic plane G*, the Poissoat® in the isotropic plane,, and the
Poisson’s ratio in the anisotropic plang

We adopt the same constitutive model faf, EEr, and G* (equation 4.2).
Resilient axial, radial, and shear moduli datapesented in figure 4.7 as a function of
the mean and deviatoric strgg@ndg. Following the analysis outlined in the previous

section, the resulting error surface sections far &xial resilient modulus data are
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presented in figure 4.8, for the radial resilienbdulus data in figure 4.9, and for the

shear resilient modulus in figure 4.10. The coroesling material parameters recovered

using error minimization and the proposed physjcatinstrained optimization are listed
in table 4.3. A comparison of the fit quality acked with the two methods is shown in
figure 4.11. The following observations can be made

* There is a trade-off betwedn andk; (or ks - ke, 0r kg - kig); in other words, the data
can be fitted equally well with a “low and highky” or with a “highk; and lowk,”
combination (figures 4.5-b, 4.8-b, 4.9-b and 4.]0-b

» The optimal set of parameters at the mjnldads toky, ks, andk;o exponents higher
than the physically justifiable ~0.5 value.

* When the inversion is physically constrained onomentsks, ks, andkio, then the
sensitivity of the deviatoric load is properly cagd: (a) exponents, ks, andk;, are
significantly greater than 1.0, and (b) factkssk;, andk;; are in the range<Ok < 1.
Conversely, unconstrained optimization using mjnidads to physically inadequate

values.

4.6. Discussion
The complexity of a selected model in terms of nemtf parameters must be
compatible with the physical behavior of the matleend the richness of information
contained in the experimental measurements usedafdoration. In particular, complex
models based on a large number of physically vardmmpeters calibrated using inaccurate

and/or information poor experimental measuremesgslt in the inability of the model to
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predict behavior, especially beyond the conditidnem which it was originally
developed.

The analysis of the error surface shows that threxten of parameters merely on
the basis of numerical error optimization and mjnid. unjustified given that multiple
sets of values give similarly good fits within ttiata range. Physical understanding of the
material behavior must be used to guide model setecand to constrain model
parameters. The two crushed granite samples amnbblzeve showed strikingly similar
Er-p response (figure 4.12-a). Yet, independent anslysfethe experimental data
reported in the original studies (Tutumluer 199%6uAOsei et al. 2001b) resulted in very
different constitutive parameters while using thee constitutive model, as summarized
in table 4.4. The calibrated constitutive modelshgiserror minimization provide an
excellent fit to each of the individual data sdtewever, this does not imply that the
calibrated models are capable of accurately priedicinaterial behavior beyond the
tested conditions. In particular, figure 4.12-b\whdhe predicted material response and
the data range, in comparison to the stress rangeconventional flexible pavement and
in an inverted base pavement. Predictions basdbdeomodel and parameters in table 4.4
and the model in equation 4.2 (PCO parametershie #3) are very similar when the
mean stresses is below 180kPa; however, at higiessss, which are typical in inverted
base pavements, predictions diverge considerabihe ®nset of divergence in the
predictions coincides with the highest mean stréested in the laboratory

characterization of the aggregate.
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4.7. Conclusions

The blind use of error minimization algorithmsdambination with constitutive
models with a large number of parameters that fdgksical meaning hamper the ability
of available models to predict material behavioydrel the range of stresses used during
characterization.

A comprehensive understanding of the resilient behaf granular materials has
been used to guide the selection of a robust d¢atigé model (equation 4.2) capable of
reproducing the non-linear resilient response dfoumd aggregate layers under loading.
The selected model captures the effect of mearssstamd skeletal softening when
deviatoric loads approach failure.

Fundamental concepts in information theory havenhesed to develop a robust
inversion method for the material parameters basedhe L, error surface analysis.
Value selection is guided by physical constraintgriprove predictability. We conclude
that the values ok, can range fronk, = 0 for cement-treated bases kp~ 0.5 for
rough/angular aggregates. The deviatoric stregersnfj effect is controlled witks and
ks. Physically meaningful values &f are in the range frols= 0 (no-softening) tde= 1
(flow at failure). Thek, parameter captures the softening sensitivity efrtfaterial for a
given deviatoric stress amplitude. The effect oYiakeric loading increases as the
material approaches failure, therefége 1.

The selected constitutive model is calibratedoiwihg the proposed physically
constrained optimization method to capture the expmntal response of two crushed
granite aggregates from different geographic loceti and characterized using different

laboratory test protocols in independent studieBil&\published predictions are adequate
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for stress levels within the range of the experitakedata, predicted values for the stress
range relevant to inverted pavements can deviagnmost 100% or more depending on

the selected model and inversion approach.
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Table 4.1 Notation

Yw

Yd -

[

o3.

Total unit weight

Water unit weight

Dry unit weight

Suction induced stress
Friction angle
Octahedral shear stress
Poisson’s ratio
Volumetric water content
Resilient modulus

Model parameters €1,2,3,...)
Shear modulus

Major principal stress
Minor principal stress

Stress/strength

Po -

O :
J:

Nmax -

#200:

Mean normal stress
Normalization stress

Deviatoric stress

Deviatoric stress at failure
Second deviatoric stress invariant
Gravimetric water content

Matric suction

Porosity

Maximum porosity

Fraction of aggregate smaller thapriis
Coefficient of uniformity

“Cohesion”
Degree of saturation

Compaction energy

Stress functions

p= Y (01+203)

q=01-03

Toct = %,[(01—02)2 +(o2 —03)2 +(o3 —01)2]

Jo = %[(01—02)2 +(02-03)* +(03 —01)2]
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Table 4.2Review of available constitutive models (see tablefor notation).

Models

References

(Monismith et al. 1967)

p)*
ER = kl[p—oJ

(Brown and Pell 1967,
Seed et al. 1967; Hicks
1970; Rada and Witczak
1981)

Material Parametek; [MPa] Exponentk; [ ]
Silty sands 11.2 (5.9 0.62 (#0.13
Sand gravel 30.9 (£9.7) 0.53 (.17
Sand blend 30.0 (#18.]) 0.59 (#0.13
Crushed stone 49.7 (661.7) 0.45 (#0.23
E, =k, +k,S+k,(EC)+k, logp (Rada and Witczak 1981)
ks ks
B D q (Uzan 1985)
ER - pokl o O
Po Po
0 Ky r ks
e, ) Uk,
3.\ (Johnson et al. 1986)
SNES
TOCt
ko (Thom and Brown 1988)
E. =k Ej
R 1
q
0 ko (Elliott and Lourdesnathan
%)
R T
p (Nataatmadja and Parkin
By (k, +ak,) (for CCT) 1989; Nataatmadja 1992)
_P
E, =— (k, +ak,) (for VCT)

(Crockford et al. 1990;
Kim 2007)
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k. k;
—whh, \ 7 7o )
Er =k, po[ P J j [ I j
patm patm

(Lytton 1995)

(u)
(%)

Er =k,

(Pezo 1993)

Er =k, +k,C+k,o, tang+k,p

(Zaman et al. 1994)

P,

07 -02
ER = kz (nmax - I”I) P, (p_plj (pioj

05
ER = kl(nmax - n) po[ P J

(Kolisoja 1997)

Log(iJ=k + K (US _3k6J+k (
1 2 3
P, P p

+k7]

(Andrei 1999)

melnal

(Van Niekerk et al. 2002)

o K, . ks
Er =Kk Pam| — Ld.kl}
® L [path [patm

(ERES 2004)

(%)

Er =k p,| 1+

(Rahim and George 2005)
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Table 4.3 Comparison of results from material pa@m inversion methods. Data
reported in the literature for crushed Georgia @adlfornia granite are used to calibrate
selected models following the proposed physicalystrained optimization method

(PCO) and least-squares inversion (“mui}LSee table 4.1 for notation.

Model Parameters

Material Model
PCO “min L "
Crushed Georgia  Non-linear isotropic elasto-plastic: ki =30MPa Kk =22MPa
granite (data in o ke k,=0.5 kp = 0.61
Tutumluer 1995) Eg, = ki(FpJ 1- ks(qi] ks=0.9 ks =0.16
’ f ki =16 ky=3.24
6sin 6co ¢= 40 ¢= 40
a; :(—. 4 Jp"'(—.sgo jC
3-sing 3-sing L,=63MPa  L,=36MPa
v = constantp, = 1kPa
Crushed California  Non-linear cross-isotropic elasto- ki =12.6MPa k =8MPa
granite (data in plastic: ko=0.5 k;=0.901
Adu-Osei et al. W[ k] ks=0.9 ks =0.79
2001b) Erp = kl(ﬂj 1-k| k= 6 ko= 0.15
Po s
L . ks=30MPa ks =11MPa
ke[ k] ke =0.5 ke =0.67
— p q
Er, = ks(Fo] 1-k; a k, = 0.9 k= -1.27
B : ks = 16 ks = 2.08
0 ko q kaz ko =8.5 ke = 0.3MPa
D = — —_— —_—
G - kg( poj 1 kll qf klO =05 klO =0.793
) k;; = 0.9 Ky, = -4.89
6sin 6co
qf = w p+ w C ki» =15 ki =-0.1
3-sing 3-sing
Vo= 0.37 Vo= 0.37
Vzp= constant 170,17 yy=0.17
po= 1kPa L, =110MPa L, =23MPa
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Table 4.4 Material parameters for crushed granite aggregedesvered from error

minimization algorithms. Complete material charaetgion data can be found in the

original references. See table 4.1 for notation.

. Material
Material / Reference Model
Parameters
Crushed Georgia granite - axiaNon-linear elastic:
. ki = 4231psi
resilient modulus data from K ks
. B =kl=3P q k, = 0.645
constant confinement triaxial re =K - -
1psi 1psi ks = -0.056
test (Tutumluer 1995)
Crushed California granite -  Non-linear elastic: )
L = 2934
axial resilient modulus data 3p . Ty .
. . Er, =k th| — | | =% k, = 0.326
from variable confinement P, P,
ks = 0.366

cyclic triaxial test (Adu-Osei et Pa = 100kPa
al. 2001b)
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(a) Grainsize distribution (b) Hertzian contact deformation

4—
(c) Fines Content (d) Capillarity
ocqé
(e) Particle shape — roughness (f) Particle shape — eccentricity

Sessqlesi==

Figure 4.1 Fundamental concepts in granular materials thauente the resilient

behavior of unbound aggregate bases.
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Figure 4.2Effect of particle shape on the stiffness-strestera parameters under virgin
loading and reloading (data fro@ho et al. 2006). The alpha and beta parametetisefit

model presented in equation 4.1 (also shown imntbext).
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Second order polynomial model
(good data fit)

Distance x [m]
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- Accurate prediction of new data
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Sixth order polynomial model
(perfectdata fit)
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Poor prediction of new data

=]

Time t[sec]

Figure 4.3The simulated data corresponds to the equationotiomfor an accelerating
body, x= Y&t with random noise. The second and sixth ordermmtyial coefficients are

determined by fitting to the black points. New data shown as hollow points. Original
figure from Santamarina and Fratta (2005).
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Figure 4.4 Cyclic triaxial at constant confinement test resufor crushed granite

aggregate (data from Tutumluer 1995). The axialliees modulus E is plotted (a)

against the peak mean stres¢3c.+Ac,) and (b) the peak deviatoric stregsAoy.
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Figure 4.5Error surface sections obtained while fitting equat4.2 to axialresilient
modulus E data in Tutumluer (1995). The optimum values K@nd k; are selected by
error minimization keepings=ks=0. The 4 plots show: (a) the error surface indhre
dimensions, (b) the analyzed errorskink, space (min-L plots at the intersection), (c) a
slice of the error surface in the-plane, and (d) a slice of the error surface inkje
plane.
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Figure 4.6 Predictions based on the parameters obtained framLpnoptimization

(dashed line) and physically constrained optimaatPCO (continuous) compared

against the measured experimental data. The datér@n Tutumluer (1995) and the

fitted model is presented in equation 4.2. The laaailient modulus Eis plotted (a)
against the peak mean stres¢3c.+Ac,) and (b) the peak deviatoric stregsAc,.
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Figure 4.7 Cyclic triaxial under variable confinemeData for crushed granite aggregate
from Adu-Osei et al. (2001b). The axial, Eadial E, and shear G* resilient moduli are

plotted (a) against the mean strps$c;+263) and (b) the deviatoric stregsoi-os.
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Figure 4.8 Error surface sections obtained whilen§i equation 4.2 to axialesilient
modulus E data in Adu-Osei et al. (2001b). The optimum valfg k;andk; are selected
by error minimization keepings= ks=0. The 4 plots show: (a) the error surface inghre
dimensions, (b) the analyzed errorkjrk, space (min-L plots at the intersection), (c) a
slice of the error surface in the-plane, and (d) a slice of the error surface inkfe
plane.
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Figure 4.9Error surface sections obtained while fitting equat4.2 to radialresilient
modulus Edata in Adu-Osei et al. (2001b). The optimum valfe k;andk; are selected
by error minimization keepings= k,=0. The 4 plots show: (a) the error surface inghre
dimensions, (b) the analyzed errorkjrk, space (min-k plots at the intersection), (c) a
slice of the error surface in the-plane, and (d) a slice of the error surface inkfe
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Figure 4.10Error surface sections obtained while fitting equat4.2 to shearesilient
modulus G* data in Adu-Osei et al. (2001b). Theiropm values forkjand k, are
selected by error minimization keepikgr ks=0. The 4 plots show: (a) the error surface
in three dimensions, (b) the analyzed errorskirk, space (min-k plots at the
intersection), (c) a slice of the error surfacdha k.-plane, and (d) a slice of the error
surface in thdg-plane.
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Figure 4.11Predictions based on the parameters obtained framLpoptimization
(dashed line) and physically constrained optimaatPCO (continuous) compared
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resilient moduli are plotted (a) against the meaessp=(c;+203) and (b) the deviatoric
stres)=o1-03.
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Figure 4.12Comparison of axial elastic resilient modulus pcadns for well graded

crushed granite based on the models and parangeteusnented in the literature and the

proposed model and parameter reduction methodiata) reported by Tutumluer (1995)

and Adu-Osei (2001b) and (b) comparison of behagredictions made based on the

reported models and material parameters (tablea#@}he selected model (equation 4.2)

and the proposed physically constrained materigdrpater inversion method (PCO table

4.3). The range of traffic induced mean stressgzeard for conventional flexible

pavements and inverted base pavement structurati@ana for reference.
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CHAPTER 5

NUMERICAL SIMULATION OF INVERTED BASE PAVEMENTS

5.1. Introduction

Pavement analysis and design following the AASH@drdest (1956-1961)
combines mechanistic theories and empirical relahgs. Layered linear and non-linear
elasticity concepts guided the development of tA&SKHTO 1972 interim design guide
and its subsequent 1993 revision. More recentlyedging concepts are explicitly
recognized in the latest mechanistic-empirical pzemt design guide developed under
the NCHRP project 1-37A (2002). In this guide, paeat structures are analyzed in two
steps. First, the structural response is determum@dg mechanistic and constitutive
material models developed from as-built layer proeg, the key results from this
analysis are horizontal tensile strains at thedoafttop of the bounded aggregate layers
and compressive vertical stresses within the untbdayers. Then, these values are used
as input parameters to distress prediction modated on accumulated empirical field
data from which the expected pavement life is deiteed (ERES 2004; Kim 2008).

Inverted base pavements consist of an unbound gatgréase confined by a stiff
cement treated sub-base and a thin asphalt coaagelcyclic stresses develop within the
unbound aggregate layer under service loading, lwhienslate into large variations in
the resilient modulus of the material. Linear etasinalysis cannot accommodate the
stiffness-stress dependency of unbound aggreggteslaand yield erroneous stress and

strain predictions in inverted base pavement sirast
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The analysis of pavement structures using theefieiément method facilitates the
incorporation of complex constitutive models thpp@priately capture the non-linear
behavior of unbound aggregate layers. The use nite fielements in the analysis of
pavement structures started in the 1960’s and edoimto codes such as GAPPS?7,
SENOL, ILLI-PAVE, MICH-PAVE, FENLAP, and GT-Pave [i8ley and Monismith
1968; Raad and Figueroa 1980; Brown and Pappin ;182tksdale et al. 1989;
Harichandran et al. 1990; Brunton and De Almei@82t Tutumluer 1995; Park and
Lytton 2004). Selected numerical studies summaringdble 5.1 show that codes have
been developed for the specific conditions, apple#o conventional flexible pavement
structures.

Various general-purpose finite element analysiskpges offer the versatility
needed for the study of inverted pavements. Iniquaar, the general-purpose finite
element program ABAQUS has been used to study parveoonditions such as multiple
wheel loads, unbound aggregate non-linear behaarat,anisotropy (Chen et al. 1995;
Cho et al. 1996; Hjelmstad and Taciroglu 2000; $ukran et al. 2004; Kim et al. 2009).
Yet, available built-in material models are nottabie to capture the resilient behavior
exhibited by unbound aggregate layers.

This chapter documents the development of an ABAQES=d code to analyze
the response of inverted base pavements, incluth@giumerical implementation of a
robust constitutive model for the unbound aggretmter. The code is used to guide the
selection of the domain size, to reveal the impilices of simplifying assumptions, and to
illustrate key differences in the mechanical perfance between inverted base and

conventional flexible pavements.
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5.2. Pavement Materials: Behavior and Modeling

5.2.1. Asphalt Concrete

The stress-strain behavior of asphalt concrete eierohined by the loading
frequency, duration and amplitude, temperaturesststate, aging, and moisture (Abbas
et al. 2004). Asphalt concrete deforms slowly aedrmnently at low strain rates and
high temperatures, and becomes stiffer and bristiehigh strain rates and low
temperatures (Kim 2008). The tensile strength andins at failure depend on both
temperature and the fraction of air filled void spaAsphalt concrete strength values
reported vary between 3.6 to 5.4MPa at’€l@nd 0.9 to 1.6MPa at Z1; the strain at
failure is in the order of 1x10to 3x10% (Underwood et al. 2005; Kim 2008; Richardson
and Lusher 2008). Aggregate shape and compactiamgdconstruction result in inherent
and stress-induced anisotropy; thus, asphalt ctsn@ehibits cross isotropic material
properties (Underwood et al. 2005). The responsesphalt concrete to service load can
be represented by a visco-elasto-plastic modelr{l2085; Kim et al. 2008).
5.2.2. Cement-Treated Base

The long term behavior of lightly cemented aggreghtses exhibits three
distinctive stages: (1) pre-cracked phase, (2) dhset of fatigue cracking, and (3)
advanced crushing. During the pre-cracked phase,laher behaves as a slab with
horizontal plane dimensions larger than the lapakhess; the elastic modulus during
this stage corresponds to that measured immediatedy construction of the pavement
structure. At the onset of fatigue cracking, thiéiahelastic modulus reduces rapidly as

the layer brakes down into large blocks with dimemns in the horizontal plane in the
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order of magnitude of the layer thickness. Finatlythe advanced crushing state, the
layer reduces to a granular equivalent with blarksller than the layer thickness. At this
stage the originally cemented aggregate now behaweaeslinearly and with stress-
dependent stiffness alike an unbound aggregatey§€het al. 1996; Balbo 1997). This
evolution in mechanical behavior of the cementtaédase results in rearrangement of
stresses and strains within the entire pavemeunttstie. Therefore, while deterioration of
the cemented aggregate itself is not considerattieat mode of distress, it has serious
implications on the distress evolution of more icait layers, specially the asphalt
concrete layer.

5.2.3. Unbound Aggregate Base and Subgrade Layers

Unbound aggregates exhibit inherently non-lineahalveor (refer to detailed
review in chapter 4). Typically, plastic deformaisodecrease with the number of load
repetitions until only elastic strains are presarthe material response, i.e., shake-down.
The resilient modulus is defined as the ratio of tyclic stress amplitude to the
recoverable elastic strain. Experimental studiesehastablished that the resilient
response of the granular base is controlled bysstlevel, density, gradation, particle
size, maximum grain size, moisture content, sti@issory, load duration, and load
frequency.

The state of stresses has the most significantteffie the resilient response of
unbound aggregate bases. In the shake-down retfimegsilient modulus increases with
the bulk stress and decrease slightly with increpasimplitude of the repeated deviator
stress (Morgan 1966; Hicks and Monismith 1971; 8raitd Nair 1973). Dense granular

assemblies have high coordination number which tewthe average inter-particle
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contact stress under loading. Lower inter-partictetact stresses lead to less grain
deformation at contacts which in turn results ighleir resilient modulus (Trollope et al.
1962; Hicks 1970; Robinson 1974; Rada and Witcz8811 Kolisoja 1997). Density
effects are more evident at low values of the meamal stress (Barksdale and Itani
1989). The stiffness of unbound aggregate layerslde affected by capillary forces
(Dawson et al. 1996).

The unbound aggregate base stiffness increasesthvatfines fraction until the
granular skeleton becomes fines-dominated; theneafihe resilient modulus reduces
considerably as the mechanical performance is cltedrby the fine aggregate properties
(Jorenby and Hicks 1986). Crushed aggregates ameacterized by rough angular
particles that tend to interlock leading to stranged stiffer granular assemblies when
properly compacted (Allen and Thompson 1974; Thaoh Brown 1988; Barksdale et al.
1989; Kim et al. 2005). Aggregate shape controdsiinerent anisotropy of the unbound

aggregate base (Pennington et al. 1997).

5.3. Numerical Simulator

The development of the numerical simulator is dbscrin this section.

5.3.1. User-Defined Material Subroutine

A cross-isotropic non-linear elastoplastic matemabdel is implemented in
Fortran and inserted as a subroutine in the comaiditite element software ABAQUS.
The subroutine is called at Gaussian points of efgmthat the user defines with this
material behavior. ABAQUS inputs initial stressesrains, state variables, and the

current strain increment at the beginning of eaomputation time. The subroutine
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updates the stresses and solution-dependent satbles and provides the material

stiffness matrix (Simulia 2007).

The notation used in this manuscript follows. Utided lower case letters denote

2" order tensors, e.g=g;, here the ¥ order tensorl=4; is the kronecker delta.
Underlined upper case letters denot® drder tensors e.g.,A=Ay, here the
I = (ékéj, +9, 6jk)/2 is the unit & order tensor. The symbol *:’ denotes the innedpm

of two tensors; thusa:b=gh;, 1:1=9 4, =3, and A:a= A, a,. Finally, the symbol

O denotes the juxtaposition of two tensors eagl,b = ab, .

The constitutive equations in linear elasticity eepresented by the generalized
Hooke's law which can be expressedsasD®¢, wheres = gj is the stress tensar= g
the strain tensor anB® = D% is the fourth order material stiffness tensor.ctnss-
isotropic materials the elastic properties in amgation within the plane perpendicular to

a certain axis of symmetry are all the same. Cansalty, the stiffness matrix reduces to:

I EP(EZ _VZPZEP) EP(VPPEZ +VZp2Ep) VZPEPEZ 0 0 O |
A(1+Vpp) A(1+Vpp) A
Ep(VppEZ +VZp2Ep) Ep(EZ _VZPZED) VZpEpEZ 0 0 o
A(1+Vpp) A(1+Vpp) A
D° = vzpipEZ vzpipEz (1—VZ))E22 0 o o
E
0 0 0 E(—)" 0 0
1+Vpp
0 0 0 0 G* 0
I 0 0 0 0 0 G*
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where A=E, (1— v pp)— 2V2p2Ep , Ep is the Young’s modulus in the isotropic planépis

the Young’s modulus in the z-direction normal te tisotropic planeG* is the shear
modulus in thez-p plane,v,, is the Poisson’s ratio for stress applied in zkirection
inducing strains in the-direction, vy, is the Poisson’s ratio for stress applied ip-a
direction inducing strains in theplane.

We incorporate the model proposed by Van Nieker&lef2002) to capture the

unbound aggregate non-linear resilient elastic Weh#ésee details in chapter 4)

K ke
—| P q
Ep, =k| — | |1-ky| —
" l( poj 3(%}

where:

p=%g:1 : q=,/§g':g'l and g'=0 - pl

andp is the mean stresg,the deviatoric stressy is the deviatoric stress at failure, aad
are material parameters. The proposed user-defiregdrial subroutine combines cross-
isotropic non-linear elasticity and the Druckergta failure criterion to fully
characterize the unbound aggregate mechanical nmesporhe plastic behavior is
incorporated in the user-defined material subr@utthrough a continuum tangent
modulus formulation. The derivation of the stregain relationship and the

determination of the stress increment caused byem gtrain increment follows:
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(1) The stress incremeidt, is defined in terms of the elastic strain incremg® and the
elastic stiffness tensap ® according to:

o=D":£=D":(¢-2")
(2) The Drucker-Prager failure criterion is applieddetermine the boundary between
elastic and perfectly plastic deformations. Notat tine failure surfacéis a function of
the material strength parameters, i.e., frictioglap and apparent cohesian The onset
of plastic deformation or failure surface is defineyf = 0. The material remains in the
elastic regime as long &% 0 and deforms plastically fé= 0. Thus, the state of stresses
at failure is given by:

65|r.1¢ and v = 600.s¢
3-sing 3-sing

f=q-(Ep+x)=0 whereé= c

f=lof- | 2(ep+)=0

(3) The plastic deformation on the failure surféseletermined by the plastic potential
function,g. If the plastic potential functiogis equal to the failure functidnthe material
is said to follow an associated flow rule, otheevibe material follows a non-associated

flow rule. The plastic potential function is givew:

2 6sind
a=lo]-2(ep)=0 where £°= B0

The parametef* defines the rate of mobilized plastic volumetti@am in relation to the
driving deviator strain, and it is a function ofethdilation angled. Plastic strain
increments are related to the plastic potentith@tstate of stresses on the failure surface;

thus:
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where the scalar multiplief represents a plastic strain increment in the deatormal
to the plastic potential function.
(4) The consistency condition limits the stresdesta remain on the failure surface

during plastic deformation, never outside. Thisilfiates the determination of an

expression for the scalar multiplidrfrom the differential form of the failure surface:

f(g):%:g:[n—%a}gzo

[n—%&j:@:g—gezp):o

The scalar multiplier can be determined based emgiven strain increment by:

=a[n—%<‘l)ge:£
1

\/E . Re . _Q
(D_?’\@ﬁ-}-g -(D 3\/:—3551-}

a=

(5) Finally, the elastoplastic stress-strain relaghip is given by:
s=D":£=(D°-ab0d)¢

where

. J

Q:Dei[ﬂ_—fmlj and d =D° Z(D_mﬁ-

L%
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5.3.2. Mesh Generation and Element Selection

Simple models of the wheel load as a uniformlyribisted pressure over a finite
area cause an abrupt discontinuity in the stress &t the periphery of the loaded area. A
fine mesh size is used in the vicinity of the laistcontinuity to appropriately resolve the
large stress gradients in this zone. The magnitdidgress and strain gradients decreases
away from the load boundary where larger elemergsuaed to optimize computation
time without compromising resolution. The mesh usedhe simulations is shown in
figure 5.2. The 3D-axisymmetric analysis of thegraent structure is conducted using 8-
node bi-quadratic axisymmetric quadrilateral eletmenvith reduced integration

(ABAQUS-CAXSR type).

5.3.3. Code Verification

The verification of the user-defined material suliee is done by comparison
with existing models including Boussinesq closedrfosolution, standard ABAQUS
material models, and published data from availaildi-layered linear elastic pavement
analysis software packages. Note that the implesderrioss isotropic non-linear material
model reduces to linear elasticity by using appederinput parameters (table 5.2). The
geometric parameters and loads summarized in @Blaefer to the dimensions and
distributed loads shown in figure 5.1-a. Paramef@rsion-linear analyses are extracted
by fitting constant confinement cyclic triaxial terata using the model and ABAQUS.

Isotropic linear elasticitywe model a 103kPa uniformly distributed load oaer
circular area of=0.127m diameter on an isotropic linear elasticemat with E=200MPa

and av=0.3. Boussinesq and numerical predictions supersm@s shown in figure 5.3-a.
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Multi-layered isotropic linear elasticity A conventional flexible pavement
structure (figure 5.1-a) is modeled using isotrdmear elastic properties to match the
simulations by Tutumluer (1995). Young’s modulusl &visson’s ratio values for the
different layers are presented in table 5.2. Ptedigertical stresses along the centerline
caused by a 103kPa uniformly distributed load faletr compare to predictions made
with KENLAYER and GT-Pave (data from Tutumluer 19986 figure 5.3-b (note:
apparent discrepancies between KENLAYER and GT-Pareein part due to data
digitization from published plots).

Multi-layered cross isotropic linear elasti®redictions using the new code for
cross-isotropic linear behavior are compared tdiglied results obtained with GT-Pave
in figure 5.3-c. The asphalt concrete and the sadmrare modeled as isotropic linear
elastic layers using the same properties as imdi§u3-b. The unbound aggregate layer is
modeled as a cross-isotropic liner elastic layergmeters in table 5.2). Values were
selected to replicate Tutumluer’s analysis andnatenecessarily representative of a real
unbound aggregate layer. Once again, there is clugeement between reported
predictions and our model predictions.

Summarythe three verification studies show that the fmtézhs made using the
proposed user-defined material model subroutinepemenfavorably with the closed form
solution and established multi-layered linear @assotropic and cross-isotropic

simulators. These results verify the implementatibthe new code.

5.3.4. Model Calibration
Constant confinement cyclic triaxial test resuéparted in Tutumluer (1995) for

a crushed Georgia granite aggregate are used &ssasse ability of the model to
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reproduce the physical response of unbound aggrdggers. Tests were conducted at
five different cell pressures and three deviatstiess increments for each cell pressure.
The procedure followed for the determination of ¢tbestitutive modek-parameters was
described in chapter 4 and values are summarize@hbie 5.2. There is very good
agreement between numerical model predictions laaexperimental data, as shown in
figure 5.4.

5.3.5. Domain Size and Boundary Conditions

A large number of numerical and experimental stwdshow that zero
displacement boundaries must be at a dist&weed deptht much greater than the radius
of the contact areg typically R > 20 andt > 140 to minimize boundary effects (see
for example Kim 2007 and Kim et al. 2009). Note koer, that the distance between the
wheel path and the pavement edge can be as shBrtak in the field. Furthermore,
nearby rock can impose a rigid vertical boundanysaderably closer than the prescribed
t>140.

We conducted a numerical investigation of boundaffects on the predicted
mechanical response of an inverted pavement steudewllowing the recommendations
of the guide for mechanistic-empirical design ofwnand rehabilitated pavement
structures (ERES 2004), we use a 550kPa tire coptassure spread over a circular area
of radius 0.15m. The dimensions and material ptaserof individual layers are
summarized in table 5.3. The pavement sectionddeted using a 3D axisymmetric
mesh that replicates the geometry of the inverteslpavement structure shown in figure
5.1-b. We assumed no-slip at the interfaces betwasans. Results presented in figure

5.5 show the sensitivity of critical design parametarsiuding effects on maximum
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tensile strains in the asphalt concrete and ceinegiied sub-base, and maximum vertical
compressive stresses in the unbound aggregateapnassubgrade to variations in the
horizontal domairR/r. Note that the cemented aggregate layers are netraored in the
transverse direction at the edges of pavementtsteicThe fill at the edges of a road
may at best provide lateral constraint leading tmmgression but never to the
development of tensile stresses. The influenceheflateral boundary was assessed by
imposing a zero lateral displacement boundary atbagedge of the model for all layers,
figure 5.5-a,c, and only along the unbound aggee@paise and subgrade layers, figure
5.5-b,d. There are only minor differences in thgnide of the parameters studied. The
domain size study shows clear and consistent treardsoth boundary types. Boundary
effects are minimal whe®/r > 20; however, there is a 30% difference in priedic
maximum tensile strains in the cement-treated badgea 15% difference in the predicted

maximum compressive stress in the subgrade betiRfeer10 to 50.

5.4. Simulation Studies and Results

Three simulation studies are conducted to deterti@enechanical performance
of an inverted base pavement structure, to studyntipact of simplifying assumptions,
and to identify an equivalent conventional flexipl@vement structure for a pre-selected
inverted base pavement.

5.4.1. Mechanical Performance of an Inverted Baseakement Structure

This simulation study is conducted to determinernttgezhanical response, stresses

and strains, of the inverted base pavement strict@picted in figure 5.1-b (layer

thicknesses in figure 5.6). Following the findings domain size reported above, we
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model the load on the pavement as a 550kPa tiraciopressure spread over a circular
area of radius = 0.15m with a domain siZze=10r = 1.50m. Material properties and layer
thicknesses are summarized in table 5.3. The pavesteicture is modeled using a 3D
axisymmetric edge biased mesh, with zero-latergidcement boundaries at the edge of
the pavement, zero-vertical-displacement at thedation of the structure, and no-slip
between the layers (figure 5.2).

The resulting vertical, radial and shear stressibigions along the centerline and
under the wheel-edge are presented in figure 5eBtidal stresses along the centerline
and the wheel-edge are compressive throughoututhedpth of influence of the load,
and become negligible within the cement-treatedebd®adial stresses along the
centerline and wheel-line for the asphalt concestd cement-treated base layers range
from compression at the top to tension at the batt®oth vertical and radial stresses in
the unbound aggregate base remain in compressiothdofull depth of the layer (in
agreement with Mohr-Coulomb behavior). Shear stesse zero along the centerline
and reach maximum values along the wheel-edge.nid@mum shear stress along the
wheel-edge occurs within the asphalt concrete layer

Radial slices of the vertical stress field are sh@wvmultiple depths in figure 5.7-
a. The vertical stress caused by the wheel loaith@ihes with depth to the point that the
peak vertical stress on the subgrade is less tl#4 4f the vertical stress applied on the
surface. Slices of the horizontal and shear sfrelsls at different depths are presented in
figure 5.7-b,c. Radial tensile stresses in the a$péyer are greatest along the bottom of
the layer, reaching a maximum at the load centerllrensile stresses at the bottom of the

cement-treated base also reach a maximum at therlbe®. The shear stresses along the
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asphalt concrete surface show a peak at the whkigel-avhere there is a large
discontinuity in vertical stresses. In the unboaggregate layer, shear stresses increase
slightly with depth along the wheel-edge. The cetterated base considerably reduces
the wheel induced shear stresses on the subgrade.

5.4.2. Linear Elastic Unbound Aggregate Layer Modéhg Implications

The layer stiffness decreases with depth in conweal pavement structures. The
use of linear elastic models for such a structaseilts in the prediction of tensile stresses
at the bottom of the asphalt concrete layer, tH®ound aggregate base and the sub-base.
However, unbound aggregates are incapable of susjaitensile stresses. The
shortcomings of layered linear elasticity have stated the development of complex
unbound aggregate material models and their impibien in the analysis of
conventional flexible pavement structures withtérelements.

The linear elastic analysis of the modeled inveliade pavement structure does
not predict tensile stresses in the unbound agtgegase along the centerline. The
stiffness profile characteristic of inverted pavemstructures results in the development
of compressive stresses along the full thickneseefinbound aggregate base.

In order to determine the implications of using @lienlinear elastic models to
characterize the unbound aggregate base in thgsaaf an inverted base pavement
structure we compare the results of the non-ling#sound aggregate inverted base
pavement model (NLEP) studied in section 5.4.1hvetlinear elastic model for the
unbound aggregate base, using two values of tliei@odulus: a minimum value of
230MPa (LE1 model) corresponding to the in-situ soeed unloaded unbound aggregate

base stiffness, and a maximum value of 500MPa (hkflel) corresponding to the
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model predictions for the state of stresses atapjoth in the unbound aggregate base
under the 550kPa wheel load. The results of theetlanalyses are shown in figure 5.8;
differences between linear and non-linear analfatsv:

1. The maximum tensile strain at the bottom of thehakpconcrete layer is under-
predicted by 44% when using the maximum elastic whedand by 11% when
using the minimum elastic modulus.

2. The maximum tensile strain at the bottom of the @atrtreated base is under-
predicted by 11% when using the maximum elastic uhadand by 6.4% when
using the minimum elastic modulus.

3. The maximum compressive stress on the unbound gatgrebase is over-
predicted by 34% when using the maximum elastic uhmland by 7.3% when
using the minimum elastic modulus.

4. The maximum compressive stress on the subgradeeispoedicted by 130%
when using the maximum elastic modulus and undedipred by 5% when using
the minimum elastic modulus.

Differences in tensile strains at the bottom of dlsphalt concrete layer are of particular
concern. Overall, these results suggest the logeratiffness values should be selected if

linear elastic models are considered for pre-design

5.4.3. Equivalent Conventional Flexible Pavement 8ty
The structural numbe8N of a flexible pavement structure iefayers is given by

(detail in AASHTO 1972 and ASHTO 1993):

SN=) at,
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whereg andt; are the structural layer coefficient and thickneskyeri. Structural layer
coefficients are obtained from either tabulatedugal or empirical correlations, and
remain constant for a given material. If the stuugk layer coefficients are known, the
layer thicknesses may be varied in order to obfirible pavement structures of
equivalent structural number. The structural nunib8ects the relative stiffness between
layers and values for conventional flexible pavemsnuctures cannot be applied to
inverted base pavements. We use successive forwandlations to identify a
conventional flexible pavement of similar mechahmerformance to the inverted section
studied in section 5.4.1. The simulation assumasthie material properties of individual
layers are the same in the conventional and inddrése sections (table 5.3).

The mechanical response is compared in terms o€ritieal design parameters
for fatigue failure analysis (i.e., maximum tensdain at the bottom of the asphalt
concrete) and rutting failure analysis (i.e., maximvertical stress on the subgrade). The
mechanical response of the studied inverted basenpent and three conventional
flexible pavement sections are compared in figuBe Bo facilitate the comparison, we
keep the thickness of the unbound aggregate basstact in all the conventional
pavement structures. Simulation results show thadreventional pavement section with
asphalt concrete thicknedsc= 0.15m, and an unbound aggregate base thickness
tuas=0.3m sustains similar maximum tensile strain ia #sphalt concrete layer as the
inverted pavement. Furthermore, the inverted pawneisanore efficient in redistributing

the vertical compressive stresses transferredetsubgrade.
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5.5. Discussion

Boundary conditions in the fieldhe proximity of the wheel to the road often
creates a range of physically meaningful domaiessizetweeR/r = 5 to 10. Results in
figure 5.5 show that simulations with a domain sie > 20 can lead to a ~140%
underestimation of the maximum compressive stressthie subgrade, a ~60%
overestimation of the maximum tensile strain in tement-treated base, and a ~6%
overestimation of the maximum tensile strain indsphalt concrete layer. Consequently,
predictions made using/r > 20 would underestimate subgrade rutting, the datig
resistance of the cement-treated base and theiédifg of the asphalt concrete layer.

Mechanical performanceThe vertical stress profile presented in figubeg-a
shows that the compressive vertical stresses dalmgenterline from the applied wheel
load on top of the asphalt concrete, to the tofhnefcement treated sub-base decreases by
190/550kPa. The maximum tensile radial stresseleabottom of the asphalt concrete
and of the cement-treated base show a 350/1300&@action in figure 5.7-b. The
maximum tensile stress in the asphalt concrete Idigrire 5.6) is a source of concern as
it approaches the reported tensile strength forntlag¢erial: values of tensile strength
consistent with the selected asphalt concrete Ysumgdulus range between 2400 and
3500kPa (Richardson and Lusher 2008). Thus, acuprtti the predictions, the layer
mobilizes tensile stresses between 0.4 and 0.heofaterial tensile strength for the
simulated load. The predicted maximum tensile $teaB<10* is in the range measured
for inverted base pavement test sections built wgitmilar materials and geometry

(2.6x10%~3.4x10* - Tutumluer and Barksdale 1995), and resemblestitaén level in a

conventional flexible pavement with an asphalt ceteclayer twice as thick.
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Linear elastic unbound aggregate material modelkhe stiffness profile
characteristic of an inverted pavement structuexgmts the generation of tensile stresses
in the unbound aggregate base regardless of therialanodel assigned to the unbound
aggregate base (linear or non-linear elastic). ¥epreliminary analysis using linear
elastic models is unwarranted. A linear elastidysis based on the maximum expected
modulus yields conservative subgrade and unbougdeggte base rutting predictions,
but un-conservative asphalt concrete and cemestietie base fatigue predictions.
Similarly, a linear elastic analysis based on theimmum expected stiffness produces un-
conservative asphalt concrete and cement-treatsd taigue and unbound aggregate
base and subgrade rutting predictions

Equivalent sectionLimited comparative results of equivalent sediahow a
superior performance of the inverted base pavenrenterms of subgrade rutting
prevention (lower peak vertical stress on the sadbg)y for the same maximum tensile
strain in the asphalt concrete layer (i.e., equdigfie life). However, thin asphalt
concrete layers are prone to shear failure andltwp cracking due to the stresses along
the wheel-edge.

The unbound aggregate material properties willbethe same in inverted and
conventional flexible pavement structures. The aggre base in inverted base
pavements can reach high density because of thoguprovided by the stiff cement-
treated base during compaction. Therefore, theudsdnbound aggregate base in an
inverted pavement structure may exhibit higherfre#gs and lower long-term stiffness-

degradation than the aggregate base in a convahflerible pavement.
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It follows from this discussion that: the matergdrameters used to model the
unbound aggregate base in an inverted base paveamehta conventional flexible
pavement may vary for the same aggregate, the malpfatigue and rutting distress
prediction models developed for conventional fléxilpavements are prone to yield
conservative estimates of pavement life for inwkrtbase pavement structures
(differences in stiffness degradation), and tha design of inverted base pavement
structures requires analysis of additional failmnechanisms and critical mechanical

response parameters.

5.6. Conclusions

The mechanical response of an inverted base pavestrercture was studied
using a physically appropriate material model fam+linear elasto-plastic behavior

implemented in ABAQUS through an user-defined maksubroutine.

The maximum compressive stress on the subgradenaronum tensile strain in
the cement-treated base are domain size depend#mh whe range of physically
meaningful domain sizes for wheel-to-road edge tmms. Mechanical performance
predictions based on large domain siz&yr (>20) prevent boundary effects but
overestimate the fatigue resistance of the cemeated base and the asphalt concrete
layer.

The stiffness profile characteristic of an inverfglement structure leads to the
absence of tensile stresses in the unbound aggrbgse regardless of the material model

assigned to the unbound aggregate (linear or maadlielastic). However, critical design
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parameters derived from linear elastic analyseferdifonsiderably from predictions
based on non-linear elastic analyses.

Simulation results show that the maximum verticampressive stress in the
subgrade of an inverted pavement is lower tharpthdicted for a conventional flexible
pavement structure with the same maximum stratherasphalt concrete layer.

The as-built material parameters used to modeltimund aggregate base in an
inverted base pavement and a conventional flexilaleement may vary for the same

aggregate.
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Table 5.1Material models used in previous finite elementgsia of flexible pavement structures

AC

UAB

Subgrade

Details References

tac= 0.05t0 0.2m
Linear elastic
E=4,7,and 12 GPa;
v=0.3

tua= 0.2t0 0.7m

Non-linear elastic cross-isotropic

S= 5, =1; a= (8634,19454kPa);

B= (0.69,0.5)y= 0;v=0.3

Linear elastic
E= 20 to 70MPa
v=0.3

Conventional flexible pavements (Brown and Pappin
[SENOL] 1985)
Q= 500kPar=0.16m

tAC: 0.09m
Linear elastic
E= 1720MPay= 0.35

tUAB: 0.2m

Non-linear elastic cross-isotropic

tse= 1.27m, 1.12m
Non-linear elastic

s1= Y5 $=1; 0= 5367psip= 0.61;
v=-0.07; Ry=0.8Ex, v, 0.43;

V= 0.15

Bilinear model

tCTB: 0.15m
Linear elastic
E= 10340MPa

Axisymmetric (Tutumluer 1995;
Inverted and conventional flexible Tutumluer and
pavements [GT-PAVE] Barksdale 1995)
Q= 689kPar=0.116m

tAC: 005, to 0.15m
Non-linear elastic
8= 5Py =P

a= 28000Pap= 0.1,
vy=0.001; v=0.35

tUAB: 0.15t0 0.45m

Non-linear elastic cross-isotropic

tse= 2.12 to 2.52m
Non-linear elastic

1= ¥5P,; $,=P,; a= 3500R;

B= (0,0.455);y= (0,0.295)y,= 0.2;
G*=0.38Bk,; Erp=(0.5,1) ey vop= 0.3

S1= V5P =Py
a= (207,1035,2070)p
= 0.001y= 0.3y =0.35

Axisymmetric (Adu-Osei et al.
Conventional flexible pavements 2001b)
Q= 690kPar=0.136mR=10r

tac= 0.1m

Linear elastic

E= 4995.3MPay= 0.35
Non-linear elastic

tua= 0.2m

Linear elastic

E= 69.9MPay= 0.35
Non-linear elastic

Linear elastic
E= 40MPapy=0.4
Non-linear elastic

Axisymmetric (Park and Lytton
Conventional flexible pavement  2004)

sections

Q= 689kPar=0.136mR=10r

$1= V5Py S=Ps $1= /3Py $=P5; a= 700R; = 0.6; $1= V5Py $=Ps

a= 50000Paf=0.1y=0 y=-0.3 a= 400R; = 0;y=-0.3

tac= 0.1m tuae= 0.3m Linear elastic Conventional flexible pavements (Kim et al. 2005)
Linear elastic Non-linear elastic cross-isotropic  E= 20.7MPa; [TTI-PAVE]

E= 2760MPa; @170kPa v=0.45 Q= 1600kPar= 0.089m

v=0.35 Er,= 25968, 23088psi;

Ero= 5476, 8657psi;
G*= 3815, 4351psi;

tAC: 0.081t0 0.127m
Linear elastic

E= 2759, 8286MPa;
v=0.35

tUAB: 0.2t0 0.3m

Non-linear elastic isotropic

1= 4Py, 5=P,; v= (0.38,0.4)
a= (3.5,4.1,6.3,10.3)MPpe (0.4,
0.635, 0.64)y= (0, 0.01, 0.065);

tse= 20.8 to 21m
Non-linear elastic
Bilinear model
v=(0.4,0.45)

3D-symmetric and axisymmetric  (Kim et al. 2009)
Conventional flexible pavements

[ABAQUS]

Q= 551kPar=0.152mR=20r

S\

B
e =of P|[ 3

y

Note: the generic model parameters provided aid waly for 6,=03
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Table 5.2 Numerical simulator verification and dalion parameters.

Figure Load/Geometry Properties Parameters
= 103kPa
S: 13m E = 200MPa k; = ks = 200MPa: k, = 76.9MPa
Figure 5.3 (@)  _;7o7m b=03 ke =ks =ks = ks = ky = kg =K1o=kyy = ki = 0
t=2.54m Vo= Vo= 0.3 ;po= 1kPa
AC:
ki = ks = 2000MPa; kg = 741MPa
AC:
—_ ko=ks=ki=ks=ks =kg =kip=ki1 =k;»=0
Q= 103kPa E = 2000MPa Vo= Vo= 0.35 ;po= 1kPa
v=0.35
R=1.3m UAB. UAB:
Figure 5.3 (b) : - 9'3217m E = 310MPa ki =ks = 310MPa; k = 107MPa
Ac = 0.2M v =0.45 ko=ks=ki=ks=ks =kg =kip=ki1 =k;»=0
tuas = 0.28m sSG Vo= Vo= 0.45 ;po= 1kPa
tsg = 2.54m E - 50MPa SG
v=0.4 k; = ks = 50MPa; ks = 17.9MPa
ky=ks=ks=ks =k; =kg =kig=ki1 =k;2=0
Vpo= Vo= 0.4 ;po= 1kPa
AC: AC:
E = 2000MPa ki = ks = 2000MPa; kg = 741MPa
v=0.35 ko=ks=ki=ks=ks =kg =kip=ki1 =k;»=0
Q = 103kPa UAB: vop= Vzp= 0.35 ;po= 1kPa
R=1.3m E ,= 310MPa UAB:
Figure 5.3 (c) r=0.127m E = 46.5MPa k; = 310MPa ks = 46.5MPg k= 108MPa
. _ .
tAC__O'lm G _—108MPa ko =ks =ks =ks =k7 =ks =kio = ki1 =ki» =0
tuas = 0.28m vpp= 0.15 Vo= 0.15 ;v,,= 0.45 ;p= 1kPa
tsg = 2.54m ;g: 0.45 sG
E = 50MPa ky = ks = 50MPa; ky = 17.9MPa
v=04 kz=ks=ks=ks =k; =kg =kig=ki1 =k;2=0
Vpo= Vo= 0.4 ;po= 1kPa
ks = 32.8MPa ks = 32.8MPa ky = 12.3MPa
kzzkﬁzkl(): 0.5
. R=r =0.0762m = =
Figure 5.4 { = 0.304m Er=Er(P,0) ks=k7 = ki1 =0.9
' Ky =kg = ki2=16
Vo= Vzp= 0.33

po= 1kPa ;p = 40° ;C = 6.89kPa
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Table 5.3 Material properties and layer dimensions

Layer

Material Model

Asphalt Concrete

(tac = 0.09m)

Isotropic linear elastic

E=1.7 GPa
v=0.35

Unbound Aggregate Base

(tUAB = 015m)

Isotropic nonlinear elasto-plastic

02 4
E. = 200\/|Pa[€—p] 1-o09 4
1kPa a;
02| 4
Erp = ZOG\APa[é—pj 1-0901-4
1kPa (op

02 4
G* = 769|\/|Pa[ﬁi] 1-09 [EEJ }
1kPa (op

Vo= Vzp= 0.3
¢ =40°;C = 1kPa

Cement Treated Base

Isotropic linear elastic

- E=13.7 GPa
(tCTB— 025m) »=0.2
Subarad Isotropic linear elastic
ubgrade _
(tso= 2.54m) E_ 100 MPa
v=0.2
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Figure 5.1 Conventional flexible pavement (a) dmdifverted base pavement structures.
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Figure 5.2 Meshed pavement section using edged&sesding techniques. This method

results in a non-uniform distribution of elemenlksng the edge with density bias in the

vicinity of steep gradient areas. The insert zoants the edge of the wheel load.
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Figure 5.3 Model validation studies: (a) isotropiear elastic half space subjected to a

circular uniform load, (b) layered isotropic lineatastic solutions from available

pavement analysis software, (c) layered crosseapatrliinear elastic base solutions from
GT-Pave. Results presented for KENLAYER and GT-Pawvere digitized from

Tutumluer (1995).
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Figure 5.4Non-linear elastic model validation using repedted! triaxial test results for

crushed granite from Georgia (data in Tutumluers5)99
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Figure 5.5 Effects of model domain size and chaté&oundary conditions on critical
pavement design parameters for an inverted basenpau structure: maximum tensile
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maximum vertical stress on the unbound aggregatedpas and subgradesc layers (b)
and (d). Zero lateral displacement boundaries seel along the edge of the model for all

layers in (a) and (c), and along the unbound aggechase and subgrade only in (b) and
(d).

107



0.25

0.5

Depth z [m]

Stress [kPa]

-2000  -1000 0 1000 2000

I IACI o I .09m

I UAB .15m
: CTB 0.25m E
N
T =
]
o
or a

YA S r 25m

0.75

r Tension

Centerline

Compression

0

0.25

0.5

Stress [kPa]

-2000 -1000 1000 2000
Lac T ' | .09m
r UAB .15m
I CTB 0.25m

""" oz
or
T T 2r | 25m

0.75 7T

- Tension

Compression

Wheel Edge

Figure 5.6 Verticab,, radialo,, and sheat,, stress profiles as a function of depth in the

modeled inverted base pavement section along #tkedenterline and the wheel edge for

a 550kPa uniformly distributed load over a circidega of radius 0.15m.

108



600 T —
Q=550kPa 1 AC

UAB

400

Compression

CTB

200 3 9

I \}
I SG
I—— o P

= —— — '

-1 -0.5 0 0.5 1

Vertical stress o, [kPa]

Radial distance r[m]

2000 T S

: (b) x

Compression

1000 +

Radial stress o, [kPa]
(=)

-1000 +
I /s SG

22000 ]

-1 -0.5 0 0.5 1
Radial distance r [m]

4-;,-'- - L]
/

-50 +

Shear stress 1, [kPal

75 1
[ SG

-100 e AR S S t —
-1 -0.5 0 0.5 1
Radial distance r [m]

Figure 5.7Radial profiles of (a) vertical, (b) radial, and) @hear stresses at multiple
locations within the inverted base pavement stnect) = 550kPa,r = 0.15m, and
R=10r.

109



150 - Bottom of the AC 15 - Bottom of the CTB
L Compression (a) [ Compression (b)
© ©
S =
— O —
5 W
c £
‘T o
] [ +
[%] | p—
= 01 [
© ©
ks o
:Tens[on NLEP
-300 -30 +—4—"—+—r+—r"14—+—t
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Radial distance r [m] Radial distance r [m]
Top of the UAB Top of the SG
500 T pof 500 T p of
 Compression (C)  Compression (d)
T 400 1 = 400 |
=, [ < -
© 300 + S 300 |
@ [ @ C
& s
- - L
= 200 | 2 200 +
o i 3 [ ———-- LE1
-+ - e L
B L E [ eeeeeeces LE2
> 100 + > 100 +
r - NLEP
0_ it o +——"+——tr———
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Radial distance r [m] Radial distance r[m]

Figure 5.8 Comparison between inverted base pavement critlegign parameter
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CHAPTER 6

RECOMMENDED PRELIMINARY GUIDELINES FOR DESIGN

6.1. Introduction

Inverted base pavements have been used as afferalatbistructurally competent
pavement structures in South Africa since the 19%8brne et al. 1997; Rust et al. 1998;
Beatty et al. 2002). The South African flexible pment design emphasizes the
importance of a good foundation, involve novel ¢omgion methods and careful
material selection to achieve dense unbound agmgrdagers that exhibit a remarkable
ability to support the heaviest traffic loads untleth dry and wet conditions (Horne et
al. 1997). Cement-treated bases emerged to pravatitable foundation for high quality
densely compacted unbound aggregate bases thrdutitesu service life (Jooste and
Sampson 2005). While stabilized layers alone imertwe structural capacity of the
pavement they may cause reflective cracking, whittelerates pavement deterioration.
Yet, a stone inter-layer can prevent the propagatibreflective cracks through strain
dissipation within the unbound aggregate layer ¢kan et al. 2001).

This chapter starts with a comprehensive reviewineerted base pavement
research in the United States. Then, a parametrdty 9ased on the constitutive model
selected in chapter dand the code developed in chapter 5 is performedssess the
mechanical performance of various inverted baseemawnt structures. Finally, we
propose equivalent inverted base pavement strigctoretypical low, middle, and high

volume flexible pavement designs based on simuiagsults.
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6.2. Inverted Base Pavement Structures in the U.S.A

6.2.1. U.S. Corps of Engineers (1970’s)

The U.S. Corps of Engineers studied the behavithefvarious layers in flexible
pavement structures having lime-stabilized and cevstabilized sub-bases (i.e., inverted
base type structures). The objective of the study i@ measure the mechanical response
of full-scale pavement structures and to compaee résults against predictions from
layered elastic theory and other available cortstgumodels. Two inverted base
pavement structures were investigated, both contposa 0.09m asphalt concrete layer,
a 0.15m crushed limestone base, a 0.38m stabitilegdsub-base, and a clay subgrade
(CBR= 4). The structures were subjected to trafincler controlled conditions while
monitoring displacements and stresses at key mtatfAhlvin et al. 1971; Barker et al.
1973; Grau 1973).

Linear elastic analyses failed to adequately ptetlie measured stresses and
strains in different layers and the plastic subgrddformation. The performance of the
inverted pavement structures was found to be inflad by the stiffness and tensile
strength of the cement-treated base. This studyligiged the importance of a
comprehensive material characterization and numlerienplementation through
appropriate constitutive models. Furthermore, gedr the development of laboratory
tests capable of simulating field conditions, anel introduction of non-linear models in

numerical simulations (Barker et al. 1973).
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6.2.2. Georgia Tech (1980’s)

Twelve laboratory-scale instrumented pavement siras were cyclically loaded
to failure under controlled environmental condiBoriThere were five conventional
flexible pavements with crushed stone bases, filedepth asphalt sections, and two
inverted base pavement structures. The two invegptagments consisted of a 0.09m
asphalt concrete layer, a 0.20m unbound aggregsts (well graded granitic gneiss),
and a 0.15m cement-treated base over a micacelyssand subgrade. The asphalt
surface layer was a GDOT-B binder mixed with giargnheiss, laid in 0.04m lifts. It was
found that the cement-treated base facilitates eatign in inverted structures leading to
denser unbound aggregate layers (Barksdale 1984).

The pavement sections were subjected to a 28.9kNtcdoad for the first 2x10
repetitions. The load was then increased to 33.4kl cycled until the pavement
structures failed. All sections were extensivelgtiomented with Bison-type strain
sensors, small diaphragm pressure cells and IléBiT’s to monitor strains and stresses
at key locations. It was found that the two inverbase pavement sections outperformed
equivalent pavement structures in terms of lowsiliemt surface displacements, reduced
transferred compressive-stress onto the subgradelems tensile-radial-strain at the
bottom of the asphalt concrete layer. The supem&chanical performance of the
inverted pavement structures was also reflectetthennumber of load cycles to failure
(3.6x10 and 4.4x1B cycles), which outlasted the best performing cotieeal section

by 1x16 cycles (Barksdale 1984; Tutumluer and Barksda@#5)L9
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6.2.3. Route LA97 and Accelerated Pavement Testind-ouisiana (1990’s)

The ability of inverted pavements to prevent refleccracking was assessed in a
full-scale low-volume rural highway section in Leigna (1991-2001). The studied
inverted base pavement structure consisted of @r0&sphalt concrete layer, a 0.10m
crushed limestone base, and a 0.15m cement-trbated The test section was subjected
to periodic post-construction monitoring of pavemdistress, ride roughness, surface
rutting, and assessment of the structural capatitgugh non-destructive dynamic
deflection. The performance of the inverted paversention was compared to that of the
rest of the road (conventional flexible pavementnest-treated base). The study
concluded that the inverted base pavement outpeeidithe conventional design in terms
of cracking density and severity after 10 years] also offered a superior ride quality
over the evaluation period (Rasoulian et al. 2001).

The superiority of the inverted base pavement wathér confirmed with a
complementary study in the first Louisiana accétztgpavement experiment (1995). The
purpose of this study was to evaluate alternatoiecement base courses with reduced
reflective cracking. The inverted pavement struettarried 4.7 times more ESAL'’s than
the conventional flexible pavement on a cementistaed-base, and outperformed the
rest of the pavement structures studied in thigeptgRasoulian et al. 2000).

6.2.4. Morgan County Quarry Access Road — Georgiaérly 2000’s)

Two inverted base pavement test sections were remtstl in a quarry haul road
in Morgan County, Georgia in 2001. The structuressest of a 0.08m asphalt concrete
layer, a 0.15m crushed Georgia granite base, aBd2@n cement-treated base. The

Morgan County inverted pavement test sections \weik to compare the effectiveness
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of South African and Georgia compaction practiddsus, emphasis was placed on the
densification of the unbound aggregate base lajee. test sections have experienced
uninterrupted high-volume heavy-truck traffic foryg@ars. Surveys conducted in May
2008 after the section had serviced over 1.2 millESALs in 7 years (75% of the
designed service life), found no signs of disti@sshanges in ride quality (Lewis 2009).
6.2.5. LaGrange Georgia (2010’s)

A full-scale field study was conducted in LaGran@gorgia starting in 2009
(details in chapter 2). The inverted base pavertesttsection is a two-lane 1036m long
stretch of the south LaGrange loop. It was desigoneslistain an initial one-way annual
average traffic of 7000 vehicles per day projededyrow to 11700 by the end of its
service life. The structure consists of a 0.09mhakpconcrete layer, a 0.15m crushed
Georgia granite base, and a 0.20m cement-treatsd bae average specific surface and
coefficient of uniformity of the subgrade indicdbat its mechanical behavior is strongly
influenced by electrical interactions and capitigrtherefore, it is susceptible to changes
in water content and pore fluid chemistry. Off-sitexing, transport, spreading, and
compaction of the cement-treated mix resulted homogeneously compacted cement-
treated base. The 7-day cured cement-treated aggrbgse withstood the compaction of
the overlaying layers without cracking under thadimg imposed by heavy equipment
and construction operations. Digital image analgsisfirmed particle-shape/compaction
induced anisotropy in the as-built unbound aggeedadse; however, the results of
laboratory non-linear stiffness-stress responsewstiothat stiffness anisotropy is

primarily caused by the anisotropic state of seesand that there is a unique stiffness-
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stress relationship in the directions of principaksses. The pavement was opened to

traffic in April 2009. First performance data argected in 2011.

6.2.6. Summary of Key Observations

« The cement-treated base in an inverted base pavestercture facilitates the
compaction of the unbound aggregate base.

 The unbound aggregate base in an inverted basempavestructure prevents
reflective cracking.

» Large fluctuations in traffic induced stress caubgdhe proximity of the unbound
aggregate layer to the pavement surface requiresue of proper non-linear
constitutive models for the analysis of invertestgraent structures.

» Both, the South African experience (40+ year) d&daccumulating experience in the
U.S.A. show that inverted base pavements may dotperconventional flexible

pavement structures.

6.3. Inverted Base Pavements — Parametric Numeric&tudy

The design of flexible pavements is a two step ggecFirst, stresses and strains
induced by traffic load are computed for the ddf@r layers. Then, the pavement
performance is verified based on mechanical ansliesg., failure) and the service life is
estimated using empirical distress prediction m®delg., fatigue). The most critical
stresses and strains considered to assess perf@rasn (1) the maximum tensile strain
in the asphalt concrete layetc, (2) the maximum compressive stress on the unbound
aggregate basejag, (3) the maximum tensile strain in the cementte@dasecrg, and

(4) the maximum compressive stress on the subdeyeecsc. In this study, we explore
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these four mechanical responses for different ldggkness, material properties, and
choice of constitutive model.

The simulated inverted base pavement structure ejsicted in figure 6.1.
Following the recommendations of the guide for nagdstic-empirical design of new
and rehabilitated pavement structures (ERES 200d)fiadings reported in chapter 5,
we model the load on the pavement structures &0kPa tire contact pressure spread
over a circular area of radius= 0.15m with a domain siZe= 13 (refer to chapter 5).
The pavement structure is modeled using a 3D-axisytmnc, edge-biased mesh with
zero-lateral-displacement boundaries at the edgéh@fpavement, and zero-vertical-
displacement at the foundation of the structure.

The constitutive models and material parametersd use all studies are
summarized in table 6.1 (refer to chapter 4). Thghalt concrete layer, the cement-
treated base and the subgrade were modeled aspisotinear elastic materials. The
unbound aggregate base was modeled as an isotropitnear elasto-plastic material.
The parameters used to characterize the unbouneégaig base were selected based on
the results of in-situ measurements, laboratsytest results and data reported in the
literature for cyclic triaxial tests. The matenmbperties for each layer are the same in all
simulations.

6.3.1. Scope

The parametric study includes 6 series of numergalulations. These are
described next.

1. Asphalt and unbound aggregate layer thickneBse mechanical response of the

inverted pavement structure is analyzed for changése thicknesses of the asphalt

118



concrete and unbound aggregate layers. A totabafakes were modeled, 4 asphalt
concrete layer thicknessesdt= 0.051m, 0.076m, 0.127m, and 0.203m) and 4
unbound aggregate base thicknessgs ¢ 0.101m, 0.152m, 0.203m, and 0.254m),
all sitting on a¢rs = 0.152m cement-treated base. The range of lajeknesses was
chosen based on constructability, cost effectivenasd typical GDOT specifications
(Lewis 2009).

. Unbound aggregate base: Quasi-linear response ugiiegminimum stiffness’he
unbound aggregate base is modeled as a linereelastierial. The selected elastic
modulus corresponds to an unloaded in-situ stifnegeasurement (reported in
chapter 3).

. Unbound aggregate base: Quasi-linear response ugimg maximum stiffness
Similar to the previous study but in this case, sedéected elastic modulus is the
maximum stiffness induced in the unbound aggrebase by the 550kPa tire contact
pressure.

. Soft “hot” asphalt The stiffness of asphalt concrete changes asnatifun of
temperature. In this study we explore changes & résponse of inverted base
pavement structures caused by a lower stiffnesagpitalt concrete.

. Stiff “cold” asphalt Similar to the previous case, we now exploreetfect of higher
stiffness cold asphalt on the mechanical respofs®erted pavement structures.

. Thick cement-treated basehis final set of simulations is designed to istigate the
effect of the thickness of the cement-treated ligge on the performance of the

inverted base pavement structure.
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6.4. Results

The 16 combinations of asphalt concrete and unbaggdegate base thicknesses
tac and tas are explored first. Then, we reduce the numbercahbinations and
simulations required to explore the response oferted base pavements to other
variables by pre-selecting 4 layer thickness comuimns: (A) hic = 0.203m andys =
0.101m, (B) ic = 0.051m andxg = 0.101m, (C) A&c = 0.051m and g = 0.254m, and
(D) tac = 0.203m and g = 0.254m. The results are presented next for tgbte
parametric studies.

6.4.1. Asphalt and Unbound Aggregate Layer Thicknes(Base Cases)

Results are summarized in figure 6.2. An increasthe thickness of the asphalt
concrete layer leads to lower maximum tensile stmithe asphalt concrete layeic,
lower maximum tensile strain in the cement-treasetb-basescrg, lower maximum
compressive stress on the unbound aggregate bgse and lower maximum
compressive stress on the subgragie. Increasing the thickness of the unbound
aggregate layer leads to higher maximum tensikingtrin the asphalt concrete layer,
lower maximum tensile strains in the cement-tredt@ske, lower maximum compressive
stress on the unbound aggregate base, and lowamomaxcompressive stress on the
subgrade.

It follows that the combination of a thicker aspghadncrete layer and a thinner
unbound aggregate base helps mitigate fatigue iogdk the bonded layers and rutting

failure in the unbound aggregate layers.
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6.4.2. Unbound Aggregate Base Quasi-Linear Respondé¢inimum Stiffness

All simulations using the non-linear model for tlwmbound aggregate base
showed no tensile strains in the UAB. In this cahtend in an attempt to develop
simplified design methods, we explore the possybibf representing the unbound
aggregate base using a liner-elastic model witlbang’'s modulus equal to the minimum
UAB stiffness measured under no traffic load. Ressptesented in figure 6.3 show that a
thicker asphalt concrete layer reduces the maxirtemsile strain in the cement-treated
base and the maximum compressive stress in theundaggregate base.
6.4.3. Unbound Aggregate Base Quasi-Linear Responddaximum Stiffness

The predictions made using a liner-elastic modé¢h i Young's modulus equal
to the maximum cyclic triaxial measured resilientdulus are presented in figure 6.4.
Results confirm previous trends for the cases witfhest unbound aggregate base
stiffness.
6.4.4. Soft “Hot” Asphalt

Reducing the asphalt concrete layer stiffness tesul an increase in the
maximum tensile strain in the asphalt concreterlayel the cement-treated base (figure
6.5). There is also an increase in the maximum cesspve stress in the unbound
aggregate base, yet the stress in the subgradéensesiailar to the base cases.
6.4.5. Stiff “Cold” Asphalt

The predicted performance of inverted pavementsiras with a stiffer asphalt
concrete are shown in figure 6.6 and show oppdsiteds to those noted for the soft

“hot” asphalt case.
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6.4.6. Thick Cement-Treated Base

Simulation results show that a thicker cement-e@diase causes a pronounced
reduction in the magnitude of the maximum tendilais in the cement-treated layer (i.e.,
beam effect presented in figure 6.7). Differenceth ihe base cases in terms of the
maximum tensile strains in the asphalt concreterlaand the maximum compressive
stress in the unbound aggregate base are negligidemaximum compressive stress in

the subgrade decreases as a result of the indredsecement-treated base thickness.

6.5. Discussion — Preliminary Design Guidelines

The principal failure mechanisms in conventionaxible pavements are (1)
fatigue failure of the asphalt concrete layer dateed by the maximum imposed tensile
strain eac, (2) rutting of the unbound aggregate base agsacito the maximum
compressive stressyag, and (3) rutting of the subgrade due to the marimu
compressive stresssg In addition, the tensile strain in the cemenéitee basecrs can
lead to the failure of the CTB and the diminishedfgrmance of inverted base pavement
structures. These observations allow us to contbarperformance of multiple pavement
structures in terms of the critical pavement respqmarametersc, cuas, andosc Here,
we explore the implications of the parametric stuelults on the design of inverted base
pavement structures.
6.5.1. Fatigue Failure Design

The repetitive bending action under traffic loadoayses the initiation of micro-
cracks in areas subjected to tensile strains. Toygagation, coalescence, and re-bonding

of micro-cracks in the damage-zone control the ¢inoand healing of cracks which in
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turn determine the fatigue life of bounded layeksm( 2008). In general, pavement
structures with lower maximum tensile strain in tdenented layers can sustain a larger
number of load cycles before failure.

Results from the parametric study show that lowakimum tensile strains in the
asphalt concrete layer are attained by increagiegthickness of the asphalt concrete
layer tc, reducing the thickness of the unbound aggregate lpag, increasing the
stiffness of the unbound aggregate base, or incig#ése stiffness of the asphalt concrete
mix. Note that simulations assume an equivalenticonm representation; however, as
the unbound aggregate layer becomes thinner thitnaom assumption no longer holds.
Additionally, construction difficulties are expedtéor unbound aggregate bases thinner
than 0.10m (Lewis 2009).

The maximum tensile strain in the cement-treateskba reduced by increasing
the thickness of the asphalt concrete layer the thickness of the unbound aggregate
base ¢ags, or the thickness of the cement-treated layelfitsgs, as well as by increasing
the asphalt concrete stiffness. Note that, deargatsie unbound aggregate base layer
thickness increases the fatigue life of the asptw@itrete layer but decreases the fatigue
life of the cement-treated base.

6.5.2. Rutting Failure Design

Rutting failure manifests itself through surfac@ssions in the wheel path. The
plastic deformations are typically the result ohsification experienced by the unbound
aggregate layer under service traffic load trigddrg inadequate compaction.

Rutting failure is associated to the maximum corsgire stress in the unbound

aggregate layers. Thus, pavement structures thabiexower maximum compressive
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stress in the unbound aggregate layers can accoaten@dlarger number of loading
cycles before failure. A lower value of the maximaompressive stress in the unbound
aggregate base is obtained by increasing the thgskof the asphalt concrete layer or
increasing the thickness of the unbound aggregsde.b

The cement-treated layer in an inverted base pavemas as stiff slab that
reduces the maximum stress on the subgrade amaigEt on surface rutting.
6.5.3. Shear Softening

The simulation results presented in figures 6.2 @&3dshow that a linear elastic
model with the minimum stiffness expected in théaund aggregate base yields lower
tensile strains in the asphalt concrete layer thamon-linear elastic unbound aggregate
base model. The non-linear model can capture thkigon in stiffness as a function of
the state of stress. An increase in the mean gtirpssduces a gain in stiffness; however,
an increase in the shear stress relative to faiflerdeads to softening. In order to explore
the effect of shear softening we vary theekponent (see table 6.1) between 4 and 32.
The results presented in figure 6.8 show that thexkonent has a strong effect in the
predicted maximum tensile strain in the asphaltoete layer. The effect is magnified in
inverted pavement structures with thick unboundreggte and thin asphalt concrete
layers. These results highlight the importance obppr characterization of shear
softening.
6.5.4. Cost Analysis — Equivalent Conventional Seohs

Inverted base pavement structures must be cogitigfen addition to having a
satisfactory structural performance. Materials aondstruction costs increase with the

thickness of every layer, specially the asphaltcoete layer. Clearly, while the fatigue
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and rutting resistance of the pavement structueeraproved by a thicker asphalt layer,
the associated increase in cost limits the thickioéshe asphalt layer.

Typical conventional flexible pavement structures three types of traffic
demands are extracted from the guide for mechanetpirical design of new and
rehabilitated pavement structures (ERES 2004). fiise road type (C1) is a typical
primary or secondary arterial route required tosata traffic demand of 750000
trucks/buses, and consists of an asphalt concagter lic = 0.14m and an unbound
aggregate basegds = 0.30m. The second road (C2) is a typical primarysecondary
collector or county road with a traffic demand &0RO00 trucks/buses and it is designed
with an asphalt concrete layggt= 0.10m and an unbound aggregate bgge=+ 0.25m.
The third road (C3) is a typical local street outy road with a traffic demand of 50000
trucks/buses designed with an asphalt concreter lgye= 0.05m and an unbound
aggregate baseds = 0.20m. These three structures are modeled tisengomain size,
mesh, loads, constitutive models, and material rpaters used in the simulations of
inverted base pavements in the parametric studpsted in section 6.4.1.

The critical pavement response parameters consid&recompare pavement
performance are the maximum tensile strain in #ghalt concrete layesac and the
maximum compressive stress in the subgkagg(figure 6.9). The conventional flexible
pavement structures are compared to two inverteg Ipavement structures. The first
(IP1) consists of aa¢ = 0.05m asphalt concrete layeryast= 0.25m unbound aggregate
base, and atg = 0.15m cement-treated base. The second (IP2) has 0.05m asphalt
concrete layer, aykg = 0.10m unbound aggregate base, andrga+ 0.15m cement-

treated base.
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The simulation results show that the inverted bpaeement structures offer
superior structural performance against both susgraitting and asphalt fatigue. IP1
offers a structural performance sufficient to acowdate the demand from primary or
secondary arterial routes and is overdesignedyfocal primary or secondary collectors,
local streets, and county roads. IP2 exceeds tharesl structural capacity of the three
typical road types studied both in rutting andgaé.

The cost per layer in the bid for the LaGrange itec base pavement project
was: US $390/mhfor the asphalt concrete, US $66/far the unbound aggregate base,
and US $130/rHfor the cement-treated base. Using these valuesawestimate the cost
per kilometer of road based on the layer thickresssed in the simulations:
C1=263,000%/km, C2=198,000%/km, C3=116,000%/km, =#0D,000$/km, and
IP2=167,000%/km. These results show that the iedeldase pavement structure 1P2
outperforms the three typical road conditions hathutting and fatigue and can lead to
40% in initial cost savings over the flexible paws design for typical primary or
secondary arterial routes.

6.5.5. Analysis Limitations

The long term behavior of lightly cemented aggregaxhibits three distinctive
stages: (1) pre-cracked phase, (2) the onset ajutatcracking, and (3) advanced
crushing (Theyse et al. 1996). During the pre-cedcghase, the layer behaves as a slab
with horizontal plane dimensions larger than thgetathickness. The elastic modulus
during this stage corresponds to that measured dhatedy after construction of the
pavement structure. At the onset of fatigue cragkthe initial elastic modulus reduces

rapidly as the layer is brakes down into large kéod-inally, the layer reduces to an
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equivalent granular layer in the advanced crusktatg, with a marked non-linear stress-
dependent behavior. The evolution in mechanicabben of the cemented aggregate
influences the response of the entire inverted mawe structure. The structural
performance reported in this chapter reflects ttupgrties of the as-built structure and
does not consider its evolution in time under tcafDeterioration of the pavement
structural capacity is expected in both inverted @onventional flexible pavement
structures. However the magnitude of the deteimmatand its implications in
serviceability must be assessed through appropdiateess prediction models which are
not considered in our analysis.

The use of thin asphalt concrete layers can ledletalevelopment of new failure
mechanisms such as shear along the periphery oflah@ed area. Such failure
mechanisms need to be explored in more detail betdtempting to extrapolate
simulation results presented earlier to asphaltia layers thinner thatd = 0.05m.
Similarly, the use of thin unbound aggregate laygtrsuld be studied in more detail to
understand the implications of discrete behaviod gotential constructability and

serviceability issues.

6.6. Conclusions
The selection of parameters for the unbound agtgelgase has a pronounced
effect on the predicted mechanical response ofriesiebase pavement structures. As
evidenced by the observed differences in the prediicritical performance parameters

obtained from linear elastic and non-linear elastaterial models.
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The stiffness of the asphalt concrete layer hasoag influence on the predicted
maximum tensile strain in the asphalt concreterlayel the cement-treated base, and the
maximum compressive stress in the unbound aggrégat

An increase in the thickness of the asphalt coadester leads to higher fatigue
resistance in the asphalt concrete layer, and #meent-treated base. Thicker asphalt
layers also reduce the magnitude of the maximumpecessive stress in the unbound
aggregate base, which is associated to rutting. edew a comparison between the
mechanical performance of typical conventional it pavements and inverted base
pavement structures show that thin asphalt lay#es eufficient structural capacity in
inverted pavement structures.

The fatigue life of the asphalt concrete layer rigersely proportional to the
thickness of the unbound aggregate layer.

The maximum tensile strain in the cement-treatedebean be reduced by
increasing the asphalt concrete layer thicknesseasing the unbound aggregate base
thickness, and/or increasing the cement-treatee thacskness.

Accurate characterization of shear softening of owmlol aggregates is very
important in the analysis of inverted base pavemertie selection ofskexponent has a
strong effect on the prediction of the maximum tlenstrain in the asphalt concrete layer.

Competing mechanical demands for the various lapeknesses must be
considered together with cost per layer. In thiatert inverted pavements emerge as
technically adequate and economically advantagstustures.

Results show that an inverted base pavement steucan exceed the required

structural capacity of three typical road typesdsd both in rutting and fatigue while
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saving up to 40% in the initial cost over the fldgi pavement design for typical primary

or secondary arterial routes.
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Table 6.1Material models and parameters used

Asphalt Unbound aggregate Cement-treated
Study Subgrade
concrete base base

Base cas Linear elastic Non-linear elastic: Linear elastic Linear elastic
E=4140MPa k; = 200MPa k, = 0.2; E= 13800MPa E= 100MPa
v=0.35 k3 = 09,k4 =4;v=0.3 v=0.25 v=0.2

Minimum-stiffnes:  Linear elastic Linear elastic: Linear elastic Linear elastic
E=4140MPa E=230MPa E= 13800MPa E= 100MPa
v=0.35 v=0.3 v=0.25 v=0.2

Maximurr-stifines: Linear elastic Linear elastic: Linear elastic Linear elastic
E=4140MPa E=500MPa E= 13800MPa E= 100MPa
v=0.35 v=0.3 v=0.25 v=0.2

Hot-asphal Linear elastic Non-linear elastic: Linear elastic Linear elastic
E=2070MPa k, = 200MPa ¥, = 0.2: E= 13800MPa E= 100MPa
v=0.35 k3 - 0.9;k4 =4:v=0.3 v=0.25 v=10.2

Cold-asphal Linear elastic Non-linear elastic: Linear elastic Linear elastic
E=12400MPa k; = 200MPa k, = 0.2; E= 13800MPa E= 100MPa
v=0.35 k3 - 0.9;k4 =4:v=0.3 v=0.25 v=10.2

Thick cemer- Linear elastic Non-linear elastic: Linear elastic Linear elastic

treated base E=4140MPa k, = 200MPa ¥, = 0.2: E= 13800MPa E= 100MPa
v=0.35 v=10.25 v=0.2

ks =0.9;k, =4;v=0.3
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Figure 6.1inverted base pavement geometry
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER

WORK

This research was conducted to advance the undeénstaof inverted base
pavements and to develop preliminary guidelinestli@ir mechanistic design. Results
highlight the critical role of the non-linear unbwl aggregate behavior. Thus, new
laboratory and field characterization methods waaeeloped to facilitate the inversion
of material parameters relevant to the state esstand boundary conditions expected in

inverted pavements. The main conclusions and ree@rdations for further work follow.

7.1. Conclusions

The key findings obtained from this study are:

» Construction equipment, procedures and quality robnprotocols used in the
construction of conventional pavements can alsadsel to build inverted pavement
structures. The off-site mixing, transport, spregdiand compaction of the cement
treated mix resulted in a homogeneously compacsseé.bThe 7-day cured cement-
treated aggregate base can withstand the companititie overlaying layers without
fracturing.

» The stress-dependent stiffness of unbound aggretmters determines the
performance of inverted base pavement structurelserefore, an accurate
characterization of the stiffness-stress resposseritical for inverted pavement

simulation and design. Available laboratory proieanust be modified to reproduce
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the in-situ stress levels imposed on unbound agégeedgases in inverted pavements.
Similarly, available in-situ measurements fail tatlger sufficient information to
extract the constitutive parameters required tor@ppately model the stress-
dependent stiffness of unbound aggregate bases.

The unbound aggregate layer in an inverted pavestemtture is confined between
the stiff asphalt concrete layer and the cemerdteéce base. The highest load
condition under the wheel resembles a zero-lastraln loading configuration. Thus,
a laboratory, test was prototyped for the laboratory characiion of the stiffness-
stress response of unbound aggregate materialsl lmas¢he concept of stiffness
tomography using P-waves.

Laboratory P-wave velocity measurements in theicsrand horizontal directions
collapse onto a unique trend for a single set cdupaters.

The concept of P-wave stiffness tomography was afgiied in-situ to characterize
the as-built unbound aggregate base. The testdes fuccessfully used to measure
the in-situ stiffness-stress response of an egjstiverted pavement structure.
Material models reported in the literature devetbpsing existing laboratory test
protocols may under-predict the in-situ stress-ddpat stiffness of the unbound
aggregate base. Stiffness-stress parameters redousing P-wave propagation in
sediments underzero-lateral-strain loading vyield better predictorof in-situ
performance.

Basic concepts in information theory, a comprehaensieview of the resilient
behavior of unbound aggregates, and physical utatelimg of granular materials

guided the selection of a robust numerical modelabée of reproducing the non-
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linear resilient response of unbound aggregatersayeder loading. A physically
constrained optimization approach must be usedueri for the constitutive model
parameters. The method is based on the analyss@f surfaces within physically
acceptable ranges of each parameter.

* The selection of parameters for the unbound agtgdumse has a pronounced effect
on the predicted mechanical response of invertesk gavement structures. As
evidenced by the observed differences in the predliccritical performance
parameters obtained from linear elastic and nagalirelastic material models.

» Accurate characterization of shear softening ofoumiol aggregates is very important
in the analysis of inverted base pavements. Trecseh of k-exponent has a strong
effect on the prediction of the maximum tensilaistin the asphalt concrete layer.

* The choice of domain size and boundary conditionsumerical models of inverted
base pavements affects the prediction of the maxincompressive stress on the
subgrade and the maximum tensile strain in the oertreated base. Mechanical
performance predictions based on large domain fRé&s>20) prevent boundary
effects but overestimate the fatigue resistancéhefcement treated base and the
asphalt concrete layer.

* The characteristic stiffness profile in invertedvg@aents leads to the absence of
tensile stresses in the unbound aggregate basedlesggm of the material model
assigned to the unbound aggregate base (i.e.r lome@on-linear). However, critical
design parameters derived from linear elastic aeslydiffer considerably from
predictions base on non-linear elasto-plastic @®slyand may not yield conservative

results.
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Simulation results show that the maximum verticahpressive stress in the subgrade
of an inverted pavement is lower than the predietdde for a conventional flexible
pavement section with similar fatigue resistance.

The as-built unbound aggregate base in an invédsd pavement and a conventional
flexible pavement may exhibit different stiffnegsess resilient response as a result
of construction differences related to the undedyayer.

The stiffness of the asphalt concrete layer hagang influence on the predicted
maximum tensile strain in the asphalt concreterlayel the cement-treated base, and
the maximum compressive stress in the unbound ggtgdase.

An increase in the thickness of the asphalt coacleyer leads to higher fatigue
resistance in the asphalt concrete layer, and éheent-treated base. Thicker asphalt
layers also reduce the magnitude of the maximumpecessive stress in the unbound
aggregate base, which is associated to rutting.edew a comparison between the
mechanical performance of typical conventional itexpavements and inverted base
pavement structures show that thin asphalt layf#es sufficient structural capacity
in inverted pavement structures.

The fatigue life of the asphalt concrete layemnigersely proportional to the thickness
of the unbound aggregate layer.

The maximum tensile strain in the cement-treatexk lwamn be reduced by increasing
the asphalt concrete layer thickness, increasiagitibound aggregate base thickness,

and/or increasing the cement-treated base thickness
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» Competing mechanical demands for the various Iyeknesses must be considered
together with cost per layer. In this context itedrpavements emerge as technically
adequate and economically advantageous structures.

* Results show that an inverted base pavement steuctan exceed the required
structural capacity of three typical road typesigd both in rutting and fatigue while
saving up to 40% in the initial cost over the fldgi pavement design for typical

primary or secondary arterial routes.

7.2. Recommendations for Future Work

7.2.1. Long Term Behavior of the Cement-Treated Bas

The long-term behavior of cemented-treated bases/e&v from a pre-cracked
phase, through the onset of fatigue cracking, td&van advanced crushing stage. The
elastic properties of the cement-treated base exatlg affected by the progressive
deterioration of the layer which in turn affects thesponse of the entire inverted
pavement structure. The structural performance rtegoin this study reflects the
properties of the as-built structure and does woisicler its evolution in time. Further
work is required to characterize the long-term oesge of the cement-treated base and to
incorporate its evolution in the numerical analysfisnverted base pavement structures.
7.2.2. Emergent Failure Modes and Discrete Elemeiodel

The use of thin asphalt concrete layers can ledkdetalevelopment of new failure
mechanisms, such as shear fatigue along the peyigfighe loaded area. Alternative

failure mechanisms need to be explored in moreildetéore attempting to extrapolate
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the simulation results to asphalt concrete layleirmer that 0.05m. Similarly, the use of
thin unbound aggregate layers should be studiedname detail to understand the
implications of discrete aggregate dominated bedrapotential construction difficulties,
and serviceability issues. The use of unbound @ggeebase materials with maximum
particle-size larger than 0.025m in thin unboundjragate layers requires different
numerical tools such as the discrete element method
7.2.3. Interface Behavior

Future numerical developments should introducelaer shear behavior. Shear
induced by tire break and acceleration may caud@nglat the interface between the

asphalt layer and the unbound aggregate.
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