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ABSTRACT

Resilient modulus is a key input property of pavem®undation geomaterials, i.e.,
subgrade soil and base/subbase unbound aggregiatee fmechanistic-empirical design
of flexible pavements. Recent research at the Usityeof lllinois has focused on the
development of a mechanistic model for the resparsdysis of geogrid reinforced
flexible pavements. This model utilized the fingkement approach and considered the
nonlinear, stress dependent pavement foundatioavimhin a similar way to the level |
analysis approach in the 2002 Pavement Design Guidevalidate the response model
as well as to develop pavement distress modelg flrscale flexible pavement test
sections, geogrid reinforced and unreinforced, wecently constructed. To quantify the
effectiveness of geogrid reinforcement on low vatuffexible pavements, the fine-
grained subgrade soils were carefully constructetl maintained at California Bearing
Ratio (CBR) values 4% or lower throughout the testtions. A complete suite of
laboratory and field tests were performed to charae the pavement geomaterials for
mechanistic analysis of the test section resporidas required both monitoring of the
pavement layer properties during construction atgb alevelopment of modulus
characterization models from multiple regressioalygses of the laboratory test data.

INTRODUCTION

Under the repeated application of moving traffiads, most of the deformations are
recoverable and thus considered elastic. It has bastomary to use resilient modulus
(Mg) for the elastic stiffness of the pavement makerzfined as the repeatedly applied
wheel load stress divided by the recoverable stiatermined after shakedown of the
material. Repeated load triaxial tests are commenhployed to evaluate the resilient
properties of pavement foundation geomaterials, fiee-grained subgrade soils and
unbound aggregate materials.

The resilient modulus is also the key input propéor pavement geomaterials in the
mechanistic-empirical pavement design approache rébently developed 2002 Design
Guide methodology, a product of the National Coapee Highway Research Program
(NCHRP) 1-37A (2004) project, requires conductirgpeated load triaxial tests to



determine the resilient modulus properties and asttarize subgrade soil and granular
base aggregate behavior. The 2002 Design Guidel lie¥lexible pavement analysis
utilizes the finite element (FE) model, which ragsi the nonlinear resilient modulus
geomaterial model parameters obtained from regressialyses of the test data.

Current ongoing research at the University of di;mhas focused on the development
of a mechanistic model for the analysis of geogrdnular base reinforced pavements
(Kwon et al., 2005). This model, which utilizegtRE approach, considers the nonlinear
stress-dependent pavement foundation to predictctitieal pavement responses. To
validate/calibrate the mechanistic response modeirumented full-scale flexible
pavement test sections, geogrid reinforced andinforeed, were recently designed and
constructed (Al-Qadi et al., 2006). Test secti@miables examined in full-scale test
studies consist of hot mix asphalt and granulae bager thicknesses, type and location
of geogrid within the base course. Pavement gesmmbtlayer properties as well as
nonlinear resilient modulus models developed foarabterizing layer stiffnesses are
presented to provide a methodology on how to colkey geomaterial input data for
mechanistic pavement analysis through proper labgraand field testing, perform
material characterizations, and control field podperties during pavement construction.

RESILIENT MODULUSMODELSUSED IN MECHANISTIC ANALYSIS
Base/subbase unbound aggr egate

Resilient modulus models, such as the Uzan mod85)1 Witczak-Uzan Universal
model (1992) and 2002 Design Guide model (NCHRHA;2004) consider the effects
of stress dependency for modeling the nonlineaatieh of base/subbase aggregates and
are generally suitable for FE programming and pratctdesign use. These models
handle very well the modulus or stiffness increagh increasing stresses in an unbound
aggregate layer. Uzan model considers the effettbutk and deviator stresses in
axisymmetric analysis and the Witczak-Uzan Univiersadel and 2002 Design Guide
model (2004) include an octahedral shear strespopnent instead of deviator stress,
which makes also applicable to three-dimensionabR&lysis. These modulus models
for the unbound base/subbase aggregate are exghieessalows:
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where B = the unit pressure of 1 kPa,#Patmospheric pressure (100 kPa),tK K; =
multiple regression parameteeg,= 6; — o3 = deviator stres$) = bulk stress T, +c6, +
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cylindrical specimens in triaxial tests; = major principal stressy, = intermediate
principal stress, anal; = minor principal stress/confining pressure.



Resilient modulus model for subgrade soil

The resilient modulus of fine-grained subgradesswilalso dependent upon the stress
state. Typically, soil modulus decreases in proporto the increasing stress levels thus
exhibiting stress-softening type behavior. The Gtuts/e relationships are primarily
established between the resilient modulus and thaatbr stress for fine-grained
subgrade soils. The bilinear or arithmetic modethis most commonly used resilient
modulus model for subgrade soils (Thompson an@tEIlL985). The bilinear soil model
used in the developed mechanistic model is expdesséollows:

M, =K, +K,;%x(K,-0g,) Wheno,< K, (4)
M, =K, -K,x(gy -K,) Wheno, =K, (5)

where K to K4 = material constants obtained from repeated lgagial test data andg
= 01 — o3 = deviator stress.

In addition to the bilinear model, the 2002 Desi@mde model (NCHRP 1-37A, 2004)
is also used in the mechanistic analysis to charaetsubgrade soils.

GEOMATERIAL CHARACTERIZATION
Characterization of Subgrade Sail
Soil Classification and Index Properties

To construct the instrumented full-scale flexiblavement test sections, initial soil
sampling was performed using a hand auger to ¢adt@tsamples from a depth of 1.5 m.
A total of 36 bags of soil samples were collectezht the nine test section locations.
Atterberg limit tests (ASTM D 4318) indicated ththe subgrade soils had an average
liquid limit (LL) of 21 and an average plasticitiynit (PL) of 16 and an average plasticity
index (PI) of 5. The results of visual soil cldigsition performed on the bag samples
gave predominant soil types as brown clayey siit laown silty clay. Light brown well-
graded sand with clay and brown clay sand were falsod. The subgrade soil had a
specific gravity of 2.72 and was classified as ML-Qsing the dual classification
following the Unified Soil Classification System.

Moisture Density and CBR Tests (ASTM D 1883 and AASHTO T-193-81)

Standard Proctor tests (AASHTO D698) were condudtedefine moisture-density
relationship. CBR tests were also performed orh lsmtaked (standard) and unsoaked
CBR test samples to define moisture-CBR curves. s@ening the fact that both
unsoaked and soaked CBR tests gave almost the remumiés for the wet of optimum
moisture contents (OMCs), Figure 1 shows the sweysail standard Proctor moisture-
density and unsoaked CBR results. A maximum dnsit\eiysmay Of 19.3 was obtained
with an OMC of 11.2%. The dry density and the e content values are also shown
in Figure 1 corresponding to a soil CBR of 4, whigis the maximum soil CBR allowed
in the test strip subgrade.

Correlation between Dynamic Cone Penetrometer (DCP) and CBR
Dynamic Cone Penetrometer (DCP) tests were roytio@hducted in the field before
and during construction at each pavement testoseldcation. The following correlation,



given by Equation 6, between the DCP penetratitesrand the laboratory determined
CBR values was validated for all soil groups cdlddrom the pavement test strip:

Log (CBR) = 2.61-1.26 Log (PR) (6)

where CBR = California bearing ratio, PR = penaratrate (inches/blow) of DCP.
Accordingly, the DCP based evaluation of the tegh soil CBR values ranged from 5 to
28% before the top subgrade soils were preparegaicement construction.

204 1 30

—&— Moisture-Density
—&— CBR

196 125
I M aximum Dry Density = 19.3 kN/m?3

= F Optimum Moisture Content = 11.2 %
2 188 [ 120
= : / \ .
0 L v
G 181 | 115 A
2 N
a I

17.3 I CBR =4 110

Dry Density = 18.9 kN/m3
165 |- Moisture Content =132 % | ] g
15.7 [ L L L n 1 n n I n 1 L L L L 1 L L L L 1 Il F— 1 L L VI | 1 L 1 0
6 8 10 12 14 16 18 20

Moisture Content, %

Figurel. Moisture-Density-CBR Relationship for tebgrade Soils

As-Constructed Subgrade Properties

The 30.5-cm prepared subgrade layer was built rieethifts using a sheepsfoot roller
compactor. The compaction effort was monitored wititlear density gauge and DCP
measurements taken from each pavement test sedsdouilt density of each subgrade
lift obtained using the nuclear gauge satisfiedimimmum relative density of 97%. This
percentage was calculated based on the 18.94%dt§ndensity at the target CBR of 4 as
indicated in Figure 1 from the laboratory stand@rdctor and CBR tests. The amount of
water added to each pavement test section soiwfils determined accordingly to
maintain the subgrade CBR of 4 or below. Figureh@2ws the subgrade CBR profile
with depth for a typical pavement test section tmesed. The CBR values were
obtained from DCP penetrations using Equation 6.

Characterization of Base Aggregate

A crushed limestone, designated as dense graded Gfgregate by lllinois
Department of Transportation, was used as the dtagse material. The gradation curve



of the CA-6 crushed aggregate is shown in FigumitB the maximum allowed 12%
fines passing No. 200 sieve. Modified Proctor (AN® T180) moisture-density tests
conducted on the CA-6 material gave a maximum densiy of 22.5 kN/m
corresponding to an OMC of 6.5% (see Figure 4). ddrapaction effort was monitored
with a nuclear gauge to maintain a minimum 95%tisedacompaction in the field.

CBR (%)

01 2 3 45 6 7 8 9 10 11 12 13 14 15
0 | e S A N NN A [ NN R R S

100
200 /
300

400 \\

500

Penetration (mm)

Figure 2. Prepared Subgrade CBR Profile with Depth Typical Pavement Test Section
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Figure 3. Gradation Curve for the CA-6 Unbound Pegate Base
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Figure 4. Modified Proctor Moisture-Density Reslitisthe CA-6 Base Aggregate

REPEATED LOAD TRIAXIAL TEST RESULTS
Fine-grained Subgrade Soils

A series of repeated load triaxial tests were cotetl next to determine resilient
modulus properties of the subgrade soil at OMC @mdhe wet of optimum conditions
corresponding to the target CBR of 4 and below.e $bil samples were compacted to
prepare cylindrical test specimens 5.1 cm in diamley 10.2 cm high. Using pneumatic
type repeated load triaxial equipment, the speceveere first conditioned by applying
200 load pulses at 41.4 kPa deviator stress. Arhaneload pulse was used with load



duration of 0.1 seconds and rest period of 0.9rs#xgimilar to the AASHTO T307. No
confining pressure was applied on the specimenslid@eally, confining pressures
acting on top of pavement subgrades are generaly Vow. Accordingly, the
unconfined conditions on the test specimens sirdlgtossibly the worst loading
conditions in the field. After conditioning, the espmens were subjected to pulsed
deviator stress levels of 13.8, 27.6, 41.4, 5529,682.7, 96.5, and 110.3 kPa,
respectively. Each stress level was applied 10fdiand the resilient modulus was
calculated based on the last 5 cycles.

Table 1 lists the applied deviator stresses andnnesured resilient modulus properties.
The resilient modulus and deviator stress relalignss are shown in Figure 5. The
resilient moduli generally decreased with the iasieg deviator stresses, which is in
accordance with the stress-softening behavior wé-§rained soils characterized by
Thompson and Elliott (1985) using the bilinear apgmation model.

Multiple regression analyses were also conduct@tyube test data to characterize the
nonlinear modulus behavior by the 2002 Design Guelel (NCHRP 1-37A, 2004).
Table 2 summarizes the 2002 Design Guide nonlineaatulus model parameterk;)
and the high correlation coefficients?, Rvhich indicate an overall reasonably good fit.
These resilient modulus model parameters are thgrade soil inputs needed for the
2002 Design Guide Level 1 flexible pavement mecttamanalysis and design.

Table 1. Soil Resilient Modulus Test Results Ol#diat Four Moisture Contents

Optlmun_ﬂ water Achieved water Achieved water Achieved water
content =11.2% ~ ~ ~
. content = 13% content = 14% content = 15%
Maximum . . .
dry density Dry densﬁzﬁ Dry denSI% Dry denS|tr)T/3‘
~ 10.3 KN/ M =19.0 kN/ =18.5 kN/ = 18.4 kN/
Deviator | Resilient| Deviator | Resilient | Deviator | Resilient| Deviator | Resilient
Stress | Modulus Stress | Modulus Stress | Modulus Stress | Modulus
(kPa) (MPa) (kPa) (MPa) (kPa) (MPa) (kPa) (MPa)
7 60.3 6 45.0 6 32.3 6 27.0
12 51.3 20 29.8 20 21.2 20 14.9
29 45.2 33 26.0 32 17.6 46 9.8
48 43.4 47 25.4 46 17.4 55 10.9
63 47.1 60 26.0 60 17.2 63 12.0
89 46.8 79 26.1 79 17.9 77 13.0
100 44.0 96 28.4 93 16.1 91 12.8
118 40.7 110 29.3 104 14.2 104 13.3
Base Aggregate

Repeated load triaxial tests were conducted on GAe6 aggregate material to
determine its resilient modulus properties follogvithe 15 AASHTO T307 stress states.
The specimens were compacted at the field moistaméent and dry density of 5.0 % and



21.6 kN/ni, respectively. To obtain the model parametersks and K; of the different
characterization models (see Equations 1, 2, anth8)resilient modulus models were
expressed in logarithmic relationships to transfdime power functions into linear
expressions having three separate terms. Multipkal regression analyses were then
performed to determine the model parameters anctlaevthe resilient modulus
prediction models given in Equations 1 throughTable 3 summarizes the parameters
(Ki) of the different nonlinear resilient modulus misdand the very high correlation
coefficients, R. Figure 6 shows graphically the increasing restlimoduli with the
increasing deviator stresses at each of the finéirdag pressure levels (21, 35, 69, 103,
138 kPa) applied following the AASHTO T307. Theghicted resilient moduli from all
three models matched very well with the measursiieat moduli.

100
€ Opt. moisture content = 11.2 %, Max Dry Density9;3LkN/n?
W Moisture content = 13 %, Dry Density = 19.0 kR/m
80 A
& A Moisture content = 14 %, Dry Density = 18.5 kR/m
=3 X Moisture content = 15 %, Dry Density = 18.4 kR/m
E
= 60 &
e]
o
= *
5 " ¢ 03 .
G 40 *
Q
o A
O T T T T T
0 20 40 60 80 100 120

Deviator Stress (kPa)

Figure 5. Soil Resilient Moduli Characterized bg 8ilinear Model

Table 2. 2002 Design Guide Model Parameters for&erizing Soil Resilient Moduli

Optimum water . . .
2002 Design | content = 11.294 Achleved_ water Achleved_ water Achleved_ water
; . content=13% | content=14% | content=15%
Guide model Maximum d . d . d !
parameters | _arydensy | Y SeTS | Oydeneiy | Oy
=19.3 kN/ m - - -
K; 0.312 0.088 0.096 0.022
K, -0.220 -0.542 -0.409 -0.812
Ks 0.468 1.667 0.698 2.560
R? 0.81 0.99 0.94 0.94




Table 3. Base Aggregate Resilient Modulus ModebRaters

. Witczak-Uzan 2002 Design
Resilient modulus model Uzan (1985 Universal (1992) Guide
Ky 3.826 (MPa) 0.665 0.101
Model parameters K, 0.849 0.849 0.791
Ks -0.196 -0.196 -0.478
R? - 0.997 0.997 0.990
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Figure 6. Performances of the CA-6 Base Aggregatalient Modulus Models

SUMMARY

This paper was intended to present a methodologyoonto collect key geomaterial,
i.e., subgrade soil and base unbound aggregatat ogga for mechanistic pavement
analysis through proper laboratory and field testiperform material characterizations,
and control field soil properties during pavememnstruction. Full-scale flexible
pavement test sections, geogrid reinforced andinforeed, were recently constructed at
the University of lllinois Advanced Transportati®esearch and Engineering Laboratory
(ATREL). To validate a recently developed geogethforced pavement mechanistic
response model as well as to develop traffickingepgent distress models for typical low



volume roads with no subgrade improvement, the deg California Bearing Ratio
(CBR) was maintained at 4% or lower throughout tlest sections. This brought
challenges to the project for constructing and rtmoimg the high moisture content and
low strength properties of the soft subgrade caomalt A series of laboratory and field
tests were conducted to characterize the pavensemhaterials before, during and after
pavement construction. Compaction efforts were tooed in the field with Dynamic
Cone Penetrometer and nuclear density gauge measu®e Repeated load triaxial tests
were conducted in the laboratory to determine isrgilmodulus properties of subgrade
soil and base aggregate. Proper modulus charzatien models were developed based
on the laboratory test data to provide model patareeas key inputs for mechanistic-
empirical pavement design procedures, such as@@2 Pesign Guide Level 1 flexible
pavement analysis, which utilizes the finite elememdel and requires the nonlinear
resilient modulus model parameters obtained fragneesion analyses of the test data.
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