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ABSTRACT

A comprehensive experimental study was conducteathgiithe construction of a full-scale
inverted pavement test section in LaGrange, Geotgierted base pavements consist of an
unbound aggregate base placed between a stiff ¢edreated foundation layer and a thin asphalt
cover. Unlike conventional pavements which relyupper stiff layers to bear and spread traffic
loads, the unbound aggregate inter-layer in anriadebase pavement plays a major role in the
mechanical response of the pavement structureenGhwe critical role of the unbound aggregate
base and its proximity to the surface, speciainéite was placed to monitoring changes in the
material behavior induced by compaction over thié gtment-treated base and to characterize
the stress dependent stiffness of the compacterbgapg. A detailed study of all layers was
conducted along the test section before, duringadted construction to gain critically needed
information to enhance our understanding of therirdl behavior and macro-scale performance
of inverted pavement structures. The informatiompibed during the field test was used in a
complementary numerical study.

INTRODUCTION

The need for improved road performance, optimal efseesources, budget constraints, and
energy efficiency prompt the analysis of altermatipavement structures. Inverted base
pavements have been used as affordable and sallgttompetent pavement structures in South
Africa since the 1950’s1( 2, 3). The South African flexible pavement design engites the
importance of a good foundation, and involves n@agistruction methods and careful material
selection to achieve dense unbound aggregate Itherexhibit a remarkable ability to support
the heaviest traffic loads under both dry and veetditions (). The unbound aggregate layer is
compacted on top of a cement-treated base to prosidsuitable foundation, both during
compaction and throughout the service li. (While stabilized layers alone improve the
structural capacity of the pavement they may cawskective cracking, which accelerates
pavement deterioration. Yet, a stone inter-layer mavent the propagation of reflective cracks
through strain dissipation within the unbound aggte layer §). Both, the South African
experience and the accumulating experience in ti&AJ show that inverted base pavements
may outperform conventional flexible pavement duites 6, 6, 7, 8, 9, 10, 11).

The use of inverted base pavements in the U.S.é&\bkan hindered by the lack of field
experiments and related research required to iigpatst the mechanical response of this
pavement structure under local conditions, constmractices, and required quality control
and performance. A full-scale field study was cantdd in LaGrange, Georgia, in collaboration
with the Georgia Department of Transportation (GDOTsee companion papdf). The
laboratory and field studies conducted as parhisf pilot project and complementary analyses
advance both the current state of knowledge orbémavior of inverted base pavement systems
and the state of the practice in terms of constragirocesses and quality assurance.

The study documented herein was designed to gd#tailed information before, during
and after the construction of the inverted baseepeant test section at LaGrange, in order to
gain critically needed understanding of the intebehavior and macro-scale performance of this
pavement structure through complementary analy@ea numerical studies. Details can be
found in13.
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PROJECT DESCRIPTION

The test section is part of an industrial parkwagmnded to serve the growing car manufacturing
industry in south-west Georgia. The inverted bameement test section is a two-lane 1,036m
long stretch of the south LaGrange loop. It wadghesl to sustain an initial one-way annual
average traffic of 7,000 vehicles per day projedteg@row to 11,700 by the end of its service
life. Truck traffic is estimated at 7% and consist8% multi-unit (truck tractor semi-trailers and
full trailer combination vehicles) and 4% singletu(two and three axle trucks and busses
having six tires). The Georgia DOT designed th&mavement following the AASHTO (1972)
interim pavement design guide; the inverted baseempant was designed using empirical
guidelines from the South African experience. Theuctural comparison between the
conventional rigid pavement and the inverted seatmuld not be made a priori.

The test section cuts across residual soils frar@borgia Piedmont geologic formation.
Figure la shows the original topography and thdt Bongitudinal cross section. Material
removed from the cut sections was transported ammpacted in the two fill sections.
Construction of the subgrade took place from 1/G&® 2/19/2008. The upper 0.15 m of the
subgrade were stabilized by mixing in crushed stmmé compacting. Stabilization work began
on 7/23/2008 and was completed on 7/30/2008.

The construction of the cement-treated base toaepbetween 7/30/2008 and 8/5/2008.
Cement and aggregate were mixed in a pug mill aadeld 3.2 km to the construction site.
Spreading and compaction operations started abista80+00 and moved along the westbound
lane towards station 314+00. The eastbound lanecaastructed on the way back, from station
314+00 towards station 280+00. Construction issus the bridge approach (station 314+00)
lead to a short gap in the test section near tiigér The mix contained 4% cement by weight
and was compacted to 98% of Proctor. Progress wa#aned from the time the cement treated
aggregate left the pug mill until the final biturairs seal coat was placed.

The placement and compaction of the unbound agtgrdgase started 8/11/2008 and
lasted 18 days. The asphalt concrete layer wagglactwo lifts. The first was a 19 mm NMS
0.05 m thick layer built shortly after the compteti of the unbound aggregate base in
10/16/2008. The riding surface was a 12.5 mm NM& @ thick added on 4/18/2009.

LABORATORY AND FIELD MATERIAL CHARACTERIZATION
The layers were carefully monitored during condtar; including extensive material
characterization in the laboratory and in the fi®ésults are summarized in Table 1.

Subgrade

Thirty five subgrade samples were collected from tbst section and used to determine grain
size distribution, specific surface, liquid limidulk density, water content, complex permittivity,
electrical conductivity, suction, and P-wave vetpan the laboratory. The field characterization
of the subgrade included dynamic cone penetromietdical probe test and surface waves. Test
results are summarized in table 1, the main firslfiogow.

The mean grain size distribution is characterizgdDgo = 0.2 mm, By = 0.5 mm,
coefficient of uniformity G = 6, and coefficient of curvature, € 1.3, which are characteristic of
well graded granular materials. The fraction ofefin(d<7fum) ranged from 1% (at station
299+00) to 36% (at station 306+00). The high spesiiirface of the fine fraction suggested the
presence of clay minerals (7 to 36-g1), and susceptibility to changes in water content/ar
pore fluid chemistry.
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TABLE 1 Laboratory and Field Material Characterizat ion

Layer Parameter Measured Value
(thickness)
Asphalt Concrete Surface Wave Velocity ¥[m-s”] 1,000 ~ 2,400
(89 mm) P-wave Velocity \ [m-s’] 3,500 ~ 4,100
Unbound Aggregate
Base (158 r%?n) g Surface Wave Velocity ¥[m-s”] 200 ~ 300
Electrical Resistivitypgectric [Q'M] 800 ~ 5000
Cement Treated P-wave Velocity } [m-s’] 2,900 ~ 3,400
Base (254 mm) Surface Wave Velocity yMm-s] 1,400 ~ 1,900
Compressive Strength [MPa] 3~5
Stabilized Subgrade Surface Waves ¥[m-s’] 200 ~ 300
(158 mm)
Coef. Uniformity C, & CurvatureC, | 6 & 1.3
Fraction smaller than 7sn [] 0.012 ~ 0.36
Do [Mmm] 0.09 ~ 0.25
Specific SurfaceS, [m*g] 7~30
Liquid Limit LL [%] 50 ~ 100
Water Contentw [%0] 15~40
Subgrade Penetration RatBR [mm-blow™] 4~15
(<12m) Torque (HPT)T [N-m] 5~12
Porosityn|[] 0.3~05
Matric Suction hy [kPa] 50 ~ 500
Osmotic Suctionh, [kPa] 100 ~ 1,000
P-wave Velocity \ [m-s"] 300 ~ 800
Surface Waves Mm-s?] 150 ~ 200

The recovered in-situ water content data fall witthe range of optimum water content
established by Proctor compaction tests carriecbguEDOT. Measured liquid limit values are
plotted in figure 1b for reference. Total suctioatal gathered at the in-situ water content fall
between 200 and 1,500 kPa. Similar results arerebdein the matric and osmotic suction
measurements. Even higher suctions are anticipaténlver water contents under dry climate
conditions. The measured suction levels anticipategh moisture-dependent response of the
subgrade.

The P-wave velocity in unsaturated sediments istimaly unaffected by the bulk
stiffness of the fluid when the degree of saturafi®95%. Instead, it reflects the stiffness of the
soil skeleton which is in part controlled by caguit forces, i.e. suctioril4). Measured P-wave
velocities for the subgrade are in the range fr@® ® 800 m-§, in agreement with the high
measured suction values, which suggest that capjllzontrols the subgrade stiffness. It should
be noted that only samples that satisfied thegesinetrical constraints where used to determine
Vy. Since the soil samples that fulfilled this requuent where for the most part very well
compacted blocks, the measurement is biased ferstdlues and does not necessarily represent
the average stiffness of the subgrade. The fieldsmed surface wave velocities range frog V
= 150 to 200 ns™.



151
152

153
154
155
156
157
158
159
160
161
162

163

164
165
166

Cortes and Santamarina 5

Station
280 287 294 301 308 315

120%

©

o

x
I
>

=
g 4 .
c A AA
8 60% - A, A NG A
= AL___A_‘____A_L‘_A__‘__‘_‘_‘.__.L‘__L‘__‘___A_A___.L,'qu,'dL,'m,'t
= ° o®
30% -®

[ ]
[
y & '.'.' 2 e '.'..'." - --“.-‘---.-.-.- -— - -t In-situ

0.8 4
30.6- ®
7 < n % % ®e »
° x % RS T, Faga®
S 04 - »
o ® ®
0.2

FIGURE 1 Topography and Subgrade. (a) original topgraphy (dashed line) and as-built
longitudinal cross section showing cut and fill zoes. The subgrade was characterized after
compaction; samples recovered at every station wenesed to determine (b) liquid limit
(filled triangles), in-situ water content (filled drcles), and (c) porosity.

The measured helical probe torque and dynamic coemetration resistance are
positively correlated to both the total suction dahd dry density; no evident correlation with
bulk density or porosity was observed. Dynamic cqrenetration data can be used in
conjunction with density, liquid limit, and wateorttent to estimate the resilient modulus of the
subgrade1b)

a3
Er = ao(PR)® {yf;‘;y +[ij ] (i)

wherePR is the dynamic cone penetration ratgy is the dry unit weightlL is the liquid limit,
W is the water content, aral are fitting parameters. The estimated resilientuhas is k=
250 MPa with a standard deviation of 100 MPa.
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Cement-Treated Base

The off-site mixing, transport, spreading, and caatpn of the cement-treated base were
carefully monitored to assess hydration prior tanpaction. Electrical properties of curing
cementitious materials vary as a function of hydrgtpore fluid composition, moisture, and
temperaturel, 17, 18, 19, 20, 21, 22). As the cement paste cures in a mortar mixtueeetis a
reduction in the ionic concentration of the poreidl which leads to measurable changes in
electrical resistivity. Therefore, electrical reésigy data can be used to assess the curing
evolution of Portland cement mixtures. Curing of tompacted material was monitored using
an electrical resistivity probe developed as pdrithis study. Different locations near the
spreader were selected and tested in order to sassmatial variability and to detect
heterogeneitiesResults show no significant resistivity differenfrem location to location,
suggesting homogeneity in the construction proc&fisr collection of spatial variability data,
the electrical resistivity monitoring equipment wiaeed at a given location to monitor the time
evolution of electrical resistance with time, whican be used as an index of curing progress.
Resistivity measurements started approximately @G minutes after the cement was first
exposed to water in the mixer. Field data showceatble changes in conductivity starting at 100
min (figure 2).

625 T
o
125 + %
0w
— 25 +
< i o o 08
S o, &
Qa 5+ %ﬂm
! o \
10 oo §0e
0.2
0.1 1 10 100 1000 10000
Time [min]

FIGURE 2 Cement Treated Base. Curing was monitoredising a 4-electrode probe to
determine electrical resistivity. Similar preliminary tests were conducted in the laboratory.
Field data (filled circles) show an increase in rastivity starting at 100 min; laboratory
specimens exhibit resistivity increases as early 29 min after mixing (hollow circles).

Characterization of the hardened cement-treateel paperties was done on 7-day cores
recovered from the site and tested for laborateryaRe velocity and compressive strength; a
summary of results is presented in table 2.3. Anary concern with the construction of the
inverted base pavement structure is the mechareéspbnse of the cement-treated base during
the compaction of the unbound layer above anditg-term integrity. Copper wire loops were
installed within the cement-treated base surfaceebgcted locations. A 6.35 mm thick groove
was cut 12.7 mm into the sub-base. Then, a thigupelhane coated copper wire d = 0.3 mm
was placed in the grove and bonded to the sub-lisisg mortar mixThe resistance between
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the two ends was measured immediately after thtallason of the wire to verify its integrity.
The resistance at each of the three instrumentatiorss was measured following the
construction of the unbound aggregate base; nogesafiom the pre-construction values were
observed. These results show that the cementdrdzdse sustained no significant damage
during the compaction of the unbound aggregatetlamdsphalt concrete layers. This was later
confirmed in a forensic study through visual ingfmet

Unbound Aggregate Base

The unbound aggregate base is the central compaof¢he inverted base pavement structure.
Therefore, special attention was devoted to idgrdifanges in the aggregate base properties
caused by compaction over the stiff cement-trebtes. Aggregate samples were recovered pre
and post compaction to determine grain size digiob in an effort to establish if crushing was
taking place during compaction. Findings of thedgteon testsare summarized ifigure 3a.
Overall the data remain inconclusive as to therexdad significance of particle crushing.

() (b)

1 0.3
= ==Top
......... Mlddle
0.8 |{— — Bottom
— Pre-compaction
o)) — 0.2 1
c f—
‘n 0.6 A -
2] 2
g =
5 3
L2 04 o
& o o1
(I
0.2
290+00
0 L — 0
0.01 0.1 1 10 100 10 20 30 40 50 60 70 80 90

Particle size [mm] Principal axis inclination [°]

FIGURE 3 Unbound Aggregate Base. (a) Changes in grasize distribution - sample
recovered at station 290+00. (b) Preferential paitle orientation from digital image
processing of photographs taken during the forensimvestigation.

The development of inherent anisotropy in the umidoaggregate layer as a result of
compaction induced particle alignment was assessea@ forensic study. Trenches were dug
through the asphalt layer uncovering the unbounplegte and allowing us to take a look inside
the unbound aggregate base and photograph the gkeleton. Digital image analysis results
presented in figure 3b show that particles prefebiy align with their major axis parallel to the
horizontal plane. Note that only the coarser vesitdrticles are considered in this analysis.

The as-built unloaded stiffness of the unbound egmpe base was determined using
spectral analysis of surface waves (SASW) pridh&oconstruction of the asphalt concrete layer.
The unbound aggregate non-linear stiffness-steegsonse is critical to the mechanical response
of an inverted pavement structure; therefore, tiffnass-stress relationship of the unbound
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aggregate was determined using a novel laboratargedure to simultaneously determine the
stress-dependent vertical and radial stiffness. Uriiound aggregate base material is mixed at
the optimum water content, placed in a Proctor-tyjoéd, and compacted in a vibratory table for
15 minutes under a 240 N weight i.e., a verticedsst of 13 kPa. Two holes are drilled though
the compacted material to allow for the installatiof the source and receiver arrays. The
instrumented cell is placed in the loading framd #re sensors are connected to the peripheral
electronics. Signals picked up by the array of ikere are pre-amplified, filtered to remove high
frequency noise, digitized using 4-channel osaiitgee, and stored into a laptop computer.

The specimen undergoes 25 cycles of preconditiongagling-and-unloading with
vertical stress amplitude of 700 kPa. The unloadifigr the final cycle is stopped at a vertical
stress of 14 kPa to simulate the overburden on uhkeound aggregate base. The first
measurements are made starting at 14 kPa and 809dpa until the vertical stress is 580 kPa
which is 83% of the maximum preconditioning vertiseress. The set of signals recorded at
each load increment presented in figure shlows the strong stress dependency of unbound
aggregates. These laboratory results and complanyefield measurements allowed us to
calibrate physically appropriate and simple stiéstress expressions of the following form

(23):
K, K,
_ P q
Ep = k| — 1-Kq| —
i 1[ pOJ B[QJ (ii)
(@) (b) Time [x105s]
H Hl l [l 0 300 600 900

B 94kPa
175kPa
_l 255kPa
336kPa
416kPa
496kPa —— NN\ VN
77777 1] 580kpa —\\N\~ N\ VN
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255ka —— S\ U\
175kPa ———S N\~
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; —
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____.+____

FIGURE 4 Unbound Aggregate Base: Stress-dependentiffness. (a) Instrumented
laboratory zero lateral strain test cell. (b) Signéure cascades as a function of the applied
vertical stress clearly show shorter travel times tehigher stress.

Asphalt Concrete

The characterization of the asphalt layer focusedh® determination of elastic parameters,
namely the elastic modulus and the Poisson’s rdtlas was accomplished through field
measurements of surface waves and laboratory P-walacity measurements in samples
recovered during the forensic investigation.
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259 These data are used to estimate the constrainedlusdd using theory of elasticity and
260 assuming isotropic stiffness; for example, givezldfivelocity datavg and the measured bulk
261 densitiew,

2
. (VRY @-v)

262 M 2p( o.gj -2) (iii)
263 The constrained modulus computed from measuremgaisered along the test section is
264 summarized in figure 5; the figure includes stifsedata determined for all layers (without
265 load).The stiffness profile of the as-built pavemstnucture -without load- ranges from 30,000

266 MPa for the asphalt concrete to 140 MPa for thgsade.

267
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269 FIGURE 5 Asphalt Concrete: Stiffness. Wave propagabn velocity was determined for
270 each layer using high-resolution SASW. All measureents summarized in this figure show
271 the high stiffness of the AC and CTB layers (low stss sensitivity) compared to the
272 aggregate base and the subgrade (stress-dependematuies shown are without load).

273

274 PRELIMINARY ANALYSES — NUMERICAL SIMULATION

275 The inverted base pavement was modeled usingriite 8lement software ABAQUS. In these
276 simulations, the asphalt concrete, AC, and cenreatdd base, CTB, were modeled as elastic
277 media. The unbound aggregate base, UAB, and thgrad, SG, were modeled as cross-
278 isotropic, non-linear elastoplastic materials, greement with equation 2 (Note: the stress-
279 dependent stiffness is extracted from laboratoty dach asigure 4b,and complementary field
280 data). The subroutine was written in Fortran anglé@mented in ABAQUS (details ihi3). The
281 tire-pavement system was modeled using a 3D axistnon mesh, with zero-lateral-
282 displacement boundaries at the edge of the pavenmamb-vertical-displacement at the
283 foundation of the structure, and no-slip betweenldlyers.

284 The resulting vertical, radial and shear stressidigions along the centerline beneath
285 the wheel are presented figure 6a.Vertical stresses along the centerline are compeess
286 throughout the full depth of influence of the loashd become negligible within the cement-
287 treated base. Radial stresses range from compneasithe top of the asphalt concrete and
288 cement-treated base layers, to tension at the rhotBoth vertical and radial stresses in the
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unbound aggregate base remain in compression dofuthdepth of these layers (in agreement
with Mohr-Coulomb behavior). Radial slices of thertical stress field are shown at interfaces in
figure 6b. The vertical stress caused by the wioeal diminishes with depth; the peak vertical
stress on the subgrade is less than 5% of thecakstiress applied on the surface.

Stress [kPa] (b)
-2000 -1000 0 1000 2000
0 — | 600 _.1_
L AC .09m L Q=550kPa 1 AC
[ UAB .15m — § e
[ (T ©
UAB
0.25 1 g—_" “é
~ + 3
= [ CTB 025m o 400 S L]
= [ a
N 1] cTB
N 0.5 b 2
a 2 L N\
@ or © HA —w?
o 2 200 39
. r S I
075 + ° e g &\
L > L
H L \\ SG
r Tension Compression . e = 4 --4----~h ________
1 L 0 - . . -
-1 -0.5 0 0.5 1
(@ Radial distance r[m]

FIGURE 6 Induced stresses in an inverted base pavemt beneath a wheel modeled as a
550 kPa uniformly distributed load over a circular area of radius 0.15 m. (a) Verticalo,,
radial o, and sheart,, stress profiles as a function of depth along thead centerline. (b)
Radial profiles of induced vertical stresses at mtiple locations within the inverted base
pavement structure.

CONCLUSIONS

The full-scale inverted pavement test section iGlaage, Georgia, offered a unique opportunity
to characterize with unprecedented detail the ptmse of the different layers during
construction. This information is of critical imgance for the understanding of these pavement
structures and to support numerical models andlations.

The as-built inverted base pavement stiffness lgrefthibits pronounced contrast among
successive layers; 30,000 MPa at the asphalt cen&@0 MPa for the unbound aggregate base
(unloaded), 22,000 MPa for the cement-treated lms#,150MPa for the compacted subgrade.
This unconventional high-low-high-low stiffness seqce is a salient characteristic of inverted
base pavements.

The average measured specific surface and coeffiofeuniformity of the subgrade at
LaGrange indicate that its mechanical behaviotrisngly influenced by electrical interactions
and capillarity; therefore, the subgrade is susbkpto changes in water content and pore fluid
chemistry. The high P-wave velocity values measwasdoart of this study reflect the high
suction at the time of measurements.

The off-site mixing, followed by transport, spreagli and compaction of the cement-
treated base resulted in a homogeneous layer. Ny setting of the cement mixture was
observed. The 7-day cured cement-treated base t@othswithout cracking the heavy
compaction equipment used to attain high densithénoverlaying unbound aggregate layer.

The unbound aggregate base stiffness is a non-lineetion of the state of stresses. The
stiffness-stress relationship can be adequatelgrbd@ted in instrumented zero-lateral-strain
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cells. Pre and post compaction gradation test tieediol not offer a clear assessment of the extent
and significance of particle crushing in the unbbaggregate layer during compaction over the
stiff cement-treated base. Digital image analysisficmed particle alignment inducing inherent
anisotropy in the as-built unbound aggregate base.

Preliminary numerical results obtained with propeterial models for all layers confirm
acceptable stresses in the various layers undelettign traffic loads.
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