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CHAPTER 1: INTRODUCT ION

Unboundaggregate pavement (base/subbklsers araisuallyconstructedising locally available
aggregate materials to avoid material transportatosts. As these layers primarily rely on aggregate
interlock for their shear strength and modulus propediegree of compactidargely governsgher
behavior under loading raditionally, densegraded aggregates are use@onstruct pavement
basésubbase layers, which serveaanajorloadbearing layer irconventional flexible pavement
structuresHowever,mechanical properties (such as shear strength and resilient maafwessegraded
aggregate layeitend tobe significantly affected under fluctuating moisture conditions. The shear
strength of theskyers may be substantially reduaedier high moisture conditions, making them prone
to severe permanent deformation oemgheafailure. Moreover, recurrent freezthaw cycles can
drasticallyundermine the stability (under loadingf)a wellcompacted densgraded base/subbasger.
For use in unbound granular pavemiengers,Open-Graded ggregatd OGA) materials camawe
numerous benefits ovéneir densegraded counterparts. The low fines content, for examgdaits in
better drainage characteristics making the layer muclsles®ptible to moisture-induced and freeze—
thaw+elated damagéd-urthermoreQGA layers ofte have larger togizeswhich contributes to
increased shear strengthder welleompactedonditions.

Despite their numerous benefits, leragnd shorterm performancef OGA materials as basibbase
layers has not beénvestigated thoroughlimited number of research publications héaeused on the
performance 0©OGA materials as base/subbase layers. One of the most likely explanations ithvelves
lack ofstandard compaction and construction specifications for these mateaianaterialspresent
significant challenges whendbmes to density-based compaction control. Although the compaction
process isimilar tothat for densegaded aggregate layers (vibratepmpaction), largeoid-spacesn

the aggregate matrix makesitu densitymeasurements virtually impossible; conventional density
verificationtechniques such as the nuclear density gauge are impractical. Settigsa target during
field compaction is quite challenging in such situatiétether than attempting to satisfyyaarget
compaction-contratriterion, the current practice is to compact these layers using rieaied
approaches. For example, some highway agency specificegiguise these layers to be compacted “to
the engineer’s satisfactionSome others, on the other hand, specify a certain number of passes of a
vibratory roller compactor befo@n OGAlayer is considered to be ‘satisfactorily compactédsviously,
such compaction specificatiods not ensure adequate performance of the layer loatting ancheed

to be updatedeflectionbased compaction control can be a suitable alternative for such layers as it
would also give an indication regarditayerperformance under loadinghis research report documents
findings from a recently completed research study conducted in collaindnatiween the Interlocking
Concrete Pavement Institti®undation(ICPIF) andOklahoma State University, aimedd&velopng a
deflectionbased compdion control protocofor OGA base/subbase courses

RESEARCH OBJECTIVE AND SCOPE

Theprimaryobjective of this research was to develop a mechdngised compaction assessment protocol
for OGA base/subbase courses used under permeable pavarhenimasaccomplished by studying the
packing characteristics ofo different OGAmaterials conforming to ASTM # 4 and ASTM # 57
specifications, respectivelynder different compaan conditions. Portable Impul§date Load Test
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Devices (PIPLTD), such as thight Weight Deflectometer (LWD)ereusedas the deflection
measurement device of choice in this study. Technicatly, WD, as defined in ASTM E2583, must have
a load cell taneasure the load levels applied by edidp. A PIPLTD, on the other hand, is amnmo
generic categoryéfer toASTM E2835 and does not haveraquirement regarding load cells. The
current research effort uses devioédoth types (with and without load cellshérefore, the devices
used in the current studigchnically fall undertte PIPLTD category. Nevertheless, as it is comimon

the engineering community, both device types have teferred to in thiseportas LWDs. Multiple

LWD unitswereutilized in this research effort to ensure the research results, as welasped
compaction protocsiweredeviceagnostic. Thistudy used an integrated approach including extensive
laboratory testing, numerical modeling, and fidhle pavement tesgrio accomplish the overall research
objectives.

The léboratory testing phase in this studyolved aggregateesting at two different scalésr two
phasesjo evaluate how the behavior ©fGA materials ould be affectedy testing boundary conditions.
The first phase involvesmaltscale testing insideonventional and customadeProctor moldsThe
objective was to develop a laboratory testing protocol that can be useatdow local highway ageries
to establish targatompaction conditiomifor OGA materials of interest. These laboratory test results can
then be used asferenes during field construction. The second phafdaboratory testingnvolved
intermediatescale specimeriaside a wooden boaf dimensions1.2 m x 1.2 m x 1.2 nOGA materials
were placed in this box to construct layers of diffethitknesses amndere compacted using different
number of passes of a vibratory plate compactor. LWD tests were conduetezhah compactive effort
to track the evolution of packing in the aggregate layer, and the subsequerdreffé¢D-measured
surface deflectiong he objectiveof intermediatescale laboratory testing wasassestiow they
compared against the smaflale results, anghetherthe intermediatescale test saip was sufficiently
large to eliminate boundary conditions during testififfee frombourdary effects, the intermediate
scale test results can give a picture ofakpected OGA layer behavior in the field under different
compaction conditions.

The fieldtesting effort involvedonstruction a fulscale pavement section with multiple test cells, where
OGA materials were used to construct base/subbase layers of different thiskardgbeir compaction
behavior was studied through LWD testing after different number of vilgradter passeslhe test cells
were constructed to represerffelientthickness combinations commonly used in the construction of
permeable pavements. Different lift thicknesses were incorporated intorigteuction plan to identify
any effect of lift thickness on compaction evolution in OGA materidis. subgradeonditions were
varied bytargeting a certain degree of compaction for half of the cells, andewfyspg any subgrade
compaction criteria for the remainder. Similadygeotextile was placed at the subgradebase interface
for half of the cells, with no geotextile placement for the remaind#D testing was carried out on the
subgrade as well as the aggregate lifts after each pass of the compactor to stimylhbi-measured
surface deflections were affected by different construction variables.

This project also involved a numerical modeling task to study the compaatblution inOGA materials
usingtheDiscrete Element thod(DEM). The DEM work involved simulation of LWD tests on OGA
materials placed in a custemade large Proctor mold. Rdts from the DEM work has been included as
a stanealone research manuscript that will be submitted to a journal (seediggeof this report).
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Successful completion dfis multiphasedtudy and implementation of the newly developed compaction
control methodology will facilitate the construction of befterformingpavement base/subbase courses
using OGA materials. This research's primary outcamds a recommerdl testing approach for
compaction control opavement base/subbdagers using OGA materials.



CHAPTER 2: LITERATUR E REVIEW

Pavement unbound layers, e.g. subgrade, subbase and base, provide foundation sungpibr¢ durfae
layer construction, and impart strength and stability to the pavemectiusé underepetitivevehicular
loading. As the subgrade and base/subbase layers are mostly constructed ubiray#iledile soils and
aggregates, stability of these layersagiyedepends on construction practices, particuldrdegree of
compaction. Quality Control and Quality Assurance (QC/QA) practicasntoound pavement layer
construction have traditionally been based on target density value® fEnget density values are
calculated as certain percentages of the maximum achievable densities establigteedi¥en materials
through laboratory testing. The most common examples of laboratory compadsandkesle: the
standard and modified compaction methods, also referred to as the Probmmisnktplace densities of
the unbound layers being constructed are determined usthgandensitygauges (NDG) or other
acceptednethods (e.g. the sand cone method). Th®dne densities are then compared against thetta
density values established through laboratory testing.

However, such densityased compaction control has several limitations. For example, the NI2EsLi
probe with a radioactive source, and requires adherence to complex safltyoegfor, storageand
transportationOn the other hand, the sand cone method is time-consuming, and is not éxpedien
Moreover, density is not a mechanistic property directly used in the designalysisof pavements.
Although several researchers in the past have correlated higher densitiesuiaduialyer stiffness or

resilient modulus improvements (Rowshanzamir 1995; Tutumluer and Seyhan 1888niatie

empirical (M-E) pavement design methods do not consider soil/aggregate layer density as a nechanisti
input parameter.

The resilient modulus on the other hand, governs the nature of stressidissipdtresulting strairia a
soil/aggregate layer under loading, and is therefore an essential inmedbanistic analysesnd

performance predictioof apavement structure. This fact alone has made the alternative of measuring in
situ layer modulus very attractive for pavement designers. Nevertheless enprinthary challenge is
developing related construction specifications that incorporate thenileation of field modulus values

for soil subgrades and pavement layers.

The need for developing specifications for compaction control is moreatfitr OGA materialswhere
traditional density measurement approaches such as the ‘backscatter’ modeasfaensity gauges
presents some potential for variability from the nature of theAksst, it is important to note that it is
‘nearly impossible’ to insert the probe of a nuclear density gauge into an &@#A8By contrast,
compaction control specifitians developed based on deflection (or stiffness) criteria can be patfticul
useful. Ultimately, the ‘stability’ of a constructed unbound layeeflected through the amount of
deformation (elastic or plastic) it undergoes under loading.

Therefore compaction specifications based on deflection criteria can be more easdd telpavement
performance under loading compared to density-based specifications. Adopteftecfionbased
compaction control specifications will be particularly benefitbahe design and construction of better
performing pavement unbound layers. Theghtt-WeightDeflectometer (LWD) is one such device that



can be used to measurepilacedeflections andyermodulus, and can be used for compaction quality
assurance without excessive delay to construction activities.

THE LIGHT WEIGTH DEFLECTOMETER AND ITS W ORKING PRINCIPLE

The Lightweight Deflectometer (LWasfirst developed in Germany with the aim of easily measuring
the insitu modulus of highway materials. In the US, several state Departmentmngpartation (DOTS)
such as Florida, Indiana, and Minnesota have recently adopted compactionsuetifidations fo
densegraded aggregate base layers using LWDs. Recently, Schwartz et al. (2@ @pelda new
specificationfor consideration by the American Association of State Highway and Traasport

Officials (AASHTO)for using LWDs for compaction control of subgrades and dgresed aggregate
layers.

Basic Featuresof an LWD

Different types of LWDs are available and show similesiin the mechanics of their operation
irrespective of minor design and operational differences. Becausdighitaieight, porability, and ease
of operation, the LWD has become a device of choice fsitinlayer modulus measurement on soils and
aggregates. Researchers in the past have reported that LWD devices from diidengfacturers give
slightly different results depending on their inherent design and operalifieatnces (Puppala 2008;
Ryden andMooney 2009; Vennapusad White 200¥. The LWD is also referred to agpartablefalling
weightdeflectometer (PFWD) because of similarities in operational princigieesenthe two devices.
Figurel shows the schematic diagram of a typical LWD device; The equipment has three major
components: (1) drop weight, (2) loading plate, and (3) geophonevdigbt release, fix-andfelease
mechaism at the top helps to hold the drepightat a certain height before being dropped. A buffer
system is used on top of the loading plate for facilitating unifoamsmission of the stress pulse
generated from the dropping mass.

(——f=—Weight Release

r—0uide rod

Drop Weight

------- Rubber Buffers

~Load Cell
Geophone st

—~—Communication port

“Hw—Loading Plate



Figure 1. Schematic of a typical LWD device (Vennapusa and White 20D

Some of the original LWD devices used around the world were Prima 10(RthEclundation Tester
(Rogers et al. 1995), The German Dynamic Plate Bearing Test (GDPp(&wall1991), and the
Loadman (Gros 1993). Inherent features of these devices, and their adequasytéolayer modulus
measurement were studied by several researchers (Flemming et al. 2000; MoariZ308t ahd George
2006). These earlier versions of LWDsed a velocity transducer (or geophone) for deflection
measurement through single integration of the velocity measured on theesoirthe layer being tested.

Over the years, several other companies have started producing LWD systems commireidiyices
that are readily available in the US are those manufactured by Dynatestaflorp®Ison Engineering,

or Zorn InstrumentsTable 1 lists the typical features of th&¥®Ds used byesearchers and/or
practitioners. Among several differences betw the devices as listed in Table 1, it should be noted that
the Zorn does not directly measure liteed being applied by the dropping mass. The Dynatest and the
Olson devices, on the other hand, use load cells to measure the applied forces.

Table 1. Features of LWDs Most Commonly Used in the United States

Manufacturer Dynatest Olson Zorn

Plate Style Annulus Plate Plate
Plate Dia (mm) 150, 200, 300 100, 150, 200, 300 100, 150, 200, 300
Drop Mass (kg) 10, 15, 20 3.6, 10, 15, 20 5, 10, 15

5 (kg) 35cm, 10 arib (kg)
72cm and 54cm (200mm dia)
All are Nominal Exact Height is
Set by Calibration
Damper Rubber Steel Spring Steel Spring
No (Based on Calibrain of

Drop Height (m) Variable 600mm (max)

Force Measurement Yes Yes (Load cell) Drop Height)
Platg Response Geophone Geophone Accelerometer
ensor
Impulse time, ms 15-30 16 nominal (1820) 15.5 (nominal)
Max Load (kN) 1-25 1.7-13.8 3.5-10.5
Contact Stress User Defined User Selectable Varies by Height and Weight
Poisson’sRatio User Defined User Selectable Fixed -0.5

LWD Working Principle

The LWD is a dynamic plate load testing device which can be used to determine thesnodd
pavement unbound materials such as subgrade soils or base aggregates. This [syssesrpase load
to a diskshaped steel or aluminum plate. Once the drop weight is released, it hits adaphipgt unit
which is attached to the plate in contact with ground. The plate and the grountbgeter in a coupled
model which is analogous to a two degredreédom masspringdamper systenkigure2 presents a
schematic illustrating the mechanics of interaction between the LWD and thnel gnardiace during
impulsebased modulus measurement.
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Figure 2. Twodegrees of freedonsystem representing LWDground movement
(Schwartz et al. 2017)

The velocity sensor/geophone measures the ground movement and load ceksrtbadoad imparted
by the falling weight. LWDs have different types of sensors at difféoeations. The maximum
displacement of the ground surface after each drop is calculated by meanklefsttmyle integration of
the acceleration/velocities. Some of the LWDs available in the market @ @néhmanufactured by
Dynatest) provide adiibnal geophones to measure the surface deflection at fixed radiakdftsm the
center of the loading platBigure 3shows example loagnd deflection- time histories obtained during

LWD testing of geomaterials (soils or aggregates).

Time History

Deflection &
Load

0 .
Time (ms)
e | 00 (KN % 49.4) == == . Deflection (Micron)

Figure 3. Example of load and deflection time history obtained during LWD teting of geomaterials

Modulus Calculation Technique

A velocity sensor/geophone measures the ground movement, and a load cell niieasoaelsapplied by
the falling weight. e of the LW (Zorn) used in this study does not have a load cell to directly
measure the force being applied through the dropped weight. Rathegstghlished calibration is used
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to “estimate” the force based on the drop height. The dedomaximum surface displacement
corresponding to the maximum applied force is used to calculate the sagfacenbdulus. The formula
used to calculate the modulus of the LWD tested layer is derivedusing Boussiness) principle (see
Equation 1).

In Equation- $LV WKH VWUHVV GLVWULEXWLRQ HDFOARWH ULIMEIK\H DRILG/ N
stiffness of material which is the ratio between peak load and peak aefleatues measured under

particular dropof the massEquation (1) was developed assuming the testunetdi be lineafelastic,

isotropic, homogenousndsemiinfinite. The shape factor to determine the contact stress distribution

between the plate and soil is assumed with the Poisson’s ratio. The strasgtidisttinder the plate can

be defined as a function of plate rigidity and soil types (Terzaghi 8926). Whit et al. (2007) listed

the shape factor values for different conditions. Figushalws the stress distributicharacteristic$or

different types of soils and loading platEmfortunately, no such shape factor was found in the literature

for OGAmaterids.

Shape factor
Plate Type Soil Type Stress Distribution (H

" Clay (elastic Inverse l | v .|; |
Rigtd material) Parabolic /2
Rigid Cohesioness Parabolic g hlh }}3 8/3
= sand

Material with Inverse
Rigid intermediate Parabolic to AU m/2to 2
characteristics Uniform - LA
Flexible Clay (el_astlc Uniform 2
material) \

g Cohesionless T i
Flexible Sand Parabolic Q‘r | V 8/3

Figure 4. Stress distribution factors for estimating LWD modulus value (Wite et al. 2007)

Schwartz et al. (2017) performed LWD tests directly on Proctor molds tdisistearget field modulus
values at a givesoil moisture contentde used LWD plate diameters that were slightly smaller than the
diameter of the Proctor mold. In this case, the equation used to measure thesrnbdehse-graded
aggregate materials inside the mold was derived from the theory ofigfdsti a cylinder (elastic
material) with a constrained lateral deflection, as shown in Equation-2.
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+HUH LV WKH 3 Rslihe\niI@gneiditDONG the phatelor mold diameter, k is soil stiffness
(ratio of peak force to peak deflection).

LWD-measured modulus values in a Proctor mold can be different from the resiiéulus test results

for three reasons: (a) differentedts paths in the two tests ($égured); (b) assumption of Poisson’s

ratio during LWDbased calculations; and (c) difference in the type of stranglmeeasured: resilient

strain measured for Mcalculations, vs. total strain measured during LWD measurements. During

resilient modulus testing, a constant confining pressure is applied tiouue testwith that, axial

deviator stress is applied, WAIK LQFUHDVHYV WKH FRW RL IR D) BQhNDE) M WU HV V
RWKHU KDQG GXULQJ /:" WHVWLQJ RQ MRS WRRWD KO,)BRIDDIOQ Y YU BUW
zero and rapidly rise to its maximum value. These differences areateginFigure5. Although those

tests are different, researchers correlated theiti LWD lab modulus for the denggaded aggregates

materials (Schwartz et al., 2017, Jibon et al., 2020).

LWD on Mold Triaxial Resilient Modulus (MR) test
800 - 800
600 - ~--ol L 600 F  __e-="TT
2 % s | W
9400 + a 400 |
& w27 & ---01
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s Eo— o
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-+ -+
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- 5 1-g1 -
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Figure 5. Stress path difference in LWD test on mold versus M(Schwartz et al. 2017)

ESTABLISHING BENCHMARK VALUES FOR FIELD LWD TESTING

LWD testing of a geomaterigkovides a deflection value either through direct measurement or through
single/double integration of geophone/accelerometer measurermarteflection of the layer can be

used to calculate a layer modulus value. However, to jus@ynusechanistieempirical pavement

design and analysis approaches, it is important for WBimeasured modulus values to be first
compared against more standard methods of modulus measurement. Severalef#egarichthe past

have focused on larger smaltscale tests in the laboratory to establish the modulus values for soils and
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aggregats, which can then be used as references/benchmarks against which to compare the LWD
measurements.

Unbound materials subjected to trafficduced stress pulses experience elastic and plastic deformations
which are commonly known as ‘resilient’ and ‘permanent’ deformations in paveapplications,
respectively. The response of a typical unbound material after being sulbjectexicycle of pulsed

loading is shown ifrigure6 (Mishra 2012). These resilient and plastic components of total strain depend
on several factors such as number and magnitude of traffic load applicatiodspspa#ic operation,
thickness of underlaying and overlaying layers, quality of material§ eé&caccumulation of plastic strain
gradually decreases with the number of load applications for typical unb@iadats during the

pavement service life.

Generally, wellcompacted unbound layers become stable during the construction phase, and all
sulsequent loadings lead to eladdieformations. Ideally, a wetlenstructed pavement layer does not
accumulate any permanent deformation during repeated traffic loading/s iwlai key assumption
inherent to mechanistic empirical pavement design. Pavement ME considegtastityresponse of

materials for predicting critical pavement response parameters.
A

Stress

i
Eal

Strain
Figure 6. Stress strain response of unbound material under one cycle of loading
(Mishra, 2012)

Resilient Modulus is a fundamental material property defined as the fatieak deviatoric stress to
recoverable strain under repeated loading.

Figure7 shows a typical stresdrain plot to define the concept of resilient modulus. Soil characterizat
under repeated loading helps understand material behavior under differenfisids, and facilitates
accurate, mechanidzased pavement analysis fitavement response calculatidine resilient modulus of
unbound materials is determined in laboratory through repeated load tigskilag). AASHTO T-307 is
the most commonly used laboratory testing procedure to establish the resiientisnvalues fiosoils

and aggregates. Cylindric@stspecimens are subjected tidefen different combinations of axial and
confining stresses during this test, and the resilient modulus valuegoortas) to each stress state are
calculated.
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Figure 7. Graphical representation for defining Resilient Modulus of unbound méerials
(Tutumluer, 2013)

It is important to note that the resilient modulus of a soil or aggregat¢ dsaonstant value and is
dependent on the stress states applied to the specimen. Typically, unbgnegaiteg exhibit stress
hardening behavior, whereas subgrade soils extileisssoftening behavior. Therefore, if the resilient
modulus value of a constructed soil or aggregate layer is to be measured in thiedfisicesslependent
nature of these materials must be considered. If an LWD is used in the field toerthasuplace
modulus values, the LWD-measured modulus has to be compared/correlatecksilitre modulus of
the same material measured in the laboratory.

The resilient modulus value of a soillaggregate is significantly affectedumral factors includg
moisture content, particle size distribution, type and amount of fines, ekarplLet al. 2000; Hopkins et
al. 2004; Gupta et al. 2007 and Cary and Zapata 2010). However, routine resiliemis testing is
performed at optimum moisture content omlyaccordance with AASHTO-B07. Schwartz et al. (2014)
evaluated the predictive capabilities of nine resilient modulus congtituibdels and empirical
predictive models for cohesive and roohesive soils. Statistical analysis of accuracy and bias of the
predicted moduli at different moisture and density conditions showedthatturacy of prediction was
far away from acceptable. Accordingly, these constitutive models cannot be estidiate target
modulus values for LWpased compaction quality mwol (Schwartz et al. 2014).

LWD Testing on a Proctor Mold

As the repeated load triaxial testing to determine resilient modumsesonsuming and complex in
nature. Most of the State DOTs do not perform repeated load triaxgabteatregular bas Therefore,

this requires an alternative way to establish the resilient modulussvaf unbound materials in the
laboratory. Nazarian et al. (2014) conducted a survey of highway agenaiepéotments of
transportation) of all US states and Canagligovinces and reported that only seven (7) agencies out of
the twentyseven (27) respondents, reported using repeated load triaxial testatgititsh the resilient
modulus values of soils and aggregates. That survey results from responderdwaria sh

Figure8.
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Figure 8. Different methods used by state DOTSs to establish modulus values fravement unbound
materials (Nazarian et al. 2014)

Selecting Target Moduli from LWD Test on Mold

Schwartz et al. (2017) explaitige proceduréo establish a target field modulus value to facilitate LWD
based compaction quality control of soil and aggregate layers. They comgetadens inside a 150

mm diameter Proctor mold under 3 to 6 different moisture conditions as per AABHBOLWD testing

was conducted on the specimen after compaction and a modulus value correspordingrioisture

content was established. They studied the stress dependency and moisture dgjpétldematerials

during this effortTable2 shows the different drop heights which were considered during LWD testing on
the molds to evaluate stress dependency of the materials.

Table 2. Different Drop Heights for LWD Tests on Proctor Mold (Schwartz et al. D17)

Drop Height| Zorn | Dynatest| Olson
(cm) | (cm) (cm)
h7 25 |25 2.5
h8 5.1 |5.1 5.1
h9 76 | 7.6 7.6
h10 10.2 | 10.2 10.2
h1l 12.7 | 12.7 12.7
h12 31.8|17.8 21.6

A total of 6 drops at each drop height was performed. The maximum load appéadhbikWD and the
corresponding peak deformation for last three drops were averaged, and tihesratlies were
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calculated using Equation (5). The Coefficient of Variatio®Y of deflection values from the last three
drops were calculated; any data with COV > 10% was excluded from targeli nadulations.

The results from the LWD testing in Proctor molds can be plotted similae typical moisture-density
curves (se€&igure9). As seen from the figure, the LWD-measured modulus values vary with coompacti
moisture content, and the modulus vs. moisture curve followedi-almped curve just like a typical
moisturedensity curve. This “modulus growth curve” can be used as a reference, aranepaztentage
of the peak modulus value can be used as a threshold value while checkingtiocongpedity in the

field. It shoud be noted that Schwartz et al. (2017) advised the practice of cautienpa&tiorming

LWD tests on Proctor molds with compaction moisture contents signiffognaater than the Optimum
Moisture Content (OMC). Such high moisture contents can resulbstantial permanent deformation
and excessive drainage of water from the mold. Moreover, the LWD drop weighteeta excessive

pore water pressures resulting in very high LWD modulus values.

130 14

128
12

10

Dry Unit weight (pcf)
LWD Modulus (ksi)

114 / —a— Compaction curve

112 / —8—Modulus Curve

3 4 5 6 7 8 9 10 11
% Moisture Content

Figure 9. Variation of LWD modulus on mold and dry density with moisture content for a typical
soil type

Free-Free Resonant Column Test

Another approach available to establish reference modulus values farsbaggregates in the
laboratory involves the performance of the Reso@aumn Test. In this test, a cylindrical specimen of
the aggregate/soil is impacted with a hammer mounted with load cell andeter@reter placed on top
of the specimen. When an impulse load is applied to specimen, seismic energy wighrange of
frequency propagate within the specimen. Energy associated with one orenoenfries are trapped
and resonate depending on dimension and stiffness of specimen. Modulus of therspaciime easily
determined using following Equation (6) if the resorfegquency is known (Richart al. 1970).

= 3 A T ©)

Where, Biis resonant frequencygis wet density of specimen,is length of specimen and, , ¢ i the
FreeFree Resonant Column (FFRC) modulus. Nazarian et al. (2003a) repattatbttulus values
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obtained from FFRC tests can be directly related to seismic modulus valuesetesssng the Portable
Seismic Pavment Analyzer (PSPA) without a complex transfer function for analyzing atiierdase
types Nazarian et al. (2014) conducted FFRC tests on every specimen prepareddat nsiulus
testing. Performing both tests simultaneously will allow highwggnaies to develop a database for
construction quality control (Nazarian et al. 2003b).

Selecting Target Moduli from Structural Model

Nazarian et al. (2014) discussed a detailed procedure to establish fieldnadgéis values using a
calibrated structural model. The first step in this approach involvestegpbload triaxial testing to
establish the resilient modulus properties in the laboratory and fittngpst results with commonly used
stressdependent resilient modulus equations. The model dessithus established can then be used to
calculate a representative resilient modulus value under typical stresespeBeenced by geomaterials
during LWD testing. They determined the target surface deflectiolesydbr an LWD using by assuming
a nominal load of 1200 Ibs applied to am8h diameter plate.

FIELD EVALUATION AND VERIFICATION

Once the target modulus values have been established through extensatetalbesting, the next step
involves testing either in larggcale test pits or in actual constructed pavement sections. The objective is
to assess the practicality and repeatability of the test devices in actualciimsipractice, to estimate
spatial variability of moisture, density and modulus, and to validate the prokcesget modulus
determination under actual field conditions. Schwartz et al. (2017), for the pwidcsd verification,
selected a particular project in the field, and performed all relevargggiégate testing in the

laboratory. Each site was approximatBB+200 feet long. The testing locations used along a compacted
lane are shown in

Figure 10 These compacted lanes were dived into thredands and WD tests were performed in the
middle of each sub lane at 5 to 10 ft. intervals.

L
-
[
|
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=] 1 T

100 ft.

Figure 10. Layout of test station along a compacted lane and station plan (Schwagtal. 2017)

Besides the LWD testaycleardensitygauge and moisture content tests were also carried out. The
moisture content measurements helped to control moisture during constructiethdt several
researchers in the past have reported significant effects of moisture comerduns values (Rid¢ar
2006; Cary and Zapata 2010; Seikmeier 2011and Mazari et al. 2014). Therefonesenwaistent
measurements are critical to facilitef appropriate interpretation of the LWD measurements.
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COMPARING THE PERFOR MANCES OF DIFFERENT LWDS

Schwartz et al. (2017) compared the performances of different LWD typeqiibed istudy. LWD tests
were performed at different locations within a test section, including, eggter, and different offset
locations. The testing spots were always 1.618m away from the edge of the road to avoid any
boundary effects during testing. The standard deviation in moduli measuréy&ais), Olson and
Dynatest LWDs were calculated to show the spatial variability in measuredusadllies. They
reported highst spatial variability for the Dynatest LWD at the selected sites. The foMe Dynatest
LWD varied between 15 to 95% for subgrade soils, and 14 to 86% for the basalsiakenong the
three LWDs, the Zorn LWD showed lowest variability which was 10 to 80% for suévgmls, and 12 to
39% for the base materials.

Table3 lists the modulus values measured using the different LWDs, and thesmandig spatial
variabilities. The Dynatest LWD was found to be the most sensitive to timg drfythe compacted

surface due to evaporation of moistagencreasing trends in moduli with passing time were recorded.

Table 3. Variation in Moduli Measurement for Different LWDs (Schwartz et al. 2017)

Zorn LWD Dynatest LWD Olson LWD
Layer Parameter | Modulus | COV Modulus | COV Modulus | COV
[MPa] [%] [MPa] [%] [MPa] [%]
Subgrade | Min. 10.4 10.2 11.2 15.2 19.3 15.5
Max. 82.2 80.2 355.9 95.0 101.5 71.5
Avg. 39.7 33.1 96.5 54.8 51.8 34.8
Base Min. 35.1 12.5 45.6 13.9 46.8 11.2
Max. 73.3 38.8 152.3 85.7 82.8 33.6
Avg. 56.6 215 97.9 35.9 63.5 25.9

The LWD testing was performesh OGAsin the following sequence to investigate the effect of
additional compaction imposed by LWD drops and repeatability in modulus measurements.

(a) Six drops from half height or lowered drop height

(b) Six drops from full height on the same location as stefteout moving the LWD plate

(c) Six drops from the same half height on the same location as step a without rhevivVyD
plates.

In each of cases, three seating drops followed by three measuring dropslpvetecused to determine
the modulus values. The moduli measured from steera referred to as “first half height drop moduli
and moduli measured from step ¢ were referred to as “second half height drop ni@dblé lists the
correlation between first half height drop and second half height drop moddiwiitnthe average
Percent Compaction (PC) values at each site.
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Table 4. Correlation between Moduli at First Half Height Drop and Second Half Height Drop for
Olson LWD (Schwartz et al. 2017)

Location and Soil Round of Correlation 2 o
Type Testing (intercept=0) R Average % PC
Virginia, Phenix | 4 y = 0.9685x 0.478 96.8
subgrade

1 y = 1.2132x 0.956 98.6
MD 5 subgrade 2nd y = 1.0497x 0.890 98.4

3¢ y = 1.0667x 0.877 98.8
:\6"15;37' deep GAB | 4« y = 1.1383x 0.196 98.0
MD 404 subgrade | 1% y = 1.2735x 0.993 N/A
MD 404 GAB 1 y = 1.2326x 0.755 90.2
New York Lift 1, 1% y =1.2481x -0.279 84.8
embankment (local | Lift 2, 1% y =1.4127X 0.299 83.2
subgrade) Lift 2, 2 y = 1.1566X 0.369 83.2
Indiana, cement " _
modified subgrade 1s y =1.0217x 0.916 N/A
Indiana, GAB 15t y = 1.158x 0.934 N/A

. . 1st y = 1.1556x 0.786 100.0

Missouri, GAB ond y = 1.0318x 0.924 99.5

Summary of the correlation equatioris{ = Jwith the corresponding coefficient of determinatiofl) (R
values have been listed in Taldley and x represent modulus values from second half drop height and
first half drop height, respectively. For the Olson LWD, the second higifth@odulus values were 3%

to 15% more than thérét halFheight modulus for weltompacted layers; this range changed to more
than 15% for undecompacted locations. The Zorn LWD exhibited very good correlation between t
moduli from first and second half height drops, as expected. For the Zorn LWD, the oficdaiond
half-height were 2% to 20% greater than the moduli of firstheaight for wellcompacted sites with
Percentage Compaction (PC) greater than 95%. The Dynatest LWD eaXfaliite good correlation
between these two modulus values fellveompacted sites; however, the correlation was poor for under-
compacted sites.

ESTABLISHING ACCEPTANCE CRITERIA FOR LWD TESTS

Researcher have recommended that each State DOT should conduct localoratibfatd the
acceptance criteria fori&/Ewarget (@lSo known as modular ratio) for their local materials. A framework
was proposed by Schwartz et al. (2017) to find the acceptable limits of maatidaA material should
be rejected when a considerable number of field tests produce modukaotasiole of the acceptable
limits. The acceptable modular ratio value also depends on different typ®@&s. For example, for the
Zorn LWD, Eield/Etarget= 1 was taken as the threshold value to separate-undgyacted layers from
well-compacted ones. The corresponding threshold limits were approximately thé ynatest LWD
and 0.8 for the Olson LWD. Schwartz et al. (2017) recommended the following stepasbicsh
threshold values for iia/Etarget
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(a) Perform LWD testing on Proctor molds in tlaboratory to determine theagevalue.

(b) Before achieving Maximum Dry Density (MD) the field, measureskq after a few passes of
the compactor.

(c) Measure ki after achieving MDD.

(d) Determine the fgid /Ewargetfor both passing and failing conditions.

(e) Estimate the threshold which separates the field to targefoapassing and failing conditions.

If a considerable number of field Q/A tests produce modulus ratios otlisi@eceptable limit, the
materials should be rejected. TlRercentage Whiin Limit (PWL) methodology can be implemented to
establish acceptance criteria as per AASHTO®@ Based on quality index Q. This quality index can be
calculated using the following equation.

X LSL

Q g T e (4)

Where $is the sample mean for the lot/sublot, LSL is the lower specifichtiiinand Sis the sample
standard deviation for the lot/sublot. After determining quality indgxt{@ required PWL can be
estimated from the PWL estimation table for a given target sample size. Ifithated PWL is less than
the minimum number required by the agency, an appropriate remedial measutebghadoptetbr the
lots including removal and replacement, corrective action or reduced pay facto

REQUIRED SAMPLING FREQUENCY FOR LWD TEST S

Before a given agency can develop and adopt an{ba42d compaction control specification, it is
important to decide on the minimum number of LWD tests that need to loerpedffor a given project.
Schwartz et al. (2017) proposed a methodology to decide on the minimum number of t3\tBaties
should be performed. Based on the standard deviation data captured in fieldtdikiegfication phase,
they calculated the allowable error, and compared with correspondingretinerNDG data. The
minimum required sample size was calculated based-disttibution parameter as shown in the
following equation:

Where s is the sample standard deviation, t is the value from a standard’Stliggiftution table for
each confidence level and degree of freedom, and e is the acceptable error. Thenereted that each
agency should calculate the minimum required testing based on the modulasdstiaviation data for
their materials and their selected LWD devices. However, the following reeadations wer also
made.

¥ For subgrade, base and subbase compaction: divide each lane mile intosdpmrhlifitand
perform a minimum of 10 LWD tests in each sublots at random locations;

¥ For road embankment materials (1 ft. or more below the top of subgradele Bach lane mile
into 4 sublots per lift and perform a minimum of 5 LWD test per sublotnaibm locations.

Y4

17



ASTM STANDARDS CONCERNING LWD TESTING OF SOILS AND AGGREGATE S
Currently, the following two ASTM standards available concerning LWIngpsinaggregates and soils:

(1) ASTM E2583, ‘Standard Test Method for Measuring Deflection with a Light Weight Defle@pninet
This test method measures the deflection of a paved or unpaved surface with\&eight
Deflectometer. A load cell shall be used to mea the load being applied upon each drop of the
falling mass. This specification is often called a specification for a geegiipe LWD. The Olson
and Dynatest LWD types have load cells to directly measure the impact loadudagrihd satisfy
the ASTME2583 requirements.

(2) ASTM E2835, “Standard Test Method for Measuring Deflection using a Pettaplulse Plate Load
Test Device.” This method measures the deflection of a load plate res@éngpdror aggregate layer.
A velocity transducer or accelerometers is used to measure the vertical platéomefiethe center
of the loading plate. As this specification does not require the devitieetdly measure the load
being applied, the falling weight is dropped from padibrated fixed heights to staardiize the
amount of load being applied from one test to another. The Zorn LWD does not haveelllaad
meets the ASTME2835 requirements. Note that most of the states in the US that have emigdm
LWD testing into practice, primarily follow thisgemethod; the Zorn LWD is the device that is most
commonly used by state DOTSs.

The two specifications vary in several important aspects. For exampl®] E3%83 specifies that the

load pulse should have a time of loading between 20 and 40 msecs. ASTM E2835, on the other hand,
requires the load pulse to be between 10 and 30 msecs. It is important to neterifat the same peak

load level, if the pulse durations are different, it is quite posdiklsurface deflections to be different
because of theature in which energy is transferred from the plate to the underlying Teye two

specifications also differ in terms of the required precision ingberded data. ASTM E2583 requires

WKH SUHFLVLRQ RI WKH GHIOHFWLRIQ, Wht@as RETNMVEZEH ¢tjufds\W& L Q
GHIOHFWLRQ VHQVRU SUHFLVLRQ WR EH ZLWKPBHHWLBJI3SE6RPDQV
can be as much as 20 times less precise than a device meeting ASTM E2583 requirements. Thes
differences must be kept mind while the two device types are being compared.

AVAILABLE CONSTRUCTION SPECIFICATIONS UT ILIZING LWD TESTING

This section briefly summarizes currently available specifications ysstate highway agencies in the
US concerning LWD testing on constructed soil and aggregate layers.

Indiana DOT Specification

Indiana test method (ITM No. 514-15T) details a procedure to determine alladedilgletion of dense-
graded aggregate layers using an LWD. This specification also includes lkdetermine the roller type,
pattern and number of passes of the roller for the compaction of recycledisdig testing using a
Dynamic Cone Penetrometer (DCP). A control test section, with approxinma¢msions of 100 ft. x 20
ft. is recommended to be constructed, with the depth being same as a tydmatyl it thickness. The
subgrade shall be proof rolled before construdisty section per Indiana DOT specifications. The
moisture content of the test section is required to be within 3% of thewptimoisture content, on the
dry side.
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The repeated roller applications are required to facilitate coropaattil no further stfness increment is
observed in field. The obtained stiffness value at this point reaches mumaxialue and considered as a
peak stiffnessThe LWD device used for iplace modulus/stiffness measurement should meet the
following requirements: 10kg + 0.1 kg falling weight with a 5kg + 0.25 kg guide rod, lacknpi spring
assembly. The drop height shall be fixed per manufacturer recommendatisiwatd generate a
maximum of 7.07 kN force. Loading plate should be made of steel having 300 mm in diamde?®
mm in thickness. The maximum vertical deflection should be measured by asraoetér attached to
the center of the plate. The maximum allowable deflection after compattinld be established by the
following method:
f Compact the test sectiovith 4 roller applications in a vibratory mode without any stopping and
turning
f Conduct 10 LWD tests following the ASTM E2835-11 standard on the test secttbns at
location shown irFigure11 and average the test results found from 10 locations. After
conducting each test, mark the location for further testing.

+ 100 ft >
I 2 ft
X X X
X X X X
X X X
l 2 ft 1, Width of Placement

Figure 11. Plan view of approximate location of the LWD testaitest section as specified by
Indiana DOT (ITM No. 514-15T 2015)

f Apply the one additional roller pass and conduct the LWD tests at exaotky 10 locations.
Find the average of the performed 10 LWD test results.

f The compaction is considered to haveiatgd the peak value when the difference between
average LWD test results from 4 and 5 roller application is less than 0.0 thendifference is
greater than 0.02 mm, an addigbroller pass is performed and the procedure should be repeated
until the difference becomes less than 0.02 mm.

f The maximum allowable deflection for construction quality contrdigslowest average of 10
LWD test values.

Zhao et al. (2018) conducted extensive in-situ LWD testing in Indiana and found timétnaimn of 5
LWD tests were required for a small area of compaction, whereas at least 8Wbli@4ts were
required for a large area of compaction. The CoefficieManfation (COV) of LWD test results were
within 20% to 35%. The COV of 20% or less indicated low variation, a COV ofta@%% indicated

normal variation and a COV greater than 35% was taken to indicate excessw@w between the test
results.
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Minnesota DOT Specification

Embacher (2008) reported that the Minnesota DOT (MnDOT) has been gtlli#fids for quality
control of embankment and pavement foundation construction works to faciiftamtessbased
mechanistic pavement design. Individual MnDdistricts have in their inventory the Zorn ZFG 2000
models used for compaction quality control following the ASTM E2835nesitodstandard. The
Minnesota DOT specifications recommend building control strips to fgeatget LWD deflection
values to bedopted. Control strips (300 ft. long x 32 ft. wide; maximum thickness = 4 fri@quéed to
be constructed for each type or source of soil. A total of six LWD drbpee(seating drops followed by
the average value from three measuring drops) are recommended at each testingNtioatiam of
three locations at 25-ft. spacing should be considered for LWD testing betael® compaction pass.

Once the target LWD modulus value has been established from the control sivip tieistused as the
berchmark to compare results from the actual pavement section againstmaa$ured modulus values
from the constructed pavement section should be at least 90% of the tadgéigrvalue established
through the control group testing. If the modulus measiuoea testing of the actual pavement section is
greater than 120% of the target modulus, then reconstruction of contrid stniggested to restablish

the target modulus. MNnDOT also recommends recalibration of the LWD uniialgnor after 10,000
measirements.

In the field, onsite verification of the equipment can be performed by chetlidngpeatability of
deflection measurements under individual drops. This is carried out loyrparf) three seating drops
followed by nine testing drops on a verification pad laid on top of a concrete flumdifference
between maximum and minimum deflection values obtained from the nine load phtsld be less than
0.04 mm. If this criterion is not satisfied, recalibration of the LWD shoultbbsidered.

Nebraska DOT Specification

Nebraska DOT standard test method designated as NDT T2835, titled “Deafldetasurement of Soils
using a Light Weight Deflectometer (LWD)”, is a modified version of ti& M E2835 specification,
and outlines the procedure for LWD testing on soils. The requirements fordré/as follows: (1) 10 kg
falling weight with 720 mm drop height; (2) guide rod to allow free fall ofwk@ht; (3) a steel spring
buffer system for transmitting the load to plate resting on the layey tesad; and (4) a 3063m
diameter loading plate for distributing the load imparted fronfalieg weight to the layer being tested.
Repeatability of the LWD test results are required to be checked for newlyagad units, after a
particular unit has gonérough recalibration, after observing questionable test results, aaswadter
10,000 test measurements. The verification is carried out by performing\WiDedtops on a test pad
having a bare, sound concrete surface with a minimum thickness of 6.iftieedifference between the
maximum and minimum deflection values recorded under these nine drogsesleals than 0.04 mm.
The difference between mean deflection value calculated from the nine drape aedlection recorded
under an individual drophall be less than 0.02 mm. If these criteria are not met, the LWD anits i
required to be submitted for recalibration.

For onsite measurements, it is recommended that LWD testing should be performediately after
compaction when air temperaturerighe range of 32 to 120 degrees Fahrenheit. Before LWD testing is

performed at a particular location, a test area at least 1.5 times largéralthameter of the loading
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plate should be prepared, and a smooth and level spot be prepared by remodistugred or
additional materials from the surface. After preparation of test spoglsngfweight drops are executed,
and the average deflection from the last three drops is recorded.€etdificagion requires the tester to
move approximately 1.5 ft. longitudinally from a particular test spot if anlgeofollowing conditions
occur during testing: (1) sliding of load plate; (2) failing to catch thmdplveight after rebound; or (3)
the weight is dropped from a height that is different from the calibfragigght. Cho et al. (2011) reported
that the Nebraska DOT was considering the quantification and acceptaadecompaction based on
LWD-measured deflection or modulus values.

Wisconsin DOT Study for Specification Development

Titi (2012) reommended a protocol for LWD-based compaction control for the Wisconsin DOT by
evaluating the quality of the constructed base layers. Thetéislithg phase consisted ofplace density
measurements using the sand cone method, LWD testing, and DCP testing. Aseatiol 300-ft. long
and of the same width as the base layer was compacted to the required density, anstE W&ree
performed in accordance with ASTM E2583 test protocol. 10 differenptetidns per 100 ft of the
control section were selected to perform LWD tests. The average deflectierfreath 10 LWD tests was
used to compute the allowable deflection value. The study recommended Q&YEA in the field,
contractors should perform 10 LWD tests for each 1,000 ton of compactedatggreth minimum of
five tests per day. The average deflection from all LWD tests should be equétss than the
maximum allowable deflection obtained from LWD tests on controlaecti

UK Specification

British Standards BS1922 and BS1377-7 (BS1924-2:2018) describe the method to deternsita in-

material dynamic stiffness or resistance to vertical deformation. The Laipraent described in these
specifications has the following features: (1) 306 diameter plate capable of uniform distribution of

pulsed load, and that allows the measurement of deflection under the ptate @) a load cell to

measure the applied load with a precision not less than 0.1 kN; (3) a mass @riDf&lling along a

guide shaft; (4) a deflection sensor capable of measuring maximum veefieatidns with a precision
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duration. Note that smaller plates of 100 mm, 150 mm and 200 mm in diameter canused e

acheve high target stress values. However, the zone of influence iscgtif reduced compared to 300

mm standard plate (Frost et al. 2010).

The British standards specify three seating drops from a certain td#t toedghieve target stress values
of 10045 kPa. The LWD plate should remain stable after performing the seatpyg otherwise, a new
test location needs to be selected, and the process needs to be restated. Once adéqgatd teat

load plate has been achieved, three measuring dregserformed, and the mean of test output is used to
calculate the normalized surface modulus. The test results are consideeetidacompliant” for any

of the following reasons: (a) the rebound portion of the deflection pulsedtegthan or equal to 20% of
the peak deflection value; (b) nstendard pulse shapésge toshear failure of material and/or when
permanent deformation under the plate is greater than 10 mm after gompfdesting; or (3) if

application of the repeated loading durltyD Testing causes water to rise to the surface of the test
location.
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STUDIES ON OPEN GRADED AGGREGATE LAYERS

Most of the studies reported it the literature focusing on LWD testingayhgterials deal with testing on
soils or densgraded aggregate onlidot many studies have focused on LWD testin@GIA base

courses or other coargeadedaggregates such as railroad ballast. It is important to note that devetopmen
of LWD-based compaction quality control specifications for such materials wilfisgmily benefi the
engineering community.

As previously noted hie opergradednature olayersprecludesiensity measurements using the nuclear
density gauge. As a result, thigecification, construction and compaction of such layers often fodows
method approaclttor example, freshly constructed railroad ballast layers are usuabgsteat for

density. SimilarlyOGA base courses and other such coarse aggregate layers used in pavement
applications are often compacted “to the satisfaction of the engineer'spebifying a “minimum”

number of passes by compaction equipment exerting #isgdorce Although the development of
LWD-based compaction quality control specifications for such layers would beydreadficial, reliable
LWD testing on such layers is not trivial. Due to the uneven nature of tlaeetdor these layers,itay

not beeasy to prepare a smooth surface for LWD testing. If the LWD loading pilateofastablish

uniform contact with the layer being tested, the test results may notdidaeint-based deflection
measurement approaches, such as the one in tlad3yhWDinclude acentral geophonthatprotrudes
through the center of the annular plate and measures the displacement of tyengraleface under the
dropping massThis is notappropriate fotesting aggregate and salkrsbecause mwvement of a
particular aggregate partialeder the protruding geophone may be interpreted as unreasonah(grhigh
low) deflectionvalues under the dropping mass. In such cases, it is important to measuratee su
deflection using the entire plate as one ung., ¢he accelerometdrased plate deflection measurement in
the Zorn device, the geophone-based plate deflection measurement in the Gismrodéy plugging

the annular hole in the Dynatest device. This section summarizes tieg limimber of studidbat have
focused on LWD testing /GA bases or similar coarggained aggregate layers such as railroad ballast.

While developing construction protocols, Smith et al. (2018) cordltt/D testing onOGA base layers

used in permeable interlocking coner@avements. Compaction specification basea specific number

of roller passes or minimum of 95% Proctor denliligly do notprovide consistent resultsr OGA
aggregatesSpecifically, OGA aggregates for permeable interlocking concrete pavement (PICP) have

litteto QR ILQHV ” SDVVLQJ WKH 1R VLHYH DVYZGIMQSLADR O\ KBY
(1522 — 1922 kg/R). Porosities should be at least 30% for water storage (Smith 2017ngoiedding,

base and subbase aggregates usgdhicular PICP applications should be crushed with minimum 90%

fractured faces and a maximum LA abrasion values of < 40.

Performing LWD testingvith a 308mm diameter platen these aggregates, Smith et al. (2018) observed
that the deflection results were significantly affected by the deptreafitbbase layer. Higher deflections
were found for 306nm thick ASTM#2 subbase layers compared to thagh a 100imm thick#57 base
onthis subbaseL WD-measured deflection values decreased substantially by changing the thickness of
the subbase layer from 300 to 400 mm.

Other testing was conducted on an area of uncompacted clay soil subgragieotaitiile under 450
mm thick ASTM #2 subbase supporting a 1@ thick#57 base. Smith et al. (2018) investigated the
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effect of number of drops on the LWD-measured deflectibhsy observed that increasing the number

of drops beyond 6 further compacted toenpacted aggregate lageSpecifically drops 4 to 6 had a
deflectionrangefrom 0.523 to 3.76@am deflection whereathe range was reduced from 0.019 to 0.094
mm during dropsl6 to 18 All measurements were taken in the same locatidms.t€st section had only

a 150mm thicksubbase layer, whereas a 30 thick subbase layer was required to avoid the influence
of soil subgrade. Smith et al. (2018) suggested to conduct further resefinchthe optimal number of
LWD drops, the effect of saturated soil subgrade on deffeotisults, and also the effect of geotextile
presence at the subgrade interface on the idasured deflections.

Li et al. (2011) found that wet conditions lead to softer subgrade condinohisigher shear
stress/strength ratios on top of subgradegutiogly, thicker subbase layers need to be constriicted
achieve lower deflection values

As already discussed, the railroad ballast layer is in many ways siméBAdase courses and presents
some challenges as far as LWD testing is concernedinitaresting to note that during the early days of
LWD development in Germany in the 19808yDs wereused to measure the “dynamic elastic modulus”
of open graded railroad ballast with soils and roadway base course aggregated.\X® user manual
lists modulus acceptance criteria for the ballast lsyeiGerman railroads (Zorn 2011).

Tamrakar and Nazarian (2019) conducted LWD tests on fouled railroad batthsiraeterize its
permanent deformation and stiffness behavior. A container made ofpyddyet pipe with 900 mm
diameter, 700 mm height and 25 mm thickness was considered in this study toeshalldst layer and
subgrade in a container. The material profile consists of 100 mm pea gravebit, I30® mm thick
subgrade in the middle and@fhm thick ballast layer on top. A Zorn LWD with 100 mm diameter plate
was used to perform LWD tests on top of the ballast layer following tAdvA®commended procedure.

Figure1l2a shows a photograph of LWD testing on top of the ballast layer built insidglitidrical
containerjFigure 1d shows typical deflection time histories obtained during the testargaikar and
Nazarian (2019) reported that the LWD measurements were significantly afigctiee presence of the
underlying soft subgrade layer. This led to éswnodulus values reported by the LWD compared to those
reported by using the Portable Seismic Pavement Analyzer (PSPA). §dnily emphasizes the

importance of considering the depth of influence during LWD testing, if mefahinterences are to be
drawn regarding modulus of the layer being tested.
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b) LWD Deflection Responses
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Figure 12. (a) Photograph showing LWD testing on top of the ballast layer in thiab; (b) Typical
Deflection time history obtained during the LWD testing (Tamrakar and Nazarian 2019)

Another device that has been used to assess-filade modulus of constructed ballast layers, is the
PANDA, a Variable Energy Dynamic Penetrometer device designed andantured by SolSolution in
France. Several researchers have reported that both the PANDA device ashvedl\&® can be used

to evaluate the quality of tradded ballast layer (Benz 2009; Staatsministerium 2012; Shafiee et al. 2011;
Tompai 2008 and Woodward et al. 2014). Lamas-Lopez (2016) conducted LWD tests on ball&st layer
validate modulus estimated from PANDA tests and found that the moduliesvaborted by the two
devices were correlated.

SUMMARY

This chaptempresented findings from an extensive review of published litertdausing on modulus- or
deflection-basd compaction quality control methods for soil and aggregate uayegLWDs. First, the
basic principles of LWD operation were discussed, followed by differerdriabor siterelated factors
that affect LWD measurements significantly.

The most challenging task in front of modulus- or deflection-based compactiory goalitol
specification development efforts was identified to be the estaldisthofh a target modulus or deflection
value. Establishing a target modulus or deflection value requires eitensive laboratory
characterization of soils and aggregates under different moisture conditibsisesms states, or the
construction and testing of fudleale test sections. Implementing a modilased compaction protocol is
particularly challengig because there is a significant difference between labonaeagured resilient
modulus values and modulus values measured in the field using LWDs.

A recently completed study at the University of Maryland attempted to isbtéid target modulus
values for LWD measurements in the field by performing LWD tests on soil anmégajg samples inside
Proctor molds. Through extensive laboratory and field testing, therobses observed that target
modulus values established through LWD testing in Proctddsrcan be used as reference values for
compaction control in the field with reasonable success. Test sectibsatibed densitpased
compaction thresholds values, also satisfied the modhalsed threshold values established through
LWD testing on Proctor molds. Similarly, undevmpacted sections failed to meet both the deresity
well as modulushased criteria.
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Finally, this literature review summarized some of the state DOT speicifisatvailableon LWD use for
compaction quality control of soils and aggregates. However, it should lekthatall such
specifications are valid for fingraded soils or denggraded aggregate base/subbase courses only. No
specifications are currently available governing tise of LWDs for compaction quality control@GA
aggregate bases such as the ones used underneath permeable pavements. There is foclessaazed
in this area, and development of new modulus-or deflection-based compactionapratity approehes
using LWDs will significantly improve the design and construction prastfor thes©GA base courses.

25



CHAPTER 3: MATERIAL SELECTION

To accomplish the tasks in this research sttg,opengraded aggregate materials, conforming to
ASTM #4 and ASTM #58pecifications, respectivelwereselectedTwo photographs of representative
particles from these two aggregate materials are preserfgglire13. Figure14 shows thi respective
particle size distributioourves. The materials were directly collected from the onsite stockpileTifIAS
#4 and ASTM #57 aggregates by following ASTM standard sampling guideliaele5 shows the
standardyradation rangefor ASTM #4 and ASTM#57 aggregates.

Figure 13: Photographs Showing Representative Particles frolASTM #4 and ASTM #57
Aggregae Materials
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Figure 14: Particle Size Distribution (Gradation) Curves for the Selected AggregatMaterials
(UB: Upper Bound of Gradation Specification; LB: Lower Bound of Gradation Spedication)
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Table 5: Gradation ranges for ASTM #4 and #57 Aggregates per ASTM D448.

Sieve Size Percent Passing
mm | US (in.) | ASTM #4 | ASTM #57
63.0| 2.5 100

50.0| 2 100

375|115 90-100 100
250| 1 20-55 95-100
19.0| % 0-15

125| % 2560
95 | é 0-5

4.75 | #4 0-10
2.36 | #8 0-5
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CHAPTER 4: RESEARCH HYPOTHESIS AND PLAN

RESEARCH HYPOTHESIS

Before going into details, it is important to explain the research hygisthdopted for this study.
Compaction control for any material involvelsecking a particular criterion based on some reference
value. For example, the compaction control for degragled material in field is monitored by checking
the achieved field density against the Maximum Dry Density (MDD) measurkd lakioratory. The

MDD values are usually measured using standard or modified compactdrirefide a mold. However,
researchers found that the L\Afleasured material modulus value instdeventionaimolds at various
compaction stages asdsorelated to the modulus valoé the same material in the field (Schwartz et al.,
2017).The reference valugasfirst evaluated by LWD testing on soil (dergr@ded aggregate), then this
valuewas used as reference for field compaction. But OGA materials are usually |pay#cresize,
having large voids in it. So, finding density or moduluootthis material inside conventional molds
present certain challenges. For example, the size of the conventional igiolchat be adequate for
capturing the compaction behavior. Also, mafsthe agenciedo not have the resourcesperform
resilient modulus testingn OGA materials Accordingly,finding the reference value based on surface
deflection measured from LWD testing, can be directly related to the pavenpmorise$ hereforethe
hypothesis for this study is that the deflectimsed compaction control is related to degree of
compaction after a given compaction effdiie research plan designed for @8A materials is divided
into four phases. In this case, recommendatiorderbg previous researchers based on testing of dense
graded aggregate materials were carefully examameldnodified to accommodate the testin@&fA
materials.

RESEARCH PLAN

The research tasks undertaken in the current study to accomplish theahjectivesweredivided into

four phases. Each phasemprisedistinct tasks and objectives aligned to enhance the overall
understanding 0DGA packing behavior. Completion of all four phases of the research would lead to the
ultimate deliverable from this proje¢the development of a deflection-based compaction specification
for OGAbase/subbase courses such as the ones used underneath permeable pavEmedotiowing
sections introduce the different phases of research undertaken in the cudent s

Phasel: Small Scale Laboratory Testing

In this phase, the packing characteristic©GfA materialswerestudied through smaficale laboratory
testing. The main objective ohBsel wasevaluaing whether LWD tests in Proctor molds can be carried
out to get a ‘quick and easy’ picture of the packing characteristio&éf materials under different
compaction effortsSchwartz et al. (2017) developed and validated the LWD testing concept inside a
Practor mold. However, their testing effort included subgrade soils and desded aggregate materials
only. Whether a similar approach can be extend€f3é base coursesasunknown. Theoretically
speaking, if the same concept can be appli€dGa layerswith large topsizes, the only additional
requirement should be to test in a larger mold to eliminate bou(atariinement) effects.
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Accordingly, a scaled (enlarged) Proctor mold was manufactured by the reseanctor use in the
laboratory test matt. The custonrmade Proctor mold has an insidieimeter of 12n. (300 mm), and a
total height of 11.5 in. (292 mm)h€& objective was to capture the variatinsurface deflectio(degree
of compaction) ofDGA materials inside the custemade Proctor mold using LWDs. The variation in
surface deflectiomnder different modes of compactimas alscstudied inPhasel. This includedhree
different compaction modes the laboratory(1) impact compaction (LWD drop), (2) a combination of
vibratory and impaatompaction (using ppckhammer), and (pnstant vibratory compaction (using a
vibratory shakeable). These different compaction modeetried to assess what mode best represents
the compaction behavior &GAs. Thiswould also give a good picture tifie constraints required to
reach the maximum achievalgacking condition irODGA materials. Under the scope of Phase-1, three
types of molds, three types of compaction modes, and two types of aggregatsedefor the laboratory
testing. Detail@boutthe Phasel research taskae providedaterin this report

Phase2: Intermediate-Scale Laboratory Testing Phase

Understanding the behavior of tb&A as base/subbase matemaPhase2 involvedtesting with
different configurations inside a wooden bbblike in Phasel, in Fhase2, the materialsveretested in a
large boxfree from thdateralboundary effectsf a Roctor mold.This Phase actess an intermediate
testingstage between smaitale lab testingndfull -scalefield testing. Piase2 wascrucial to
establising the relatioship between laboratorgreasured surfaaeflection valuen a Proctomold,

and field measuresurface deflectionalues In addition to this, several factatsat could potentially
affect the LWD evaluatiowere also studied infRase2. These includedl) effect opengraded base
layer thickness, (dpfluence ofLWD type and applied loal@vels on the surface deflectigrad(3)
stress level and pattesat dfferent deptls within the aggregate layeiSeveral pressure celigere
installedat different depths within the aggregate lagecapture the stress distribution pattern inside the
OGA layers.

Phase3: Numerical Modeling Phase

In this Phase-3, the packing evolution in OGasd their corresponding effect on L\Wileasured surface
deflection were studied using a commercially available Discrete Element Mo(2kig) software
packageDue to the non-homogeneous natur©GfA, instead of theommonly usedinite element
method DEM wasused to capturthe loaddeflection behavior of OGAs under LWD loading. The
commercially available software package, Particle Flow CB&€EY) wasused this purpos&he model
wasvalidated using results from PhakeSubsequently, thealidated modelvas used tgenerate

multiple OGA specimerrepresenting different material properties and compaction conditionsagiahul
LWD tests were performed on these synthetic OGA specimens to study howehendif&ctors interact
to govern LWDmeasured surface deflections. The primary objective of this phase was tgidentif
different factors that have a potential to affedtD-measured surface deflections in the lab as well as in
the field.

Phase4: Full-Scale Field Testing

Phase4 wasthe mostesourcantensive component of this research study and involved construction and
testing of fullscale pavement sectiori$ndings from the other three phases @ thsearch study were
used to decide on the test section configurations as well as to decidemedptampaction protocols to
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be implemented in the field. Different test cells were constructed ¢simgpvarying thicknesses of
subbase and base layers, constructed using different lift thickness comBiriaéioh lift was compasd
usinga predetermined number passes of a vibratory roller. LWD tests were conducted aftpagsmol

the compactor, and the LWieasured surface deflections were correlated with the compactive energy
imparted to the layer.

Depending on the fultcde test resultsfinal recommendations were maggarding deflectioased
compaction control of OGA base/subbase lay@igure15 shows a flow chadf the overall research task
structure in the current study
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Figure 15: A Schematic lllustration of the Research Design in the Current Sy
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CHAPTER 5: TEST MATR IX

PHASE-1: SMALL SCALE LABORA TORY EXPERIMENTS

In this section of the report, details regarditg$el sample preparation and test setup are discussed.

Mold Selection

The smaliscale laboratory testing phase (Phaseasprimarily inspired from the LWD testing in
Proctor molds, carried out by Schwartz et al. (2017). The traditionaioPtess on soils/aggregates can
be carried out using two different mold siZésn. and 6in. diameter molds, respectivelfjhe
difference in the mold size is governed by the particle size of the material bstad;tsoils/aggregates
comprising larger particles should be tested using a larger-diamatrthe primary objective behind
this is to ensure the “confined” nature of the Proctor molds does not &tetiaterial behavior under
compaction. As already mentioned, the current study focused on testing twgadgdypes: ASTM #57
and ASTM #4. The ASTM #57 material has a top-size of 37.5 mm (1.5 in.) whereas ASTaletiain
has aop size of 63 mm (2.5 in.). Therefore, testing such large aggregatiséonsiventional Proctor
moldsis not likely tolead toreasonable test results.i$lted the research team to develop a new
“customized” mold with an insiddiameter of 38.8 mm. Ths mold facilitated LWD testing of the
ASTM # 4 and ASTM # 57 materials.

In total, three configurations of LWD testing inside Proctor molds were studihis testing effort. In
the first scenario, the aggregate materials were tested inside a camaerith4mm. diameter Proctor
mold. As discussed later in this chapter, testing in this mold has beerddfeas Mold Configuration #
1 or MC-1.In the second scenario, the custom ma8@¥(8mm diameter) was used in such a way, that
the height of thesample was kept at the same level as that in a conventional 1iél&ithm). This was
done to simulate a case where a thin layer is constructed@&Agnaterials ands tested using LWDs
this configuration has beeaferredto in this study as M. In the third scenario, the custonade mold
(304.8mmdiameter X292.1mm¢tall) was filled with the aggregateaterials andested using LWDs
(referredto as MG3). Figure16 shows the sample size inside the conventional and custmie Proctor
molds. Mold Types (or configurations) 1, 2, and 3 were used to represeniczédna; and 3,
respectively.
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Figure 16: Different Configurations of Mold Size and Sample Height Consideredithis Research
Effort

LWD Device Selection

Severalifferenttypes of LWDs are commercially available in the market. Under this research project's
scope,Wwo (2) LWD devices, commercially available in the W&reused The first one was
manufactured by Olson Engineering (Model: Olson-1), and the wdmmanufactured by Zorn
Instruments Model: ZFG-3000). As already mentioned, the Zorn device does notanboaa cell to

directly measure thapplied loadevels, but rather, uses a mstablished calibratiorelationship to
“estimate” the load based on the drop height. On the other hand, the Wbdevice uses a load cell to
measure the appliddads from the dropped maghe software package that comes with the Olson LWD
has gprovision to calculate modulus values inside Proctor mmddsell by considering the lateral
confinement conditionsThe Zorn on the other hands significantly less expensivand is muchmore
widely used by state DOTs in the US (low cost and simple interface gioypesarity).

Figure17 shows pbtographs of thewo LWDs being used in the current study.
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Zorni S Olsonie

Figure 17: Photographs Shoving the LWDs selected for Use in this Study: Zorn 3000 (Left), Olson
(Right)

Compaction Strategy Selection

As already mentioned, three difent compaction modes were selected to compact the aggregate
materials in the Proctor molds duriR@pasel testing. Generally, for soils and aggregates, compaction
energy has a proportional relationship with the level of compaction. Higingpactioreffort ensures a
higher degree of compaction. The three types of compaction efforts appiliedaggregate materials
inside the Proctor molds wer@) Impact/Drop hammer compaction applied through repeated dropping
of the LWD mass; (2) A combination eibratory and impact compaction applied using a Jackhammer,
and (3) a constant vibratory compaction applied usivigratoryshake table. Further details about each
of the compaction modes are presented below.

Impact compaction. Light Weight Deflectomeer

A standard_WD drop weight can be used as an impact (or drop hammer) compaction energy source.
When applying the compaction energy through drop hammer methods, the applied iconguecgy can
be primarily controlled in two ways. The first one involves changing the dightHer a given drop

mass, and the other involves changing the drop mass for a given drop height. Inettestwdy, all the
options were explored. Two additional (supplementary) drop weights were manedatct increase the
amaunt of compaction energy imparted to the material. This customization hiased in collaboration
with Olson Engineering, as thegrved as industry partnensthis research study. It is important to note
that such customization may not be possibleafocommercially available LWDs. Nevertheless, the
primary objective of this researefffort wasto study the packing withi®@GA base/subbase courses under
the application of different compaction efforts. Therefore, addition oéxtra drop weights supped

the research objectivelSigure 18 shows photographs of the two custom-made additional drop weights
manufactured to be used in this research study.
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Figure 18: LWD Impact Compaction additional weights

Vibratory Compaction: Jackhammerand Relative Compaction Table

Vibratory compaction is suitable for aggregate materials. Under thiscbgwaject's scope, two types of
vibratory compaction systemgereused to compact the material inside the Proctor molds. In syistem
aggregate materials inside the Proctor molds were compacted usilegticpowered ackhammer. A
custom-made rammer plate was used to apply the vibration on top of the sasigkeshe molds=igure
19 (left) shows a photograph of tteckhammer witta custom-made top plate for compacting the
aggregate inside the molds.

The second mode of vibratory compaction involves the uaeibfatory shake table (photograph

presented ifrigurel19, right). A vibratoryshake table is an ASTM standard4R53) device used to

measure the maximum relative density of cohesionless soils/aggregates. Ersdeiph of this research,

it was decided to use the vibratory compaction table as a source of continonpagiton for theDGA
materials The objectivavasto correlae the relative compaction withiggregate packing@hroughsurface
deflectionmeasurements with LWDsIn this research, the custom-made Proctor moldniBiar= 305

mm) with sample aggregates walsiced on top of the vibratory table with a static surcharge weight, and
the tablewasvibrated at different frequencies for different periods of time to aeldéferent aggregate
packing levels. LWD testserethen performed on the compacted aggregates inside the mold to study the
effect of different degrees of compactienelson the surface deflection.
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Figure 19: Photographs Showing the Jackhammeand Vibratory (Relative Compaction) Shake
Table SetUps used in the Current Study

The three compaction modes, ig@rppweight, jackhammer, and vibratory taldachhave unique
characteristics. For the drdfammer approach, the compaction energy being applied can be closely
controlled using the drop weight as well as the drop height. On the other hand, iogl¢thé&aexact
compaction energy applied by the jackhammer or the vibratale tablean be chaéinging. The level
of energy imparted by the jackhammer deardthe level of resistance offered by the material being
compacted. Similarly, the energy imparted by the vibratory table departtie frequency and duration
of vibration. Nevertheless, théjective of this research effort wasn’t to calculate the exact amount of
compaction energy being applied to the aggregates. Rather, the primarivebjasto determire the
maximum (orlikely optimum) level of packing achieved for the aggregate materials and how the
mechanical behaviocharacterized dsWD-measured surface deflect®mf the aggregate layer changes
with different levels of packingn Chapter 6 of this report the summanyttod findingsfrom Phase-hre
discussedDetailed discussi@rcan be found in the"2Interim Report submitted to the Interlocking
Concrete PavemeistituteFoundation.

PHASE-2: INTERMEDIATE -SCALE LABORATORY TESTING

This sectiorpresents details regangdjthe configuration and test set-fgy the wooden boxised inPhase
2 of this research project

Box Configuration and Compaction

Due to the coarse nature@fA materialsthey are quite sensitive to boundary effects, and testing inside
a confined mold could give significantly different results compared tetblserved in the field. To
establish some reference values to be targeted during field compactioatdaptesting free from

boundary effectsvas conductedio establishes these valyadargewooden box 1.22 m x 1.22 m x 1.22

m (4 ft. x 4 ft. x 4 ft.) was constructed in the laboratory for testing the gag®under different
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compaction conditions. The bottom of the wooden box was continuously supported agaiosttage
floor to eliminateexcessive deformations during testing.

Thefirst stage of box testingsedno subgrade layemdnoreinforcementThe aygregats weredirectly

poured into the box to construct layers of different thicknesses (152.4-mm,30%.8Ad 381nm thick

layer9. Theseahreelayers were then tested using LWDs under different congractinditions

uncompactedas well agfterdifferent number opasses of a commercially available portable vibratory
plate compactoiThe compactor specifications are as followsatéWidth: 13 in.; PLate Length: 17 in;
Compacting Force: 1950 Ibs.; Weight: 110 Ibs; Engine Power: 4.5 hp; Blows per Mif06Figure20

shows pbtographs othe wooden box, the vibratory plate compactor, and a testing grid marked inside the
box to compare the effect of testing position on LWiBasured surface deflectioms Figure20(c), Grid

5 represents an ideal location that is free from boundary effects, andtbeigiould’simulate a field

like condition.

(c)
Figure 20: Photographs Showingthe (a) Wooden box; (b) Vibratory Plate Compactor; and (c) Grid
Orientation Inside the Box to Mark the LWD Testing Spots
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In the second stag# testing a subgrade was not usédsteada geocell reinforcememiggregate layer
was built, and was used e subbase layer. It is important to note that geocells are commonly tised wi
OGA materials to provide lateral confinement, and impart additieteddility’ to the layers. In a parallel
research effort, a commercial geocell manufactirers{o Geosystas), provided some geocells for use
in this testing effort. Therefore, the geoawlinforced aggregate layers were incorporated into the
wooden box as well as during the fatlale field testingrigure21 shows a photograph of geocell-
reinforced aggregate layer placed in the wooden Apfirst, a50.84mm (2in.) thick layer of aggregate
(ASTM #4) was placedlirectly at the bottom of the boXhen a152.4mm (6in.) thick geocelt
reinforced aggregate layer was constructed using A83Raggregase Finally, 101.6mm (4in.) caping
layerwas constructed using the ASTM # 57 matefiiak capping layer was compacted using the
commercially available vibtary plate compactor. The primary objective of this testing configuratias
to assess how the stability of OGA layers can be improved through geoceltaemént.

Figure 21: Photograph Showing a GeocelReinforced AggregatelLayer Constructed Inside the
Wooden Box

Measurement of Pressure Dissipation Inside OGA Layers using Pressure Cells

In this study, earth pressure cells warstalledto measure the stredsstribution inside OGA layer®ue
to limitedresource, and because this component was not originally part of the project tasloplgins
four (4) earthpressure cellsould be procured for use in the lab, and weaeedinside the wooden box
at strategically determined locations. Different positions optieesure cells were used to study the
pressure dissipation inside the unreinforced and gewsefbrced aggregate layefigure 22shows
photograph®f apressure cell, and its placement on the OGA layer inside the wooden box.
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(a) (b)
Figure 22: Photographs Showing:(a) An Earth Pressure Cell used in the Current Study; andb)
Placement of the Earth Pressure Cell during construction of the OGA Lasr

Pressure Cell Placement irnreinforced Samples

Depending on whether the aggregate layers were constructed in unreinforeedadrginforced
configurations, the position of pressure cells was varied to capture geeeds in the pressure
distribution patterns. For the unreinforced samplesssure cells were placedhaights of0, 75, 150 and
225 mm (0, 3, 6, andin.) from the bottom of thbox. Figure23 shows thepositionof the pressure csll
within theaggregate layerd he figureshows the cross section through Grid® & that the pressure cells
seen in thdigure are Grid 2, 5 and. Two pressure cells were placed in Grign2i8 to observe the
stress pattern while LWD drops were applied on top surface of the Grid 5.
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Pressure Configuration- 1 Pressure Configuration- 2

Figure 23: Position of Pressure Cells within the Unreinforced OGA Layers to Monitothe Stress
Distribution Patterns

Pressure Cell Placement in Reinforced Sample

For the geocelteinforced samples, the objective was to assess how the stress levels anéstoegod
patterns are altered due to placement of the geo&djsre 24 shows a schematic of the pressure cell
placement corresponding to a geocelhforced layerAfter the placement of the firSO mm @ in.) layer,
three (3) pressure cells were plagerids 2, 5and 8.This was followed by construction of theré thick
geocell reinforced layer; the geocell pockets were manually stretched, anchéggrag poured into these
pockets using shovels. Once the geocell pockets were fully packed with aggregatesagpihg layer of
ASTM # 57 matdnl was spread. A pressure cell was place on top of it, and the finahgdppéer (4in.
thick) was constructed. Placement of pressure cells immediately above amdhzelpeocell layer would
facilitate direct quantification of how the pressure levedsadtered due to placement of the geocell.
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Figure 24: A Schematic Diagram lllustrating the Positioning of Pressure Cells Corresmding to a
GeoceltReinforced Aggregate Layer in the Wooden Box

PHASE-3: NUMERICAL MODELING

As already mentionedietails about thaumericalmodeling task in the current studys documenteds
a stanehlone research manuscript, which has been included in Appendix A of this report.

PHASE-4: CONSTRUCTION AND TESTING OF FULL -SCALE SECTIONS

This section provides details about the construction and testing afchillk- OGA pavement layers over
varying subgrade conditions.

Test Section Locationand Design

Test Section Location

Thefull-scale pavement test section was locatethenorth side othe OSU College of Engineering,
Architecture, and Technology (CEAT) Construction Engineering Technoldggratory. This section of
land isadjacento the OSU Asphalt Materials Laboratory and wassutifected to any vehiculamaffic.
The research team worked with the OSU Facilities and Management Departaesigtate this
location for use during the field construction effort of this project.t€biesection location has been
identified with a rectangular box Figure?25.
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Figure 25: Aerial view of the Test Section.

Test Section Desigmand Layout

The test section was desigritadgeting varyingubgrade conditions (no-compactis compaction),
aggregatdift thickness, totahggregate thicknesandthe presence or absencegebtextileat the
subgradesubbase interfac@ he overall objective was studythe surface deflections @GA
base/subbase layers constructedr different subgrade conditions, following different layer
configurations, under different levels of compaction

Figure26 shows a longitudinal schematic of the test section layout followed infeacstudyASTM
#57 was used in the basger, whereas thASTM #4was usedn thesubbasdayer. As marked on the
figure, the west half of the test section was constructed over uncomgasteshfoothened) subgrade
soil, whereas the east half was constructed by compacting the subgrade ta&§étsigrélard Proctor
Maximum Dry Density. The aggregate materiatse placed ovanncompacted ancompacted subgrade
soil with different lift thicknesses. Different test sectiomsredesignated 1A, 1B, 1C, 1D, through 5A,
5B, 5C, and 5D. Four additionadtcells named 6A, 6B, 6C, and 6Bere constructed under the scope
of acomplementary research efftotstudy theeffect of geocell®n ‘stability’ of OGA layers It should

be noted thaayer and construction lift thicknesses during the-$akile testing effort were planned to be
representative of actual practice. Moreover, the construction sequence wasl glarimat some direct
comparison can be drawn between the results from Ph@asermediatescale lab testing) and Phage
(Full-Scale Field Testing). Similar lift thicknesses were used in the field assekltiag box testing in
the lab to investigate whether the laboratory results can baded to the field.
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Figure 26: Schematic Diagram of Longitudinal Cross-Section ofthe Test Section

Test Section Construction

The test section was constructegtween September 14, 202hd September 17, 2021 by North Central
Construction Ltd. Thentireconstruction was overseen by Deb Mishra, the PI of this study. Every step of
the construction and testipgocessvasdocumented using detail@thotograpic and field notes.

Additional photographs corresponding to different steps in the constructisegsblpresented in

Appendix Bof this report

Excavation

Theareaidertified for construction of the test section had an exigurace layer of approximatelyi®.
thick crushed aggregatebhis layer was removed preparehe ground foconstruction of théest
section A backhoe was used for most of the excavation. Boundaries between diffstsettionsand
the target excavation depths were measured using a rotating lasear&edwith a string.Figure27
shows photographs of the excavation aection depth establishing proces3ds excavated soil was
collected fordetailedlaboratorycharacterizationAtterberg’slimits, moisturedensity claracterization,
and shear strength testjnResults from these tests will helplidation of fulkscale models to be
developed later as a part of subsequent research efforts.
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(a) (b)

(©) (d)
Figure 27: PhotographsShowing Different Stages of the Site Preparation Proces&@) Subgrade
Excavation (b) Grading of the Subgrade Surface; (c) Rotating Laser used to Establish Tget
Elevations during the Construction;(d) Marking of Target Elevation using the Laser TargetRod

Subgrade Preparation

After excavating totargetdepthsthe subgrade surface was smeattvith ablade attached to the
backhoeThe subgrade for the test cells on ¢ast end (Cells 1B, 1D, 2D, 2B, 3B, 3D, 4D, 4B, 5B, 5D)
were compacted using two as of thevibratory, smooth-drum roller. Dry and moist soil density tests
on compacted areas wegyerformed usin@ nuclear density gaugéynamicCone netrometer (DCP)
testswere carried out to establish thali@®rnia Bearing Ratio (CBR) valudsr the compacted subgrade
layer. The DCP teshg wasfocused on the top 150 mm (6 in.) of the prepared subgrade layer to
characterizehe subgrade strength and to evaluate the uniformitpmpactecdubgradeFigure 28

shows additional photographs of the subgrade preparation and testing process.
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(a) (b)

(c) (d)

Figure 28. Photographs Showing Different Stages of Subgradereparation: (a) Surface Grading
(b) Compaction using the Vibratory Smooth Drum Roller; (c) Dynamic Cone Penetrometer (DCP)
Testing; and (d) Nuclear Density Gauge Testing

One of the objectives of this research study was to assess whether betterioonspadbe achieved for
the OGA layers when a geotextile is placed at the subguatnlease interfac@herefore half of the test
cells were constructed by placing@@anwovengeotextile at the sulbbgdesubbase interface, whereas the
other half comprised no geotextil@sfer toFigure 26).The geotextilanay play an important role as a
separation layer in case of subgrade layers that have high moisture cameérie susceptible to
pumping.If there isa possibility ofsignificant rainfall nonwoven geotextile is preferaladsthey provide
good drainag@roperties; wven geotextile provides more strengthich was not of interest in this
study.However thefield-test in the current studgid na span acrossignificant rainfall events to aize
potentialbenefits ofthe geotextileseparation layeFigure29 shows a photograph of geotextile placement
at the subgradsubbase interface for selected tests cells
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Figure 29: Photograph ShowingGeotextile Placement at the Subgradesubbase Interface

Material Placement and Compaction

After subgrade preparatioaggregates were placado the test celli four stagesThe agregate
placement sequence was planteedptimize the layer compactigrocess. Accordingly, test cells where
the finished subgrade was at the greatest deptle filed with aggregate first. Following this protocal,
layer of ASTM #4 aggregatevas first was placed i@ells 5A, 5B, 5Cand5D and compactetb a
thickness of 100 mm (4 in.) usitgo passes o0& singledrum smooth vibratory roller. It should be noted
that all the thicknesses stated in this report refer to compacted thicktlesgespective layers WD

tests wereonducted on this layer. Close inspectioffrigiure26 indicates that LWD testing on these
100imm (4-in.) thick layers of ASTM #4 material in Cells 5A, 5B, 5C, and 5D would facilitate
following comparisons:

1. Effect ofgeotextile placement on surface deflections by comparing Cells 5A vs. W
SD);

2. Effect ofsubgradecompaction on surface deflections by comparing Cells 5A vs. 5B or 5C vs.
5D; and

3. Effect ofsibgrade compaction an@gtextileplacement vsneither by comparintgst results
from Cells 5D vs. 5A.

Once testing on the first lift was complete, the second lift wasglagtng the ASTM #4 in Cells 3, 4,

and 5, and ASTM # 57 in Cell 2. The objective of gtmge of aggregate placement was to achieve the
same final elevation with all the compacted aggregate layers. Therefore aaggiagement during this
stage involved the following:

1. A 150-mm B-in.) thick layer of ASTM # 4 in Cells 4A, 4B, 4C, 4D, 5A, 5B, 5C, 5D;
2. A 50-mm (2-in.) thick layer of ASTM#4 in Cells 3A, 3B, 3C, and 3D; and
3. A50-mm @2-in.) thick layer of ASTM #57 in Cells 2A, 2B, 2C, and 2D.
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Only Sections4 and 5 were compactedth two passes of the vibratorgller. LWD tests were conducted
on Sections 4 and 5 to provide the following information:iface deflections for 850 mm (6 in.)ift
thickness of ASTM #4Section 4)and(ii) surface deflections for 250 mm (10n.) thick layer of ASTM
#4 constructed by placing and compacting a 100 mm (4iftrfgllowed by a150 mm (6 in.)ift (Section
5).

After LWD testingon the second stage, the third stage involved placemerit5éf am (6 in.}hick lift

of ASTM #4 for Sections 1, 3, 4, and 5. A 150 mm (6 in.) thick lift of ASTM #57 was placedtiorSec
2. All the testsectionsvere again compacted using two passes of the vibratory roller. LWD tegéng af
this stage facilitated surface deflection measurements correspondingabawent) scenarios:

i. A 200 mm (8in.) thick lift of ASTM #4 (Section 3);

i. A 200 mm (8-in.) thick lift of ASTM #57 (Section;2)

iii. A 150 mm (6 in.) thick lift of ASTM #4 placed directly on the subgrade (Section 1);

iv. A 150mm 6 in.) thick lift of ASTM # 4 placed on previously compacted layers of ASTM #4
(Sections 4 and 5); anthally,

v. A 100 mm (4in.) thick layer of ASTM #57 placed as the capping layer on all Sections. This layer
was also compacted with two passes of the vibratory roNgD tests were conducted for all
Sections.

Throughout the aggregate placement prodbsshicknesses of the placed layers were constantly
checked using the rotating laser. Crosgtamination of the aggregate materials between different
sections was prevented by placing transition zones between adjacent cells whettettiad type or layer
configuration changedduring construction, &f of the transition zone/as constructed using materials
from the test cell to the east, whereas the other half was constructedhasamgl from the test cell to the
west Figure 30 shows photographs of the material placement, leveling, elevation checking, a
compaction for the aggregate layers.

(@) (b)
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(©) (d)
Figure 30: Photographs Showing Different Stages of the Aggregate Layer Constructio(a)
Material Placement; (b) Leveling; (c) Elevation Checking; and (d) Cormpaction

As alreadymentioned, one of the complementary objectives involved construction ofdgshse
conprising geocetreinforced subbase layefGeocells impart enhanced ‘stability’ to unbound aggregate
layers, through significant increaseateral confinementThereforethis researclstudyattempted to
guantify thepotentialbenefits of gecell reinforcement in OGA layergsing LWD-measured surface
deflection valuesOne additional test section (Section 6) was constructed near theeasticorner of the
longer test strip.

Layer configurations used in Section 6 were significantly different trmee used in the other test
sectionsLike the other sections, Section 6 was also divided into four cells. Layeguaiion for

Section Bvasalso illustratedn Figure26. Oncethe subgrade was prepard the density levels were
checked, &0 mm @ in.) thick layer of aggregate was placed on top of the prepared subgrade. A6TM
was used irfCells 6B and6D where ASTM#57 was used ind€lls 6Aand6C. Subsequentlyne static

pass of the compactor was applied on top esd¢tayersto prepare a level surface for placement of the
next layer. A geocell layer {®. thick) was placed on top of this aggregate layer, and aggregate material
was poured into the geocelpenings using a front-loaddihe geocelireceivedASTM #4in Cells6B

and 6D and #5waterial in Cell6A and 6C.

After initial pouring of the aggregate into the geocell pocketgyusiront-loader, theaggregatavas

spread manually using shovels aaHles to prepare a flat surface. This was followed by the placement of
additional 50 mm (2 in.) of capping materiAlSTM #57) andleveled using a grader, and then compacted
using one static and one vibratory pass of the smooth-drum fidlisiconfigurationof the test cells in
Section 6 facilitated #ncomparison of LWBmeasured surface deflections for similar sections
constructed with and without geocelsgure 31shows photographs of different steps during the
construction of the geocelkinforced layers in Section 6.
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(@) (b)

(€)

Figure 31: Photographs Showing Different Stepsluring Construction of the GeoceltReinforced
Test Sections(a) Placement and Stretching of the Geocell Over aiB. Thick Compacted Aggregate
Layer; (b) Manual Spreading of the Aggregate Material Placed inside th Geoell Pockets using
Rakes; (c) Geocell Layer Filled with Aggregates

Testing Protocol and Equipment Used

This section presents details about the different equipment used durifigldhissting effort along with
the testing protocol followed.

Instruments

Light Weight Deflectometer (LWD)

Two (2) LWD devices, one manufactured by (Olson LWD-1), and a Zorn ZFG-2@08used

throughout this fieldesting effort. As previously mentioned, the ZB@00 does not measure the applied
force directly, whereas a loagll in the Olson LWBL provides a direct measure of the applied load.
Both devices providsurface deflection measurements by measuring the overall deflecttonlofting
plate. Both devices can be controlled using a laptop computer or a tableisdhed€vice has been
designed taiseASTM E2583standard test method, whereas the Zorn dexdeeASTM E2835 standard
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test methodAccordingly, the2 OVRQ KDV D SUHFLVLR QsthxXZdoid basalprecisibnZ KH U H
EXITHU RI * P

Dynamic Cone Peetrometer (DCP)

A DynamicCone Rnetromete(DCP)was used tassesshe uniformity of the prepared subgrade layer.
DCP testing was conducted over the top six inches of the prepared subgeadaliay\ pre-established
correlation Kleyn’s correlation between CBR and penetration:ratg) (CBR) = 0.841.26 x Log (PR)
was used to estimate thesitu California Bearing Ratio (CBR) values for the top six inches of the
subgrade layeFigure32 shows a photograph of the DCP used in the current $igilye33a shows a
photograph of the DC#stingin progress.

Figure 32 Photograph Showing theDynamic Cone Penetrometer (DCP) with Accessories.

Nuclear Density Gauge

A nucleardensitygauge(NDG) was used toneasure the isitu densitiesn the subgrade layer. The NDG
testing alsayuantifiedin-situ moisture contents in the subgrade layer. NB& testing followedASTM
D6938test metbd. Figure33b shows a photograph of thDG testing in progress.

Testing Protocol for Subgrade

The tesihg protocol for the subgrade layer involved tests to confirm layerraniifg compaction levels,
and the insitu stiffness (measured indirectly using surface deflection valueskoneacted density and
moisture contentfor each cellivere measured ugjran NDG Once thesubgrade surface was prepared to
meet the required profile, DCP tests were conducted to assess thmityiédrcompaction over the top 6
inches.

Surface deflection values for the subgrade were measured using the two LWD.ddthoesgh the
primary focus was on surface deflection values, the EW&asured modulus values were also recorded
for future analysisOneset of LWD tess wasconductedor everytwo consecutive test ceNgith

identical configurations. Close inspectionfFagure26 indicategshatconsecutive test cells in each section
are identical in configuration, with the only difference being the plaece of the norwoven geotextile at
the subgradsubbase interface. Obviously, LWD tests on the subgrade were carried oetgesftaxtile
placenent. Therefore, it is logical to conduct only one test per consecuiveetts. In most cases,
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testing at a given location was carried using both LWD devices to ensure tiewesalindependent of
the device type used. Each LWD test comprised dakectionunder twelve dropdNo seating drops
wereapplied before recoialg of the data. Thispproach was taken intentionally to stuldg significance

of seating drops while testing on figeained subgrade layers. These results would then be compared
against those for the two aggregate materials (ASTM #4 and ASTMf#5Which, seating drops played

a significant roleFigure33c and d, show photogttag of the LWD testing on the prepared subgrade layer
using the Zorn, and Olson devices, respectively.

(a) (b)

(c) (d)

Figure 33: Photographs Showing Different Test€arried Out on the Prepared SubgradeLayer: (a)
DCP Testing; (b) NDG Testing; (c) Zorn LWD Testing; and (d) Olson LWD Tetng

Testing Protocol for Aggregate Layers in Unreinforced Sectiog

The unreinforced sectisin Sectionsl through 5 wretestedfor surface deflection using LWDs at fou
(4) different stages during the aggregate placement and comp&atsdy . WD testing was performed
after placement ahefirst 4-in. thick aggregate layén Section 5 Cells 5A, 5B, 5C, and B). LWD
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testing was conducted to measure the surface deflection under an uncompgetad @il as 1, and 2
passes of the vibratory rollérhe £condset ofLWD test werecarried out in Sections (4A, 4B, 4C,

4D) and5 (5A, 5B, 5C, and D) after thesecondstageof aggregate placement. This resulted in total
aggregate thickness 860 mm (0 in.) in Section 5, and 150 mm (6 in.) in Section 4. Once again, LWD
tests were conducted on the uncompacted layer, as well as after one and ésvoipdesvibratory roller

A similar approach was followed for LWD testing in all test cells aftiéemdint phases of aggregate
placement. During LWD testing, surface deflection (as well as modulus) degsaeaorded under twelve
(12) drops. Thisvas based on findings reporteatleer, wherein laboratory test results indicated that nine
(9) seating drops were required to ‘stabilize’ the aggregate matrixgdLitD testing. During the field
testing effort, although the first nine (9) dropsiicbbe interpreted as ‘seating’ dropsta was collected
under all drops to facilitate the investigation of surface deflectiolugon during LWD testing.

Aggregate placement in the test sections following the abmrgioned sequence facilitated surface
deflection measurement using LWDs for different lift thicknes$66,(150 and 200 mm) under different
compactbnlevels(i.e.,zerq one, andwo passes of the vibratory rol}eiThe subbase layers were
primarily constructed using ASTM #4 aggregate, excepbémtion 2, which was constructed with
ASTM #57 materiathroughout its entire depth. Construction of Sections 2 and 3 also facilitatBd L
testing orsingle 206mm (8-in.) thick lifts of ASTM #57 and ASTM #4, respectivefigure34 shows
photographs of WD testing on the aggregate laye@Ghapter 6 of this report presenistailed analysis of
all test results.

(a) (b)

Figure 34: Photographs Showing LWD Testing on the Aggregate Surface at Different &les using
the Two LWD Devices: (a)Olson LWD -1; and (b) Zorn ZFG-3000
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Testing Protocol for Aggregate Layers in theGeocelfReinforced Section

As mentioned, the subbase layer in R8T was constructed using a 1’%8@1 6-in.) tall geocellmat
Accordingly, the aggregate material placement in this test section follwestedure that was
completely different from those in the other test sectioWD testing was carried out after placement of
the first50-mm (2-in.) thick aggregate layer over the prepared subgrade. Cells 6B and 6D contained
ASTM #4 material in the subbase, whereas Sections 6A and 6C were codstitict&aSTM #57 in the
subbase as well as the capping layers. The second set of LWD tests were carriedatiarirg @ifter
placement of the find0 mm @ in.) thick capping layer placed on top of the geocell-reinforced subbase
layer. The capping layer comprised ASTM #57 material fotest cells. Tis capping layer was
compacted through the application of one static and one vibratory passafahd WD testing was
carried out for the uncompacted layer as well as after each pass of thd hdleanstruction and testing
sequene enabled thavestigaton of the effect of compaction type on L\Wieasured surface

deflections for geocelleinforced sections. Moreover, this layer configuration facilitated tdirec
comparison of the test results between unreinforced and geeioédirced test sections. Finallthe

selected layer configuration also enabled the research team to directly compdiectief geocell
reinforcement on the two aggregate materials (ASTM #4 and ASTM Efgjtye35 shows LWD testing

on the aggregate layers placed in the geaeé@iforced test cells. The next chapter presents results from
the laboratory as welield-testingefforts carried out in this reseh study.

(a) (b)

Figure 35: Photographs Showing-WD Testing on Aggregate Layers Placed in the Geocell
Reinforced Test Sectin: (a) Olson LWD-1; (b) Zorn ZFG-300
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CHAPTER 6: RESULTS AND DISCUSSION

This chapter presents results from all testing. First, results from thessrald laboratory testing in
Proctor molds hae been presented. This is followed by results from the intermesliate laboratory
testing, where the aggregate materials weredasta wooden box. Finally, results from the fieddting
effort arepresented. Testing at three different scadeseg good picture aihe effect of testingcale
when usind-WDs onOGAs.

RESULTS FROM PHASE-1: SMALL -SCALE LABORATORY TESTING

Phasel of this research effort comprised extensive siwedile laboratory testing to study the compaction
behavior ofOGA materials through LWD testing in Proctor molds.

Factors Affecting LWD-Measurements

Although the LWD has many advantages, LMieasured deflection or modulus/stiffness values can be
guite sensitive to slight variations in the testing procedure or corslifamtordingly, the first task in this
research study involved extensive testingdemtiify different factors that can affect the LWileasured
deflection or modulus/stiffness values wi@BA materials are tested. The results are discussed below.

Impact of Floor Location

The laboratory floor stiffness could potentially influence the LWDrestilts. Therefore, a portion of the
floor in OSU’s geotechnical laboratory was divided into six individualggRigure36 (left) shows the
floor locations andeist grids. After 30 LWD seating drops at locatiofioc.-1), the sample was tested
for three consecutive drops on each location (Rdo. Loc.6) and the LWBmeasured modulus values
were recorded. It was observed that a change in the LWD test location siglyifateamged the measured
modulus values. The variation in measured modulus values with the changelbestiiog are shown in
Figure36 (Right).

It may seenthat the change of test locatiomay be the only reason that influenced the LivE&asured
modulus value. However, several additional reasons could affect the ssswidl. For example, the lab
floor was not perfectly smooth to provide uniform support to the mold. Non-uniforractdrgtween the
lab floor and the bottom of the mold base plate may be another reason faidtiervaf results from
Location-1 to Location-6. Moreover, the mold was moved from one location to another by dliditmy
the havy weight of the mold filled with aggregates. This sliding may have causesdisturbance in
the aggregate matrix, and the packing within the matrix may have beenddokeaddition to this,
during movement, the LWD contact plate may have maligtitly. That slight movement could also
influence the results. LWD tests were also performed directtii@floor (on top of a thick rubber mat)
at the six individual grid locations. The results showed umtiform stiffnessacross the floor
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(a). OJ Lab Floors (b). Measured Modulus
Figure 36. Impact of Floor Location

Impact of LWD Device Type (Olson Vs. Zorn)

Despite its convenience and ease of operation, deflection or modulus measurgrhgvidsican be
significantly affected by slight variations in the testing procedweekample, the results can vary
noticeably if the user does not hold the device firagginst the surface of the layer being tested while
dropping the weight. In the past, researchers found that LWD deviceslifferentmanufacturers
providedsomewhat varied results due to design and operational differghggsala, 2008Ryden&
Mooney, 2009Vennapus& White, 2009). In the current study, 30 drops using the Olson (standard 10
kg weight) LWD was applied on top of an uncompacted mass of ASTM #4 aggregaeeMitsi3

followed by 30 standard drops of the Zorn LWD weight. This process vmisiged until 150 total drops
were applied. The same process was repeated for the ASTM #57 aggregate. The measured surface
deflection values from this test sequence are presenkedure37 andFigure38. Figure37 shows that
after 30 drops the surface deflection values measured using the Olson and Zorn LWiite ammidar

for the ASTM #57 aggregate. At the same time, for ASTM #4 aggregate, tharztb@ison follow

similar trends in calculating surface defleaaup to 150 dropg-{gure38). Note that 30 LWD drops

were applied to the ASTM #57 material to obserhetiver the measured result is devagmosticOn the
other hand, 150 LWD drops were applied to the ASTM #4 material to observe ttet ohp®/D drop

on surface deflections, as well as to assess whether the results become device sedsitimincreased
number of dropsrigure38also includes the bulk density levels achieved by the samples duringmtiffer
number of LWD drops.
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Drop No.

Figure 37: Comparing the Results fromOlson and Zorn LWDs for ASTM # 57 Aggregate

Figure 38: Effect of Increasing Drop Numbers on the Surface Deflection and Densityalues
Measured for ASTM # 4 Aggregate Material using both Olson and Zorn LWDs
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Figure38reveals that initiallysurface deflection values change rapidly with increasing number of LWD
drops, but the curve gradually flattens. Tlisuidirect indication of change in packing condition of the
aggregate matrix. Starting from an uncompacted stage, the surface deflakteodecreases rapidly as
the aggregate packing condition improves. This conclusion can also be eahfiynthe inital rapid
increase in density. However, the rate of change in packing condition decréhsasreasing number
of drops, therefore flattening the deflection reduction and density increnmset Except for 2-3
instances of sudden ‘jumps’ in the surface deflection values observed@tiagztely 60 drops,
variations in the surface deflection values were somewhat limitesflordevicesBased on these
results, it can be concluded that the use of either Zorn or Olson LWD would resiatiilar surface
deflection values foOGA materials when all other conditions such as level of compaction remain
constant.

Impact of Drop Number

The first task was to determine how many “seating” drops are required to enswataadeqtact

between the LWD plate and tEGA layer surface. To study this aspect, both aggregate materials
(ASTM #4 and#57) were compacted inside the standard and customized Proctor molds. The samples
were tested with Olson LWD in uncompacted as well as compacted conditiangsFeamples were

taken from the aggregate stpilk following standard sample collection protocolskFigure39, the
LWD-measured surface deflection values and the surface stress levels are prestmedtmmpacted
ASTM #4 aggregate materigmside MCG3. The surface deflection values have been plotted using solid
lines, whereas dashed lines represent the surface stress levels. Frorarthisdam be observed that
initially, thesurface deflection value decreases rapidly with increasimipauof drops. However, after 9
to 15 drops, the variation reduces, and approaches a “stable” state. Based astlissétre researchers
selected nine (9) drops as a suitable number for seating drops duringdsi#fig.tAs the surface of the
open grade aggregate layer is not smooth for uniform contact with the LWD plagesriergy from these
“seatingdrops”can helpensure adequate contact between the LWD plate and the layer surface. Once this
initial “seating” is achieved, subsequent measurements of surface deflectieprasentative of the

entire aggregate matrix, rather than reflecting rearrangement of theesparticleskFigure39 also

reveals that the surface deflection values vary from sample to sample whaztieadlifferent packing
characteristics owing to the angularity and surface texture of thedsonmogenous materials.

Close inspection of the surface stress level§gnre39 also indicates no significant “jumps” as the
samples undergo particle rearrangement. The only significant change in sudssdesel was observed
for Drop #15 in Sample C, which also led to a significantly lower surface defleciue. The authors

are not sure what caused this significant jump forghiat. No change in the stress level is observed with
increasing number of drops. Neverthelessstirace deflection decreases, indicating particle
rearrangement into a ‘denser’ matrix.
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Figure 39: LWD Test Results for ASTM#4 Aggregate in MG3.

Experimental Results:Vibratory and Impact Compaction using a Jackhammer

The compaction response of B&AS to simultaneous vibratory and impact compaction foepsttom
compaction) has been studied in this section. This compdotioewas applied by using an electric
jackhammer on top of a 300-mm diameter plate. Althobghvibration frequency in a jackhammer is not
constant, use of the jackhammer and a top plate simulates the compactidangrcoenmonly applied

by researchers for preparing unbound aggregate samples for laboraiogy fessuming the vibration
amplituce and frequency are consistent with time, the specimens were compactee yattkfiammer

for different durations.

For example, the ASTM4 aggregate in M@ was compacted by applying six (6) cycles-aesond
each, followed by two (2) cycles of Becad each. LWD tests (9 consecutive drops) were performed
after completion of each compaction cycle. The test results are preselRtgarad0. This figue also
includes the density levels achieved by the sample under jackhammer vibfapioa40illustrates that
after completion of the first 5 seconds of compaction, the additional 55 secomspaiation had
minimal impact on surface deflection and density level achieved. lpisrtant to note that even when
significantly high ‘jumps’ in the surface deflection values are measureagorresponding jump on the
density value is not significant. The sample shows a relatively rapihbise in density under the very
initial stages of compaction, and the density levels remzémlyconstanthereafter. This again proves
that the change in surface deflea is primarily due to ‘stabilization’ and ‘destabilization’ of the
aggregate matrix, and not because of sudden changes in the sample densityl®fec@nds of
jackhammer compaction, the sample achieves a bulk density value of approximafekgia® (90 pcf),
which is in the range of values typically expectedd&A materialsThis means five (5) seconds of
jackhammer vibration is sufficient to reach maximum achievable compactloithigicompaction
method. Note that similar trends were obserigedhe L WDmeasured modulus values.
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However, for the purpose of developing compaction control criteria us\igd.. usingsurface
deflections's recommended. This is particularly important when using the Zorn LWiass not have
the feature to diregtimeasure the applied load levels. Therefore, modulus (or stiffnesslatiales in

the Zorn LWD are approximate in nature, based on prior calibration resultss Atdge it is important to
highlight that the Zorn LWD is commonly used by state DOTswbge of its simplicity, and lower cost.
Moreover, most LWD-based compaction specifications currently implementedebOTs rely on
surface deflections, and not modulus values.

Figure 40: Effect of Jackhammer Compaction Timeon the Surface Deflection and Density Values
Measured for ASTM # 4 Aggregate

The results from extensive LWD tests after different levels (5, 101%usécond) of jackhammer
compaction inside the three mold configurations for the two aggregatierials i@ presented ifigure

41 andFigure42. Note that the reported surface deflection and density values are the averages from 5
samples after nine (9) seating drops. Fragure4lit is observed that the deflection values for ASTM

#4 andASTM #57 are similar in MEL. Beyond 5 seconds of jackhammer compaction, there is an
increase in the surface deflection values.

Thisappears to beounterintuitive, as increased compaxt time should lead to improved packing of the
aggregate matrixyhich should in turn lead to lower surface deflections. However, compactioh pas
seconds appears toaerange the aggregates rather than consolidate them. From the achieved density
levels, there is also a decrease in density after 10 seconds ofvilicatihe ASTM #4 material. For
ASTM #57, on the other hand, no change in density was observed when the vibration timeesiaednc
from 5 seconds to 10 seconds. The primary reason for this is the size of thenrM@i1| the

conventional 152.4am dianeter Proctor mold is used. As this mold is too small for the aggregate
materials being tested, the energy from the jackhammer compaction resudtsl@stabilizing of the
aggregate matrix, and with increased compadime the LWD-measured surface deditions increase.
Therefore, the use of MCwas discontinued in the test matrix after this stage.
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Figure 41: LWD Test Results in MC-1 under Varying Jackhammer Compaction Times

Figure42 (a), presents similar results for MC(mold diameter of 304.8 mm, but sample height of 116.5
mm). From the results, the surface deflections after compaction insie2fisihoth ASTM #4 (30@0
Pand$670 WR P DUH FORVH WR WKH VXUIDSBAH GHIOHFW
Also, nostabilizationof the aggregate matrix was observed with increasing compaction timkkeus
MC-1. This indicates that the 116.5 mm (4.6 sajnple height is not sufficient for these larger paricle
sized materialikely due to lack of particle interlock. When sample size is not sufficidautfye
compared to the particle size, larger materials can reorient under excesgpaetwom destrapg any
ability to creatgpacking. However, in case of MEwhere the height of the sample is increased to 292.1
mm (11.5 in), the recorded average surface deflectiigare 42 E D UH WR P IRU FRPSD
$670 DQG WR PIRU WKH FRPSDFWHG $670 PADWXWHG Q. Q7 }
MC-3 are noticeably greater than those ind@nd MC-2lt is important to note that some of the
differencedhighlighted inFigure 42 (a) and (b) may be difficult to appreciate (or replicate) in the field
with a device that has lower precision requirements, devices meeting ASTM E2853 precision
requirements but not ASTM E2583 precision requirements. Nevertheless, the ¢udenissd the Olson
LWD for these tests, and with a precision level of + 2 ym, these differencesretialit¢ detected.

FromFigure4l andFigure4?2 (a), it can be observed that testing in MC-1 &#@d-2 provides an unusual
density trend with increased compaction. For ASFMaNdASTM #57 after 1@&nd5 sec of vibration,

there is a decrease in density level indicating the destruction of packing-inavidMC-2. This

behavior can be attributed to the boundary effects imposed by the small zesldAsi MC-1 ant1C-2
represent significantly small boundaries for the particle sizes beingaftsdbseondsof jackhammer
vibration the maximum packing is achieved. Additional compactive effort béysrdonds does not
contribute towards further densification of the matrix, rather leads taldézation of the packing

structure. This leads to a decreasdensity andncrease in measured surface deflections. Generally, with
increasing compaicn timeeffort (often indicated by increased density), surface defiestshould
decrease; this trend is observed for 481Gt should also be noted that for the ASTM #4 material, 10
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seconds of jackhammer compaction is required to stabilize the aggregate wiareas the ASTM # 57
aggregate matrix stabilizes after onlyggsnds of jackhammer compaction. This indicates that the
particle size has an influence on the compaction time required toz#ahii aggregate matrix when the
vibration frequency is constarithe reader is cautioned not to take these compaction times as absolute
values, rather as a comparison between how the two aggregate matrices behawsmitaler

compaction timeln the field, the same two materials may require different compaction timies u
different roller vibration amplitude and frequenciesvBirtheless, the authors believe, the lasyszd

ASTM #4 material will requirelightly longer compaction time to achieve a stable matriield

conditions compared to the smallsized ASTM #57 material.

(@
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(b)
Figure 42: LWD Test Results under Varying Jackhammer Compaction Times in (a) M& and (b)
MC-3

Experimental Results: Constant Vibratory Compaction (using a Relative Compaction Table)

The third and final compaction method tried in this study was with a eifgrahake table. Testing in the
vibratory shake table was carried out for M@nd MC3 setups for both the aggregate materials. The
results are presentedkigure43. In this process, the mold with aggregate is placed on the vibratory
table, and a heavy surcharge weight is placed on top of the top plate ® asguate compaction using
a bottomto-top mechanism. After different vibration times, the mold is removed fnentatble (without
disturbing the aggregate), and LWD tests are conducted to measure the suldatiertefThree (3) sets
of samples were collected from the two aggregatemah stockpiles following standard sampling
protocols.

Testing was carried out using the Olson LWD only, under both uncompacted corafitiwel as after

the sample was subjected to vibratory compaction for different durationsuéf nine seatindrops

were applied, and the surface deflections were measured by taking averages sdilbsequent drops. As

seen fronfigure43(a), for the compacted ASTM #4 material in M(Cthe average recorded surface

GHIOHFWLRQ UDQJHG EHWZHHQ P WR P ZKHHWUWADWHWKH VDPH
P WR P $ JUDGXDO GHFUHDVH LQ WKH WXWHI $3BHAO0G H IFDIHW M/UL R

the vibrationime (VT) was increased from 0 to 10 seconds to 25 seconds. However, for the ASTM #57

material, no significant decrease in the surface deflections was observedhe/Manwas increased from

10 seconds to 25 seconds.
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(a) b) (

Figure 43: LWD Test Results under Varying Vibration Times with the Shake Table in & MC-2
and (b) in MC-3

In case of constant bottom-top vibration in MCW,KH DYHUDJH VXUIDFH GHIOHFWLRQ ZD
P IRU FRPSDFWHG $670 DQG P WR FguRAB(H)RIP SDFWHG $6

different durations ofibratory compaction. For both the ASTM #4 and ASTM # 57 materialis, the

surface deflectiondecreased significantly with increasing time of vibratory congract

The resultsuggesthatseveral factors could significantly influence the LWi2asured surface
deflection(or modulusvalues) forOGA materials when tested inside the modified/custom Proctor molds.
The major influential factors were LWD drop numbers and mold support conditierre$ults also

showed no significant difference between théresults reported by the Olson and Zorn LWDs. Using
vibratory compaction using a jackhammer, it was observed that the dionpafc©GAs for more than 5
seconds does not improve the packing condition. These influential factersaken under consideration
during the remainder of the laboratory testing to ensure consistent.results

RESULTS FROM PHASE-2: INTERMEDIATE -SCALE LABORATORY TESTING

As mentioned earlien Figure20 (c), the box filled with aggregatéSTM #57 and/oASTM #4) was
divided intonine (9)grids for the purpose of LWD testing. Gridsas locatedhear thecenter of the box,
away from the box boundaries. Accordinglye researchers pgthesized thdtWD testingon Grid-5
would not be affected by presence of the box boundameithe resultshould resemble those from field
testing.With this hypothesis, LWD tests wetarried ouin the wooden box on thtevo OGA materiab
with three different layecompactedhicknesses (152.4 mm, 304.8 mm, and 381 mm). In each case, the
aggregate layer wammpacted by applying differepasses of a vibratory plate compactor, specifically
purchased for this stud¥irst, alittle larger han 152.4nm thickuncompacatdaggregate layer was
placedand vibratory roller compaction was applied to make the 152.4mm thick cowhjeate LWD
tests were conducted at three different stages of compaction: (1) Naat@np(2) One pass of the
vibratory plate compactor, and (3) two passes of the vibratory plate compaater L®/D testing for

63



each compactive effort on the 152mn thick layer was completetihe next layer of aggregabeas
placed to attain a total aggregate layer thickness of 304.8L&hin.).

However, it should be noted that this aggregate layer should not be treatsthgle lift, as the bottom
152 mmwas compacted before placiagd compacting the upper 152 nfince a total thickness of
304.8 mm was achieved, LWD tests were againducted corresponding to 0, 1, 2, and 3 passes of the
vibratory plate compactor. Finally, a third layer of aggregates was pladddMD tests conducted
corresponding to 0, 1, 2, and 3 passes of the vibratory plate compactor. In this cabe, opher 76.2

mm (3 in.) of aggregate received fresh compadm®the loweld 52+ 152 mmlayers had been compacted
during the previous testing stages/eH5) LWD tests were performeal each case.

Experimental Results: Aggregate Layers with No Reinforcement

Results from LWD testing in the wooden beme presented iRigure44 (ASTM #57)andFigure 45
(ASTM #4). The surface deflections presentedrigure44 & Figure 45are the average values from six
consecutive drops after six (6) seating drops were applied.

FromFigure44, surface deflection values decrease significantly after one (1) pass of Hteryiipate
compactor. When the number of passes increases from 1 to 2, the suffisct®defalues decrease for
the 152.4-mm thick layer. However, no noticeaklduction in surface deflection is observed between 1
to 2 passes for the 304.8-mm thick layer. In fact, for ther38ilthick layer, the surface deflection
increased moving from one to two passes of the vibratory plate compactor.dashis ‘destabilization’
of the compacted matrix was observed when more than one pass was applied. Thdeflgtdicm after
three (3) passes was still higher than that after one (1) pass.

Based on the results presentedfigure44, it is evident that the LWibneasured surface deflection values
are significantly affected by the level of compaction of the underlyingda@arce the bottom 152mm
thick layer is compacted, the second 15w thick layer achieves optimum compaction even after a
single pass of the vibratory plate compactor. When an additional 76.Z aggregate is placed, that
layer achieves optimum compaction after just one pass of theamor. When additional compactive
effort is applied, the aggregate matrix gets ‘destabilized
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ASTM #57

Figure 44: LWD Test Results in Wooden Box for ASTM #57 Aggregate Material (Vibratoy Plate
Compaction)

Similar results for thSTM #4 materials are presentedkigure45. The first thing to note fromigure

45is that the overall surface deflection values in an uncompacted staglesegcttgan those fdhe

ASTM #57 materia(seeFigure44). However, this difference decreased significantly with the application
of compaction energy. Just like the ASTM #57 material, the ASTM #4 matexiesladbwed a sudden
decrease in surface deflections while movimmgrfran uncompacted stage to the application of one
compactor passiowever, this reduction is significant only for th&2-mm 6-in.) and 304nm (12-in.)

thick layers. The reduction is not significant for 881-mm (15-in.)thick layer, where theop-most layer
was only 76mm (3-in.) thick. Therefore, the application of compaction energy did not lead to significant
benefits as there was no space within the. 3hick surface layer for the aggregate materials to achieve a

better packing.

This clarly indicates that for théensitybenefits of compaction to be realized, the aggregate particles
need enough space within the layer to rearrange and achieve a better packédestagtingly, upon the
application of the second and the third compaqtiasses on the81 mm (15 in.}hick layer,the LWD-
measured surface deflections decreased further. This wagenmse with th804 mm (12 in.}hick

layer. Interestingly, the ultimate surface deflection value after 3 compadsegpon the04 mm (12-in.)
thick layer was 68Qum, and for theé381 mm or 15-in. thick layer was 518 pg&ven for the ASTM #57
material 6eeFigure44), the lowest average surface deflection value recorded was 59thigsuggests
that for these open-graded materials in a compacted stetd,\WWDmeasured surface deflection should
be approximately 500 um or 0.5 mm with a minimum thickness of approximately 300 mm.or 12 i
However, whether each layer can consistently achieve compacted state thdbagb surface
deflection values less than 500 um, remains to be seen. This will be fiasbstigated using the field-
test results.
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ASTM #4

Figure 45: LWD Test Results in Wooden Box for ASTM #4 Aggregate Material (Vibratoy Plate
Compaction)

As already mentioned, one of the auxiliary tasks carried out in the currenirstabiyed measurement of
pressure levels at different depths within the aggregate layer during LWt&3te objective was to
study how the pressure levels recorded by the earth pressure cells changeedgingcompadain
efforts applied to the aggregate layers. The level of pressure at differenibeleveds measured during
the LWD testing. The results are presenteBigure 46(ASTM #57) and-igure47(ASTM #4). Pressure
was recorded using 4 earth pressure cells using two configurations.
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Figure 46: Pressure leves at Dfferent Elevationsunder LWD Drops at Different Compaction
Levek (ASTM #57).

From Figure 46 and Figure 47, following observationscan be made
X Most of the pressurappears tte dissipated within the top 76 mm oin3layerirrespective of the

type of the aggregate used. As seen for ASTM #57 after applyifd KPa(11.4-13.2 psipressure

on the top surface the pressure level becomes atmeshird ata 76 mm or 3 indepth. Similar
behavior is also seen for ASTM #4 materfd. most of the stress is reduced in the top layer, the
required base/subbase thickness using these materials badald, from a subgrade protection point
of view

x Forthe ASTM #57aggregate materigivhen the LWD drops are applied on toB8fL. mm (15 in.)
and 304 mm (12 inlpyer, stress leve at the bottormemainconstant withincreasing compactbn

levels. For ASTM #4 the bottom stress level is seen to be very close at differgratation leved.
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From this observation it can be concluded that foh bggregate types, the stress levels at different
depths are not significantly affectegt the number of vibratorgempactor passes.

X Thestress dissipation withi@GA layers does not follow a similar pattern to that commonly observed
in densegraded aggregate layers. Instead of distributing the pressure to a larger arba degbth
incrementthese materialabsorb the pressure without spreading to a larger Hnegaefore, thetress
dissipation pattern can be thought of as beirjridrical’ rather than “conical{the most-commonly
observed patternY his statement igustified by the negligible pressutevelsrecorded at Grid 2 and
Grid 5 when LWD dropsvereapplied on Grid 5This clearly highlights a major difference between
the behavior under loading for dense-graded and gpeeded aggregate materials.

Figure 47: PressureL evek at Dfferent Elevationsunder LWD Drops at Different Compaction
Levek (ASTM #4)
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Experimental Results: Aggregate Layers withGeocell Reinforcenent

This section presents findings from intermediatescale box tests, where the OGA layer was
reinforced using geocells. The surface deflection and stiffnegalues during LWD testing were
recorded from the very first drop. The variation of LWD surface deflecton is presented inFigure
48.1n the figure, each point represents the average of 3 dropH.can beobserved that initially, the
surface deflection § high, and gradually decreases with increasing drop numbers; afted drops, the
deflection values become ‘stable’. As each line represents the surface deflectbthe same location
(Grid 5), this behavior indicates the necessity of “Seating Drap”

Opengraded material surface is not uniform in nattinés leads to difficulties in achieving a uniform
contact between the LWD plate and aggregate sufféezefore initial drops are used &nsure
maximum contacbetween the aggregate surface and_iM® plate.According toresults from the
current studythreeseating dropsverenecessary before cetting the surface deflecticandstiffness

data inside the box. Note that the average surface deflection representsdpe aakre after the seating
drops.

Figure 48: Surface Deflection Variation with IncreasingLWD Drop Numbers for Geocell
Reinforced SampleqUC: Uncompacted)

Figure49 andFigure50 show the average surface deflectiaues(Left Y- axis)andStiffness (Right ¥
axis) variation of ASTM #5and ASTM # 4 materials, respectivelyith varied compactin efforts. The
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horizontal striped bars in the figure represent the average surfacdideflafterthe seating drops
without geocell reinforcement where the blue bars represent the adefigtionfor geocellreinforced
samples. The gthess is showed using square (without geocell) and upper triangle (gecadbd lines.
Thefollowing observations can beadefrom the figure

ASTM #57

Figure 49: LWD Test Resultslnside the WooderBox (Material: ASTM #57)

ASTM #4

Figure 50: LWD Test ResultsInside the WooderBox (Material: ASTM #4)

X The surface deflection redeswith application of the additional compactidfowever, for the
ASTM # 57 material, the reduction is significant afterfibe pass of the vibratory compactor the
unreinforced sample.

x Forthe ASTM #57aggregate material, the surface deflections aftepass of thevibratory
compaobr areclose to each other féihe unreinforced, and geocediinforced samples. No significant
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improvement in the LWDneasured surface deflections were observed when the OGA material was
reinforced using geocells. This is most likegcaus¢he LWD-induced stresses are ogh enough

to mobilize sufficient lateral movemeaot the aggregate particles. Therefatect of thegeocelt
reinforcement is not noticeablmder such low stressédoreover,looking at the stiffness curves,
interestingly, the stiffness values for the unreioéal specimen were greater than those for the
geocelireinforced specimen, particularly after 1 and 2 passes of the vibratory pigtactor. This

may be becausender such confined conditions of the wooden box, aggregate geso#&kced
aggregate layerould not achieve adequate compaction.

x Forthe ASTM #4 material the reduction in surface deflection wititcreasingcompaction effarwas
not as noticeable as tA&STM #57 material Specifically the ASTM #57materialshowed better
compactiorcomparedd theASTM #4 materialwhen the compaction energy is kept constant. This
statement can also be confirmed by the stiffness value. For geocell reinforceelssumpichieved
stiffnessvalue for theASTM #4 material(5.94 kN/mm) aftethe thirdpass of thevibratory
compactionvaslower than the stiffness achieved by ASTM #57 (7.5 kN/n\Moyeover when the
base/subbase layamasconstructed with the coarser gradation mat€¢ ASITM #4),increased
compactioreffort mé&es theunreinforcedayer stiffer tharthe geoceltreinforced layer.

Vertical stress leved weremeasured at different levedgthin the aggregate layer, even for the geecell
reinforced setip. The locations werdop surface100 mm #in.) depth from the top (upper surface of
the geocell), and 250 mm (1) from the top (lower surface of the geo cell) using earth pressuse cell
The recorded data is presentedrigure51. Each bar represents the average of the stress fmml15
LWD drops on Grid 5. From the figure, it is observed that most of the stress doonimtpe LWD drops
dissipates in the upp&00mm or4 in.layer. The reduction of stress level in #%) mmgeocell layer is
negligible compared to the upgEd0 mmcapping. However, in case of ASTM #4 the stress level is not
reduced through the geocell layer measured with an LWD.
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Figure 51: Stress Level at different Depth (from Surface) inside Box with GeoceReinforcement
(ASTM #57 and ASTM #4)

RESULTS FROM PHASE-4: CONSTRUCTION AND TESTING OF FULL -SCALE TEST
SECTIONS

Subgrade Properties

Subgrade sodamples cibected from the test strip were tested in the laboratory for basic tidzaton.
Visualclassification of soil samples collected from different test cells didhlmw significant variation.
Therefore, all samples collected from different locations of thtesteip were merged, and just one set of
tests were conducted to represent the subgrade for the entire gettdidyerg’sLimit testswere carried
out following ASTM D4318specificationsBased on the Atterberg limit values, and the overall particle
size distribution, the USCS classification for the soil was CL -{iasticity clay), whereas the AASHTO
classification was A7-6. Table6 lists therelevant soil classification information.
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Table 6: Subgrade Soil Classification

LL PL Pl

o L - USCSClassificati AASHTO Classificati
(Liquid Limit) | (Plastic Limit) | (Plasticitylndex) SClassification S assfiication

CL A-7-6

42 22 20 (Low-PlasticityClay) (Clayey Soil)

As alreadymentioned, one of the objectives during this field construction effort wasltbHali of the

test sections without any subgrade compaction control, whereas the remathéeseaiftions were to be
compacted to 95% of standard compaction dry density. The first step beforedeubgmpaction was to
establish the moistw@ensity curve for this subgrade sdihe maximum dry density wagefenined to

be 103.(Qocf. Table7 shows results from the moistudensity checks in the field using a Nuclear Density
Gauge. Cells B and D in Sections 1 through 5 were supposed to be compacted to 8&%mofmdry
density established using the standard conmpaetfort. The rows corresponding to these cells have been
highlighted in grayn Table7. As seen from the table, several of the test cells did not achieve the target
density even after roller compaction. The research team decided to stop comgisitiat stage and
continue wih the testingasno growth in the compaction percentage was observed even after additional
roller passes. This slight lower density compared to the target value ag3dikely to affect the

study results as the test sections are not subjected tulaHoading, and the LWDmposed surface
deflections are not likely to be affected by such small differences in the aclageedénsity.

Besides checking the moistudensity values, ihamicCone enetrometer (DCP) tests were also

conducted on the subgrade layer to check the uniformity of compaction. The 2@ tsed primarily

on the todl50 mm (6 in.of the prepared subgrade layer for the same reasons stated above (no vehicular
loading applied to the test sections). The DCP penetrationwatesised to calculate the-gitu CBR

values for the compacted subgrade layer (@1y). The following equation, developed bielne et al.

(1982) was used tralculate the irsitu CBR values from DCP penetration rates.

Log (CBR) =0.84-1.26 X LOQ (PR} ----mnmnmm oo e e e e (6)
where CBR = Californi@earingRatio, PR = penetration rate (in./blow) of DCP.

Table8 lists the moisture contents, LWieasured surface deflections, LWiikasured surface modulus
values, CBR values calculated from the first DCP drop, as well as the averagallBfcalculated

over the top six inches of the subgrade layer for each tesDoekt again, the highlighted rows in the
table correspond to cells that are supposed to be compacted to at leass@¥dartl compactive effort
dry density Figure52 shows the variation in soil moisture content and the Liéasured surface
deflections for the prepared subgrade layer in each test section. As se#émeffure, the moisture
content variedrom 10.6% to 24.9 %, whereas the surface deflection varied from 0.45 mm to 1.78 mm.
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Table 7: Results from Moisture-Density Checks on the Compacted Subgrade

Moisture | Wet Dry Percent
Test . : .
cell Content | Density | Density | Compaction

(%) (pcf) | (pcf) (%)
1A 16.6 110.2 94.5 91.8
1B 16.8 110.6 94.6 91.9
1C 15.2 98.1 85.2 82.8
1D 21.8 113.6 93.2 90.6
2A 12.7 91 80.8 78.5
2B 19.6 113.1 94.6 91.8
2C 10.6 94.5 85.4 83
2D 24.9 117.5 94.1 91.4
3A 13.8 81.2 74.4 69.3
3B 16.6 110.2 94.6 91.8
3C 12.8 97.7 86.6 84
3D 23.3 113.8 92.3 89.6
4A 15.9 99.1 85.6 83.1
4B 19.3 117.2 98.3 95.4
4C 15.8 103.9 89.7 87.1
4D 22.2 114.7 98 95.2
5A 17.4 116.2 99 96.2
5B 20 120.3 100.3 97.4
5C 16.6 114.2 97.9 95.1
5D 21.5 124.6 102.6 99.6
6A 16 110.7 95.5 92.7
6B 11.9 112.9 100.9 98
6C 12.1 109.4 97.6 94.8
6D 10.9 99.4 89.6 87
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Table 8: Results from LWD and DCP Testing on the Subgrade

Test Moisture Surfac_;e LWD 1stdrop | Avg. CBR Value
Cell Content | Deflection | Modulus CBR (Top 6in.)
(%) (mm) (MPa)

1A 16.6 0.57 35.20 5.22 11.23
1B 16.8 1.05 12.92 5.61 4.57
1C 15.2 0.57 35.20 3.94 9.14
1D 21.8 1.05 12.92 9.35 12.06
2A 12.7 0.56 21.38 6.12 7.70
2B 19.6 1.72 22.08 4.03 3.94
2C 10.6 0.56 21.38 3.90 6.48
2D 24.9 1.72 22.08 2.74 2.93
3A 13.8 0.63 36.41 5.17 4.80
3B 16.6 1.34 27.86 5.38 4.77
3C 12.8 0.63 36.41 3.27 3.42
3D 23.3 1.34 27.86 4.79 2.97
4A 15.9 1.22 14.47 4.98 4.28
4B 19.3 0.78 19.00 2.61 3.44
4C 15.8 1.22 14.47 3.67 4.72
4D 22.2 0.78 19.00 3.67 3.15
5A 17.4 0.99 33.83 4.31 3.49
5B 20 1.78 16.74 3.79 3.28
5C 16.6 0.99 33.83 2.81 2.55
5D 215 1.78 16.74 6.41 4.15
6A 16 0.59 35.01 13.4 22.57
6B 11.9 0.74 28.46 2.6 21.69
6C 12.1 0.45 46.16 3.9 15.92
6D 10.9 0.75 27.96 2.3 6.94

Looking at the T drop CBR values listed ihable8, the variation was between 2.61 to 9.35 for the long
test strip, and from 2.3 to 13.4 in the shorter strip (constructed for the gescfelced sections). On the
other hand, when the CBRlues were averaged for the top 6 inches of the subgrade layer, the variation
was from 2.97 to 22.57. Individual CBR values calculated at different depths cheiBgP testing have
been plotted ifrigure53. As seen from the figure, most of the data points correspond to CBRGellO.

6A was found to have the highest subgrade CBR values.
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Figure 52: Variation in Soil Moisture Content and LWD-Measured Surface Deflections for the
Subgrade Layerin Different Cells along the Test Strip

Figure 53: Subgrade CBRVariation with Depth

Figure54 shows the average subgrade CBR values (top 6 in. of subgrade) for eachsvfcitléste
plotted per their physical location along the test strip. Accordi@yl, 1A is on the West eraf the
strip, whereas Cell 1B is on the East end. As seen from the average CBR valges]esiayer was
weaker as one moves from the West end to the East end of the longgesissam exception, Cell 1D,
the second cell from the East end, showed a high average CBR value of 12.1fd&Xoeptells along
the long strip, the average CBR values for the cells were lower tlais Bnportant to note that the
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current study did not include subgrade tilling and moisture control to achieeem@BR védues for all
cells. Therefore, this degree of variation in the average CBR values is ex@site B, 6D, 6C, and
6A, have been enclosed in a gray bokigure54 to indicate that Section 6 was constructed along a
different strip, near the northast corner of the longer test strip.

Figure 54: Average Subgrade CBR Value (Tp 6 in.) for Different Cells

Figure55 presents a scatter plot showing the variation of l-WW&asured surface deflections on the
subgrade surface witlois moisture contentd=rom the figureas the subgrade moisture content increases
there is a general increasing trend in the LViBasured surface deflections. This is expected as
increasing moisture content can reduce the soil shear strength, therebyngdoedsithe elastic as well

as plaic deformationsFigure56 shows a scatter plot of LWheasured surface deflection with average
CBR for the top 6 inches. For average CBR values less than 5, a large scagtéMiDHmeasured

surface deflection values is observed. However, as the subgrade CBR increasesabapie Slecrease

in the LWD-measured surface deflectimobserved. Except for a few outliers, thefaee deflection
valuesremain constant around 500 umthe CBR value increases.
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Figure 55: Scatter Plot Showing Variation in LWD-Measured Surface Deflection withSubgrade
Moisture Content

Figure 56: Scatter Plot Showing Variation in LWD-Measured Surface Deflection with Average
Subgrade CBR (Top 6 in.)

Figure57 shows the variation ibWD-measured surface defteans with increasing number of drops
during testing on top of the finished subgrade layer. As seen from the figusignificant change in the
surface deflection was observed with increasing drop numbers exc@gl&2B/2D, and 5B/5D. No
justification for this strange variatiom Cells 2B/2D, and 5B/5Bould be found. Nevertheless, this
aspect will be further investigated later in this repbine negligible change in surface deflections with
increasing drop number is expected when testing on acalpacted subgrade layer. The layer has
likely achieved a dense packing state under the rollers; accordingly, no sigrdfiaage in the packing
occurs with increasing number of drops during LWD tesflits also indicates that no seatidgpps are
needed during LWD testing when testing on top of a compactegr&imed subgrade layer.
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Figure 57: Subgrade SurfaceDeflection with LWD Drop Number for the Different Test Cells

LWD testing on the compacted subgrade layer was conducted using both LWD deigize=58
compares the surface deflections measured on each subgrade test ct#ieuswglevicesrom the
figure it isapparenthatfor some test cells (2B/2D, 4B/4D) the Zorn LWD resultetlighersurface
deflection values comparedttee Olsordevice. Fotthe renainder of the testells,both devices resulted
in similar surface deflectionsiere it should bee-emphasized that th#orn device, confirming to ASTM
E2853 specificationbas a precisiotoleranceof + 40 um whereas the Olson device, confirmiig
ASTM E2583 specifications hagpaecision tolerancef £2 pym.This difference in the tolernace values
should be kept in mind when comparing resutls from the two devices. Neverthesedis, from the
subgrade tests clearly indicate that either des@rebe reliably used during field compaction control
activities.

LWD Testing on AggregateLayers —Unreinforced Sections

Seating Drops

Surface deflection values were recorded after every drop of the LWD Resds from thethird stage

of aggregate placementif thick aggregate layearepresentedn Figure59 . From the figure, it can be
observed that beyond the applicatair6é drops, no significant reduction in the measwadace
deflections is observed@hisindicates that while testing on this ASTM #4 material, at least six drops are
necessary as ‘seating’ drops to ensure adequate/uniform contact between the agmréaed and the
LWD plate.It should be noted that the dataHigure59 corresponds to the case where two vibratory
passes of the smoathium roller were already applied to the aggregate layer. Due to theyoged
nature of this layer, even two passes of the vibratory roller does not celygtebilize the aggregate
matrix.
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Figure 58: Comparison of SubgradeSurface Deflection Measured byhe Two LWD D evices

Figure 59: LWD Test Results after 3¢ Lift (6 -in. thick) and Compactionusing Two Passes of the
Vibratory Roller (Material: ASTM # 4)

Effect of Aggregate type

The type ofaggregate materiah terms of gradation, used for construction might be an important factor
governing thesurface deflectiomeaurementan indicator oflegree otompaction). To investigate this
effectFigure 60compareshe LWD-measuredurface deflectionaluesfor the two aggregate materials
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(ASTM #4 and ASTM #57) different layerthicknessesThe columns with green horizontal s&f
represent theneasured surface deflection valadi®ronepass othe vibratoryroller, whereas the
columns with the rethclinedstripesrepresents the deflection valuaftertwo passesOverall, as the
cumulative layer thickness increases fr200, to 250 to 300 mm or 8 to 10 to 12 there is a decreasing
trend in thaneasured surface deflection valuesom the figurewhenthe total layer thickness equdl2
inches, there ino significant difference ithe surfaceleflectionvalues irrespective of whether the layer
is constructed using ASTM #4, ASTM #57, or by placing a layer of ASTM #57 overraoef&TM #4.
On the othehand, for the ASTM #4 material, when the total layer thickness was increase200 mm

(8 in.) to 300 mm (12 in,)the average surface deflection value decreaseddr@dmm to 0.70 mm after
2 passes of the vibratory rollé.similar reduction in surfze deflection was also observed floe ASTM
#57 material i.e.,from 0.82 mm to 0.68nm (after two roller passesyhen the layer height was increased
from 200 to 300 mmErom these resultg can be concluded that the compaction level achieved within a
particular layerdoes not vary significantly between ASTM #4 and ASTM #57 materials.

On the other hand, the degree of compaction after a certain number of roker ipatieectly governed
by the cumulative layer thickness, and degree of compaction of the layeshesith the surface layer
being compacted’he compaction behavior of the®&As is largely governed hyarticle shape and
angularity, and not as much by the grain size distribution. However, it is imptartaote that the
compacion behavior will most likely be significantly different from what wdblile observed for dense-
graded aggregate layeFnally, the results presented in FiguB8 indicate that for none of the materal
thickness combinations, the surface deflection values were less than 0.5 mm)50Bigimis the
current criteria used by the ICPI to ensure adequate compaction of a mininakmetss of 300 mm (12
in.) of base/subbase layerAt this stage, it appears a threshold value of 0.5 mm (50Gqurthis
minimum thicknessnay be too stringent aslues lower than 0.5 mm have been achieved on layers
thicker than 300 mm.

Effect of Layer Thickness

LWD-measured surface deflections from different test cells at different stagegedatg placemeaire
sortedand compared iRigure61. This figure shows results from LWD testing on Direct Lift (DL) as

well as Stagediift (SL) constructions. A SL construction corresponds to the case whetiplmidyers

are compacted on top of each other to achieve a cumulativehaglaressvhereas Direct Lift (DL)
corresponds tthe case where a single layer of aggregate is placed and compacted to achieve the desired
compacted layer thicknesBhe figure also includes data for section with and without placement of the
nonwoven getextile at the subgraegubbase interface. The following primary observations can be made
from close inspection dfigure61:
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Figure 60: Comparing the LWD-Measured Surface Deflection Values for Different MaterialLayer
Thickness Combinations

Figure 61: Effect of Layer Thickness on Measured Surfac®eflection.

a) Overall, comparing the surface deflection values for the sections withidmit\geotextile at the
subgradesubbase interface, it is seen that the cells with geotextile results in sigfeare deflection
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b)

c)

values compared to those without. This diffeeeigcgreater for the thinner aggregate layers, and
gradually diminishes as the cumulative layer thickness increHsisanteresting observation can be
attributed to the fact that placement of the geotextile at the subgtdutease interface creates an
artificial plane of slippage (or failure plane). This prevents penetration of theeggtes into the
subgrade surface for better packing.

For thinner layers, when the geotextile is within the depth of influehiteed WD stress pulse,
detrimental effecof this artificial plane of slippage is reflected through higher recordéalcgu
deflections. However, as the layer thickness increases, the geotextile getsdiadtifarther away
from the LWD, and its detrimental effects is not as clearly noticeabkig\point it is important to
discuss the role that a geotextile is intended to play in actual pavemémseaathen the pavement
section is subjected to water intrusion, and subgrade pumping andionigraiines into the
subbase/base layer is likdtybe an issue, the geotextile plays an important role as a ‘separator’.
Presence of the geotextile greatly benefits the pavement section in thertongnd integrity of the
layers is preserved. In the current study, the subgrade was dry, andanigfréiies into the subbase
layer was not an issue. Moreover, the constructed test sections were not stibjacyedehicular
traffic that would present a possibility of fines migration or pumping. Toerethe geotextile did not
serve any beneficial purpose, rather presented a ‘weak’ plane for aggregegeslibus leading to
greater surface deflectiomhis trend should not be construedaasindicator ofgeotextileseing
detrimental to pavemeperformance

The surface deflectiovalues educe vith increagg of direct lift thickness. Also, there is a reduction
in surface deflection with the application of additional vibratory passesteixcédipe 100 (4n.)

direct lift case This indicateghat the energy coming fromsinglepass of the vibtary compactor is
sufficientto inducemaximum interlocking between the aggregeaeeticles Additional compaction
does lead to improved packing (densification), rather can lead to ‘diezsttbil’ of the aggregate
matrix. Therefore, in the field, th@umber of compactor passes should be changed depending on
thickness of the layer being compacted. Excessive compaction of thin aggregatis liyedysto
‘destabilize’ the packing structure

As the cumulative layer thickness increases, compactidmreairiderlying (intermediate) layers leads
to lower surface deflection measurements in the surface Thisiis the reason, the surface deflections
for staged lift construction were lower than those for tisickjle liftconstructed layers

LWD T esting on Aggregate LayersGeoceltreinforced section

The reinforcementi60 mm or @n. thick) was introduced at the subbase layer using gefdtasdl with
different aggregate The surface deflection was first measured after the placement and stqtactmm

of a 50 mm 2 in.) aggregate layer. Test cell @Bd6D used ASTM#4 material where 6@nd 6A used
ASTM#57 aggregate. After placement of thim Zaping layer, the next surface deflection was measured
after 1 static and lvibratory pass of the vibratory compactor. The defieetiues involve recording data
using 12 drops of standard LWD weight. The results are preserftggLire62. From the figure, the
requirement of 3 drops for getting stable deflection data is also olisé@mveather observation is that the
deflection variation between the teglls gets reduced when the layer thickness is increased. Also, the
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deflection does not significantlyary with the type of material used as all the test cells provide close
deflection value after &tatic and 1 vibratory pas$ the smootkdrum roller.

Figure 62: Surface Deflection Variation with LWD Drops in Geccell-Reinforced Sectiors

Figure63 presents the average deflecidor different test cefl at different layer and compaction effart
The average surface deflection values were recafied3 seating drops. From the
Figure63it is seen that

a) Vibratory compaction is suitable f@GA materials asindicated by the reduction of surface
deflection after vibratorgompaction However, theASTM #57 materialshows better compaction
over ASTM#4 when then compaction energy is kept constris isindicated by higher reduction
in surfacedeflection valuesf vibratory pas®f the roller as compared tcstatic pass for a fixed layer
thickness. This may be because of better packing of the ASTM # 57 materials iagigedbl!
openings compared to the coargeasined ASTM # 4 materials.

b) The use of geocell reinforcement is somehow increasing the surface defleditatirg poor

compaction. For example, wi50 mm or 10 in. thick unreinforced layer, the surface deflection after

2 vibratory passes is 0.74 mm whereas with reinforcement the value ish.Z2-om this data, it
can be concluded that when for layers with geocell reinforceeittigradditional vibratory
compaction may be needed to adequately pack the aggregates inside the gedagt apeniltiple
layered compactionshould have been applied. Moreover, as already mentitredtress levels
imposed by the LWDs are not large enough to mobilize the beneficial effebts gdacells.
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c) Just like theaesults from the longer test strip, test cells with a geotextile plachd atbgrade
subbase interface exhibit higher surfaefiettion values compared to those without any geotextile.
This is most likely because the geotextile presents an artificial ‘slippagé alahe subbase
subgrade interface.

Figure 63: LWD Test Results from GeoceHlReinforced Section.
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CHAPTER 7: SUMMARY AND CONCLUSION

This reportsummarized findings frora recently completed research study at the Oklahoma State
University focusing on the development of a deflection-based compactionl apacdication forOGA
base/subbase courses commonly used in permeable pavements. For this purpbse]ipuise Plate
Load Testing Devices, also knownlaght Weight deflectometsi(LWDs) wereusedto measure the
surface deflections on the aggregate layers under diffepempaction levels. Although the LWD device
has several advantages (Portable, Nondestructive, Easy to use, Quick assassn@rhmercial
availablity), due to the non-homogeneous natur®GIfA types, getting consistent results frtme LWD
test was chénging. Apart from that, currently, there is no established protocaMi testing on these
materials (e.g.therequired number of “seating” and “measuremeinbps). Therefore, the study adegt
an integrated approach involving laboratory testing, numerical modelingieshtesting to develop a
compaction control protocol for tHi@GA materials

This study comprised laboratory and field testing on two typ&3@A materials following gradation
specifications foASTM #4 and ASTM #5,/respectivelyTwo commercially availableWD devices
manufactured by Olson and Zorn respectively, were used in this research tihsturdipence of LWD
types on the measured surface deflectidre research was divided into four phase®Hhasesd, andll,
extensiveLWD tests were conducted on top of the selected aggregate mdisidés custorrmade

large cylindrical moldand wooden bagxespectivelyAs mentioned earlier, the ASTM standard vibratory
shake table and a typical jd@mmerwere used timpart vibratory compactive energy to the samples
inside themold, whereas the aggregate sample placed inside the box were compacted using a
commercially availableibratory plate compactor. Both the mold and box configurations were used to
test aggregat®@GA samples corresponding to various thickness and compaction efforts. Firally, a
scale test section was constructed in the field to correlate the box and meéhtpkes with the field test
section results. The significafimdings from the laboraty andfield-testingeffort are as follows

1. There waso significant difference between the results produced by the @msbforn LWDs under
the same compaction and testing conditions. Even considering the measuremsionpidétérence
between the LWDRypes, Olson & Zorn providksimilar deflection both in laboratory (refer kogure
37 & Figure38) and field (refer td-igure58).

2. Several external factors influerttthe LWD measurement inside the custom/modified Proctor mold
(e.g., mold support condition and contact between mold and the floor surface). Mgaiteo\&¥D
operator's testing style can also influetitetest resultsAccordingly,good contact betweendh
LWD loading plate and aggregate samples is crucial for accurate measurement sfitféée
deflection.

3. For theOGA materials insid¢he customized mold, nine (83eating”drops were found to be adequate
to ensuregood contact between the LWD loadingteland aggregate surfadéowever,while testing
in the wooden box or in the fieldix (6) “seating” drops wersufficientto establistadequate contact
between the loading plate and the aggregate layer surface
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10.

11.

As compaction effort was increased, the relatively smaller ASTM #57 aggregateeathetter
packing compared to the coarser ASTM #4 aggregate. This is expected as Me&tA8iatrix has a
significantly lownumberof smaller particleshat carprovide a “stabilizing” effect to the aggregate
matix. Unless very high confining pressures are applied, capeieed particles rarely achieve
“tight” packing. This clearly explains the variability in the LWD test resul

Excessive compaction did not improve the packing conditroegher aggregate material. In fact, the
aggregate matrix for the coarser ASTM #4 was ‘destabilized’ under excessipaatam.In fact,

there are some compactarsed in construction practice that have indicator lights to avoid over-
compaction in théeld. From the box,He surface deflection value significantly decreleesger one
pass of the vibratory compact howeverthereductionwasnot significant when additional vibratory
compaction effortvasapplied. The value slightly increabeith the tird pass, indicating the
aggregate matrix's destabilizatidne to excessive compaction

Forthe ASTM #57 and ASTM #4 aggregateaterials, 5 seconds of jackhammer-poenpaction

inside Proctor molds (both conventional as well as customized) waseffccachieve maximum
packing. Based on results on the custoade larger mold, it was observed that compaction in layers
(application of vibratory compaction on 100 mm or 4-in. compaction lifts) resultedra consistent
deflection trends compared to tt@se where the mold was completely filled before the vibratory
compaction was applied. This may have some implications on the maximurickftess in the field
before compaction can be appli&imilarly, in thefield, it was observed that staged constion
reduced the surface deflection significantly.

Underlying layer stiffness plays a vital role to the achieved compaetwehdf any layer if the
compaction energy is kept constant.

From the pressure cell datathebox, the pressure level at a particular elevatli@hnot change
significantly after different number of passes of the vibratoryepampactor. A major portion of the
stress levels applied to the top of the aggregate layer (through the LWD dexiysugated within
the top3 to 6in. of thelayer. The reduction of pressure level with the deysk not significant
beyond thisThe pressurdissipation within th®©GA layer formed a “cylindrical” patteranlike the
“conical” pressure dissipation pattern observed in dgnaded aggregate layeEs/enwhen the
aggregate layer was reinforced using gesgctike pressurdissipation pattern did not change
significantly.

Forthesubgraddayerin thefield, seating drop were noneeded before LWD testing. Adequate
contact between the loading plate and the subgrade layer could be lestiafoben the beginning,
ensuring consistent measurements with each drop.

For unreinforced base/subbase layanstructed with OGA materiathe LWD-measured surface
deflectionswerenot significantly affected by the type of aggregate mataadter the surface
deflections weraignificantlyaffected by layethickness

When geotextiles were used at the subgmadibase interfacéhe LWD-measured surface
deflections reduced with increasing layer thickn#glsen no geotextiles were used at the subgrade-
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subbase interface, axceptiono this trendobserved due to penetration of aggregate particles into
the subgrade layer hE difference between the measured surface deflection with or without deotexti
reduced significantly with incresmgy layer thickness, especially when the layer thickness was
increased beyond 10 in. (254 mm), and construction was carried out in lifts.

12. For thegeocd -reinforced base/subbase layer, additional vibratory compagtismecessary for the
OGA materials to achieve better compactsomd stabilitywithin the geocell openings. The beneficial
effects of geocell reinforcement could not be tracked using LWibst@the low applied stress
levels).

Observations from each phaskthis research projeate crucial for thelevelopment of logical,
evidencebasedconstruction andompaction contrajjuidelines. Thereforeas the final task in this study,
theresultsfrom different phases we compared to identify similarities and differences. Thinate
objective was to assess whether any of the laboratory testing approachesisad to realistically

simulate the compaction behavior of OGA materials in the f@fie such a method has been identified,
it would be possible to establish compaction targets for implementattba field. These targets can be
based on LWBmeasured surface deflectiof$gure64 presents such comparisons from the different
phases of this projecthe bar plasin Figure 64present the average value of surface deflection measured
using LWD on top of 12-in. (304.8wn) thick ASTM #4 and ASTM#57 aggregate laygHere it is

essential to mention that aggregate specimens insidRedbir mold were compactéa a single
compactiorift of 304.8 mm (12 in.)In contrast, identical thick aggregate layers inside the box and field
were constructed usirnig/o equal compactiolift s (6 in. each)
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Figure 64: Comparing the Surface Deflection Values for 12n. Thick Aggregate Layer from
Different Phases of the Research Study

Figure64 showghat theLWD-measured surface deflection valwestop ofan aggregate specimen in the
custommade Proctor mold, compacted using the vibratory shake tabldyatestehel thesurface
deflectionameasured on the same aggregasgerial in the wooden box as well as fieéd. As seen from
the figure, the surface deflections for a sample compacted in the [Ebde®nds (on the vibratory
shake table) closely matched the results for samples subjected to one pasgoitiny plate

compacor in the wooden box asell as one pass of the vibratory smedtiam roller in the field.

Similarly, 40 seconds of vibratory compaction using the vibratory shake tabdsmponded to two (2)
passes of the vibratory plate compactor (in the wooden box) or two (2) patisevibfatory smooth-
drum roller (in the field).

From the field data, theurface deflections afterdass othevibratory rolleris 778 P for theASTM
#4 material, and69 P for theASTM # 57 material. Similarlyafter 2pasgsof thevibratory roller, the
corresponding surface deflections @0® P (ASTM #4)and689 P (ASTM #57).The corresponding
surface deflection values the moldwere686 P for ASTM #4 @0 sec) with 2% error, 565P for
ASTM #57 (40 sec) with 18% erroiSimilarly, the correspuling surface deflection in the basere- 636
P for ASTM #4 (2 pass) with%® error, 801 Pfor ASTM #57(2 pass) with 16% erro©n the other
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hand, samples compacted using the jackhammer resulted in significanthsloveee deflection values
comparedo those in the wooden box or the field. This indicates that the jackhasomeaction is not
representative of field compaction conditi@ven 5semndsof jackhammer compactiaesulted in
significantly lower surface deflections compared to those invtwden box or the field.

Figure65 shows the @efficients of Variation(CoVs)of the measured surface deflectimuesamong
different aggregate samples for 304.8 mm (12 in.) thick layer of ASTM#4 &VKST. From this figure,
the variabilityis less than 10% for compaction usthgvibratory shake table. On the other hand, the
variability in surface deflection for samples compacted using a jackhamasgreaterthan 10% This
indicates that the jackhammer compaction not onparts significantly higher compaction levels to the
sample, it also leads to inconsistent surface deflection measurements. Th#reflarekhammer
compaction approach should not be considered as a suitable replication obrfigldction effortsThe
variabilitiesin the fieldmeasured surface deflections were found tbdigreen 12% to 21%, which is
greater than the variation observed in the lab using the vibratory shakd tablis. expected as response
of the OGA layer in the field is affected by several other factors such as supgypdgies, relative
position of the compactor with respect to the testing positionTberefore CoV valuedess than 20%
are considered to meceptable.

Figure 65: Coefficient of Variation Among Surface Deflection Measurements from Different Phases
of the Research Study
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CHAPTER 8: RECOMMENDATIONS FOR IMPLEMENTATION

This chapter provides overall recommendations concerning the impleimemftesearch findings from
the current studyThese recommendations ogumde subsequent development of a defledtiased
compaction control protocol for OGA base/subbase layers, particularlynélseused underneath
permeable block pavements.

1. Device AgnosticAs thesurface deflection measurements from the two LWD types used in the

current study were consistently closeetch otherit is safe to assume that LWiiased surface
deflection measurements on OGA layers is desigeostic. Therefore, any deflectibased
compaction control protocol to be developed for such layers can allow thearsgaimmercially
available LWD device. However, it is important to note that due to irregetain the OGA layer
surface, it is important for the LWD to measure the deflection of the ataa whole. The deflection
measurement should not be point-based (for example, using a sensor protruding throegtethof
the loading plate). OGhayer surfaces are namiform, and poinbased measurements can lead to
significant errors due to movement/reorientation of individual pasticle

Laboratory Testing Mold Siz&rom the laboratory testing in Proctor molds, it was concluded that the
conwentional Proctor mold (6. diameter) is not adequate for testing of such cegnaieed
materials The custommade Proctor mold (D = 12in. & H = 11.5 iiglded results similar to the

field, especially when a vibratory shake table was used to compact the sagpleses can use

such a setip in the laboratory to get a close picture of the overall compaction bebédifierent

OGA materials. However, the authors acknowledge that the availability ofcarensde mold or a
vibratory shake table maynbe a trivial matter for all agencies.

Application of “Seating” Drop:Due to the unevenature of OGA layer surfaceeating drops
become extremely critical before consistent surface deflection measurements can Ipfiskeabm
using LWDs. While testingn the custonmade moldat least nine (9) seating drogere required.
This was because of the confined nature of the mold, and ‘reflection’ dfélse pulses from the
mold boundariesHowever, in then the field it was observed that six (6) seating drops were
sufficient to ensure adequate contact between the LWD loading plate an@Ahay@r surface. It is
recommended thaftar thesix (6) seating dropssix (6) measurement drophould be used, and the
average surface deflection values from the six measurement drops should teg régeralso
important to track the CoV for the six measurement drops. For a well-cteddayer, the CoV
should be less than 20%.

Compaction Method ant@ime(in Laboratory):If an agency is to use a custom-made mold to perform
preliminary testing to establish target deflection values, it is recomméhdea vibratory shake table
be used. As reported earlier, 10 secarlsatory shake table compaction (at 80 Hz) replicated one
pass of a vibratory smootirum roller, whereas 40 seconds of compaction replicated two passes of
the roller. The authors acknowledge that these values auminetsal anadtan change significantly

on the type or roller being used in the field as wellhee layer depths. Nevertheless, some idea could
be obtained about the expected LWi2asured surface deflection values for welinpacted OGA
layers.
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5. Geotextile EffectFor OGA layers less than 1i@. in thickness, placement of a geotextile at the
subgradesubbase interface resulted in higher surface deflections during LWD testergfdri,t is
hypothesized thdhe use of a geotextikt the subgradaggregate interface may negatively affect the
compaction behavior of OGA laydess than 14n. in thickness. For layers thicker than 10 in. (254
mm), no significant difference was observed for layers with or withoutebeexgtile separation layer.
It is also important to note that geotextile placement may be required drastms beyond the scope
of this research study. Therefore, in cases where geotextiles are usedalORant to consider
allowing greater surface deflection values.

6. Staged v®irect Lift Construction:Staged construction providéeétter compaain to the OGA
layers compared to direlift construction, as observed from the lower surface deflection
measurements. Therefore, it is recommended that OGA layers ttiiake8 in. (203 mm) should be
constructed using a staged approach, rather than using a direct lift.

7. Geocell ReinforcemenReinforcemenusing geocell ifDGA layersrequires vibratory compaction
effort toensure adequate packing of the aggregate particles within the geocell pkatsoller
pas was not sufficient to achieve thBue tolimited data available, detailed recommendations
regarding geocelleinforced OGA layers cannot be developed through the current study.

8. RecommendedeflectionBased Compaction Control Protocol

Forthe ASTM #4 aggregate material, for a-I2 thick aggregate layer, the minimum surface
deflection achieved after 2 passes of vibratory roller compactio® w89 mm. It igpossible that the
surface deflection will further reduce upon application of a third rplss. However, based on
results from the current study, it is not likely that the surface aedtewill reduce below 0.50 mm or
500 um, which is the current staard used by the Interlocking Concrete Pavement Institute (ICPI).
Forthe ASTM#57 material, for al2-in. thick layerthe minimum surface deflection achieved after 2
passes of vibratory roller compaction, is 0.735 @mce again, this value may be furtheduced
upon a third pass of the vibratory roller.

Nevertheless, based on results from the current study, it is recommendée thaget surface
deflection should be changed to less than or equal to 0.6 mm (600 pm). From extéasaiena
and field esting, the research team strongly believes that an OGA layer withi@&3ured surface
deflections less than or equal0.6 mm (600 pm) represents an adequate packing condition.
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Abstract

OpenGraded (OG) aggregate layers underneath permeable pavements presécangigni
challenges for construction quality control. Traditional derséged compaction control is not
feasible for these layers as density measurement devices become ineffectev@nestdnce of
large void structures. In such a case, surface deflections measured on top of a doagpaetate
layer could indicate the nature of packing in the aggregate matrix. Tdmsistript presents
findings from an ongoing research study focusing on developing defldxBed compaction
control protocols for OG aggregate layers. Extensive laboratory testingawaesiout to study
the packing evolution within OG aggregate layers under different compactives effog OG
aggregates were compacted inside a cust@de cylindrical mold using a vibratory shake table.
Surface deflections at different compaction stages were measured using a legiitt W
Deflectometer (LWD). To further study the packing characteristics, thedbesEtement Method
(DEM) was used to simulate the laboratory tests. A parametric analysis wed oat using DEM

to study the effects of different model parameters on packing evolution andn&#Bured
surfacedeflections. The results clearly demonstrated that Easured surface deflection is
directly related to the applied compaction effort on the materials. In addition, thericaim
analysis showed that intearticle friction coefficient and stiffness ahdividual aggregate
particles greatly influence LWineasured surface deflection magnitudes. Finally, DEM results
for an aggregate material conforming to ASTM # 4 gradation established that apgiedyi0.5
mm surface deflection under conventional LWD testing load can be used ashalthvesue for
determining optimum compaction levels.

Keywords: OpenGraded Aggregates, Lighteight Deflectometer, Discrete Element Method,
Compaction Control
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Introduction

Pavement base and subbase layers are conventionally constructed using opgrddedse
aggregates and serve as one of the primary-daaying layers in flexible pavement systems.
From a pavement engineering perspective, @peaded (OG) aggregate masdsican outperform
densegraded materials in certain conditions, particularly in the presence of W&ematerials
have less than 2% fines (material finer than 0.075 mm, or passing the No. 200 sie@yirtgus
them desirable drainage characteristiaad making them significantly less susceptible to
moistureinduced and freezihawrelated damage. In addition, pavement layers constructed with
OG aggregates demonstrate higher shear strengths, particularly underdsglstates.

Despite the advantages of the pavement layers constructed with OG aggregatisans
research is required to ensure their adequate performance. Conventionaifpititye af unbound

layers is directly controlled by the degree of compaction. Accordinghgtouction gality control
processes have traditionally been based on deoaggd threshold values. The most common
method used to study the compaction characteristics of soils andgtadse aggregates, is the
drophammer based method like the one originally developed by Proctor. In this method, the
Maximum achievable Dry Density (MDD) for a soil/aggregate is estadisinder a standard
compactive effort. Subsequently, this MDD values is used as a reference dudingiiiglaction,

and the degree of compaction time layer is established relative to the MDD. Field density
measurement methods such as Nuclear Density Gauge (NDG) method, Sand Cone Method,
Rubber Balloon Method, among others, can be adopted to determine the density of theecbompact
layer in the field.

Establishing the degree of compaction in OG aggregates, on the other hand, can be quite
challenging. The large voice contents in OG aggregate layers make conakdgasity check
methods such as the NDG impractical. Moreover, density is not a direct measu@ggfegate

layer's mechanical property. Although higher densities often lead to improesthamcal
properties, there is no consensus regarding the relationship between densityleamd Reslulus

(MR). which is the primary indicator of layer behavior in a MechanBtpirical (M-E)
Pavement Design framework. Accordingly, it is desirable to develop compactiaoty goakrol
methods that are based on mechanistic response parameters, that can bdimhexttty the

layers’ performance under dding. For years, several studies have focused on developing
modulusbased compaction control approaches for soils and aggregates. One such approach
involves the use of Portable Impulse Plate Load Test Devices (PIPLTDastlee Light Weight
Deflectomeer (LWD). An LWD, as defined in ASTM E2583, must have a load cell to measure
the load levels applied by each impact. A PIPLTD, on the other hand and does not have a
requirement regarding load cells (refer to ASTM E2835). The current rasstaiity involved
devices falling into both categories. Therefore, although the devices techifédialiypder the
PIPLTD categorythey have been commonly referred to as LWDs in the current manuscript,
adhering to common engineering practices.

LWDs can be used to measure/estimate thstinmodulus values for compacted unbound layers.
Depending on the device type, the modulus is either directly calculated using loadleciibdef
measurements or is estimated by using the load levelsspabished for certain drop heights
during the calibration process. Although numerous research studies have beengukidousing
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on LWD testing of finegrained soils, studies involving LWD testing of aggregate materials are
relatively limited in number. Ready, Jibon et al. (2021), Nazarian et al. (2003a, b, 2014, 1015)
discussed how LWBneasured modulus values can be correlated with MR values established
throughlaboratory triaxial tests. However, it should be noted that most of these studissdfon
finegrained soils and/or dengeaded aggregates. No studies were found focusing on OG
aggregate materials, primarily owing to difficulties associated with labgrétsting (for both
triaxial testing as well as testing with LWDs). Moreover, researchefiex o the NCHRP 184
report by Nazarian et al.) have highlighted several challenges associit#uevdevelopment and
adoption of moduludased compaction protocols. Under these circumstances,-m@43ured
surface deflections can serve as a practical surrogate for a mecHaassiicdegree of compaction
measure.

Increasing degree of compaction in an unbound aggregate matrix leads to reductiad in |
induced surface deflections. In this regard, LMieasured surface deflections on top of an OG
aggregte layer can indicate the level of packing within the aggregate matrix. iRec&mith et

al. (2017) concluded that the stiffness values of compacted OG aggregatayeaseduld be
quickly assessed using LWDs. Likewise, The Interlocking Concrete Pavenstitute (ICPI;
Smith 2017) and the American Society of Civil Engineers (Eisenberg et al. 2015) Isave a
highlighted advantages associated with the use of uWéasured surface deflections for
construction quality control of OG aggregate layers. Howewe specifications are available
regarding the LWD test procedure to obtain a representative picturelaf/gr compaction level.

In this regard, a correlation study between the degree of compaction of @fgatgdayers and
LWD-measured surface deflions could help in the development of a deflechased
compaction control specification. An ongoing research study at Oklahoma Statesityilas
been focusing on the development of such a specification. The current manusceipisgrasgial
findings from laboratory testing and numerical modeling tasks carried out undeopleecdchis
research study.

Objectives and Scope of Work

The current research study can be divided into two phases: (1) Laboratdry#séng; and (2)
Numerical Modeling. Th experimental phase was aimed at assessing the degree of compaction of
OG aggregate materials through LWieasured surface deflections and was performed at three
scales: (a) Smalbcale, (b) Intermediat8cale, and (c) Fiel&cale. For the smadicale
component, LWD tests were performed on OG aggregates inside a wdinsteel mold with a
diameter of 304 mm and a height of 192 mm; this mold was a sapledrsion of commercially
available Proctor molds. Opgmaded aggregate materials were placedemtbld, and the mold

was placed on a vibratory shake table with a heavy surcharge weight. The degrepadction

of aggregates inside the mold was controlled by varying the frequenciymandftthe vibratory

shake table.

For the intermediate scale tegtj OG aggregate materials were placed inside a 1.2 m x 1.2 m X
1.2 m wooden box and were compacted by different number of passes of a vibratory plate
compactor. LWD tests were conducted after different number of passes dtthegrhpactor to

track the change in the LWDeasured surface deflections with increasing compaction effort. For
the field testing, several fuficale pavement base/subbase sections of varying OG layer thicknesses
were constructed and compacted under different number of passes of a vibradornpDeghils
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regarding the intermediatand fullscale testing efforts will be presented elsewhere (Mondal et
al., 2022) As the final task, smaitale laboratory tests were numerically modeled using the
Discrete Element Modeling (DEM) teclypie. The primary objective of the numerical modeling
phase was to microscopically study the evolution of packing within the aggregie, eind the
corresponding effect on LWAmeasured surface deflections.

First, LWD testing was performed on OG aggregat®ples inside the scaleg Proctor mold to

get a study the effect of compaction effort on surface deflections. Next, erinainmodel was
prepared using the commercially available DEM package, PFC Suite The Paveesay D
Package (PdPkg) addon for PFC was used for this purpose (Potyondy, 2018). Abbreadsed det
about the PdPkg are presented in the next section with appropriate citationsglitecteader to
relevant references. Details of the modeling approach are presented, alotigevatiibation
procedure to match modgénerated results to those generated in the laboratory. Upon calibration,
different model parameters were systematically altered to generate vaggnggate packing
scenarios. The PdPkg enables users to simulate LWD testgnthetic aggregate specimens.
Surface deflections from the simulated LWD tests were used as iduleztors of the aggregate
matrix’s response to loading. The following section presents a brief oveo¥idne LWD testing
procedure, and how LWD tesgjican be carried out in a steel mold to assess the overall compaction
conditions.

LWD Testing Inside Molds: Theory and Background

The LWD performs as a dynamic plate load testing device that can be used to detersumiate
deflections and correspdimg moduli of unbound pavement layers. As shown in Figure 1, once
the LWD comprises a drop weight, which when released, falls along andostrikes a bearing
plate which is in direct contact with the surface of the layer being tedtedefore, a pulskad

is generated and transferred to the underlying material. The speed or &iocceténmovement of

the underlying layer is recorded using velocity sensors or accelerom&tehedtto the plate, and
the deflection time history is calculated by doubte singleintegration of the measured
acceleration or velocity, respectively. A load cell is included in some dewicesasure the
magnitude of the impact load of the falling weight.
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Figure 1. Schematic Showing a Typical Light Weight Deflectometer (LWD) Device (Sdiavet al.
2017)

In the testing procedure, several drops are usually performed, amafgtiadfirst several drops

are taken as “seating” drops as the energy from those drops goes into eadegugte contact
between the loading plate and the underlying layer. Onceiatiegontact is established, data from
subsequent drops can be taken to represent thelésbttion behavior of the underlying layer.
The peak recorded surface deflection and the peak loading magnitude can be usedte tradcul
layer stiffness; the i@&r modulus can be calculated using Boussinesq's theory assuming that the
layer is isotropic, linearly elastic, and represents a homogenous senteinéntinuum.

Recently, Schwartz et al. (2017) performed LWD testing inside Proctor mdidg proposethe
following equation to estimate the modulus of the material being tested inside theTimeld.
equation is based on the theory of elasticity for the elastic material, arghsidy developed by
constraining the lateral deflections (lateral deflectieqgal zero inside a steel mold):

1 2u@g 4H
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diameter, and k is soil stiffness (ratio of peak force to peak deflection). Given th®egtre

LWD-measured surface deflection is directly correlated with the material nsodtdu results

presented in the current manuscript, the mold dimensions were kept constant. Aggording

variations in measured surface deflections can be primarily attributed to changes indhal mat

modulus. To maintain simplicity, surface deflections were directly usethis study as an

indicator of the compaction level of the aggregate matrix. This is particulgplyriamt because

some of the devices used in the current study did not comprise a load cell to direstiyentiea

applied load levels by each drop. Under such circumstances, the modulus estimatesbeas

accurate.

Material Selection

Reslts presented in this manuscript correspond to a limestone aggregate conforAfaTdviat4
specifications. Although the study also included another aggregate medafi@ming to ASTM

#57 gradations, only results for the ASTM #4 material have been presented in the curre
manuscript for the sake of brevity. Moreover, the modeling efforts prinfadlised on the ASTM

#4 material from computational resource considerations; the greater anmeupafticles in an
ASTM # 57 matrix would lead to impractical computational resource requirenteriteef DEM
simulations. The aggregate material was directly collected from steskipdsed on sampling
instructions provided by ASTM. Figure 2a shows the GSD of the selectedahang with
upper and lower specifation limits for the ASTM #4 gradation. From the GSD plot, the material
is uniformly graded (¢= 1.66< 4, = 1.28), and the grain sizes mostly lie between 19 mm to 40
mm (90% mass Fraction).
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Sample Preparation and Laboratory Compaction

Figure 2b (Left)shows a schematic of the cylindrical mold used for the LWD test. The mold was
filled with aggregates, and LWD testing was carried out under ‘congaante ‘uncompacted’
conditions of the aggregate material. The uncompacted sample did not experieegnay
compaction, whereas the ‘compacted’ samples were prepared by placing theitmalggregate

on a vibratory shake table (along with a surcharge load; see Figure 2b, Right). Fonijéds sa

the sample surface was leveled by hand before LWD tekengling of the top surface is a critical
step in this method as a level surface would ensure uniform contact between the dté/angl

the aggregate layer. For the ‘compacted’ samples, the degree of compacticontwakled by
adjusting the vibrationrine and frequency of the shake table. Three replicates each, of ‘compacted’
and ‘uncompacted’ samples, referred to as Samples A, B, and C, were prepa® ftasting.

LWD test results for both sample types are presented in the form of bar ohiaigsiie 3. The
diameter of the LWD loading plate was ~304 mm. A 10 kg weight was dropped six times pe
sample from a height of 60 cm. Results from the first three drops (Drop NuinlZemnd 3) were
isolated, and were taken as the seating drops. The subsequent three drops (Drops 4, 5, and 6) were
taken as the ‘measurement’ drops. Each drop applied approximately 6.22 kN force orheop of t
sample. For the data presented in Figure 3, the compacted sample was subjectgd40)f
seconds of vibratory compaction (Compaction Time, or C.T. = 40 sec) at a vibration fregfiency
80 Hz. The figure clearly shows that the uncompacted samples (C.T = Oyiekkhjgher surface
deflections compared to the compacted samples for both the seating as welleisnmmerasiops.

The average surface deflection value for the seating drops decreasedGomm to 0.91 mm
when the samples were subjected to vibratory compaction. On the other hand, for themesgsur
drops, the average value reduced from 1.11 mm (for uncompsateples) to 0.75 mm (for
compacted samples). These average values will be used later in this mpardiging the
numerical model calibration stage.
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(b)

Figure 2: (a). ASTM#4 OG Aggregate Gradation; (b). Vibratory shake tabl@:sapply vibratory
compaction in the sample inside the custom cylindrical mold.
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Figure 3: LWD Test Results for Compacted and Uncompacted Samples in a Mold
Discrete Element Modeling of LWD Tests on OpeiGraded Aggregate Materials

Understanding of packing behavior within an OG aggregate matrix can be improved through
micro-scale investigation of the system. This is possible through Discrete Elemesptingod
(DEM). Due to its ability to consider the interaction between individual aggregaticles, the
DEM is wellsuited for studying the packing behavior within aggregate matrices. A tatlbra
numerical model can facilitate parametric studies to isolate different factdgstbkgovern tle
compaction characteristics of OG aggregate matrices. Researchers haveallynsimulated the
LWD tests with different modeling approaches. In numerical modellih§\dd tests using DEM,

in addition to the granular material and contact modeling, the simulation of the gpackoess
and preparation of the test specimen are key steps; initial packing and saipgulatgme approach
(in the model) can significantly affect the (simulated) LWD test resultss Jection presents a
brief review of past studies focusing on numerical simulation of LWD testslsmdiscusses the
modeling approach used in the current study.

104



Tan et al. (2014) reported that physical properties of the aggregate mdtaxialsignificant
effects on their mechanical propertiesidhe DE approach is a powerful method to simulate and
investigate the mechanical response. They studied the behavior of unsaturatedreassde
materials considering the effect of moisture content and fine particles usiBdg¥; the models
were calilvated using field LWD test results. In their DEM modeling, first they togiasitational
approach to randomly deposit the particles in a cylinder, and subsequently appliedhandnogr
compaction by modeling four impact loads from a small drop height. This wasvéall by
simulation of a falling weight to represent the actual LWD tests. After seve@ssive drops,
the average of the peak deflections was employed to calculate the bulk modulus of tlyengnderl
material. The results showed that the Bi&del could adequately predict the increasing peak
deflections at higher moisture and fine particle contents compared to the expaliones. They
also compared the lowest and highest values of the simulated deflections withréispanding
LWD-measurd deflections “exp) and developed a transformation relationship between these two
sets of values. They observed that the laboratgsured surface deflection values were
approximately 2.1 times those predicted using the DEM simulations. kg 82.1 "pewm).

Wang et al. (2019) remarked that the LWD test is a promising tool for mebasesl compaction
quality control, if there is a fundamental understanding of its experimemtéiboration and
results interpretation. They modeled LWD in a Dibslsedorogram and calibrated the model with
corresponding field test results to evaluate the effect of moisture and fimdepaontent of
unbound granular materials on the LWiizasured modulus. They used the Hertz contact model
to simulate the integranularattractive forces due to suction (negative poeter pressure).
Different ranges of fine particles were introduced in the model by assigmalier interparticle
friction coefficients. The loading steel plate was also modeled, anpktk stress wasly applied

on the plate. They followed the boundary contraction procedure to generate and cihpact
specimen. They used the DEM results to develop a linear relationship betwézme®sured
surface deflections and the model parameters (i.e., interparticle frictionueinehy and then
compared it with the developed relationship for actual test results. This ¢eomp@emonstrated
that the measured peak deflectioizxy) was about 5.2 times the value predicted in numerical
analysis ‘pem). They used this information during subsequent calibration of their model.

Numerical Modelling Approach in the Current Study

As already mentioned, a commercially available Distinct Element Modeling (DEbgram,
Particle Flow Code or PFC, was used in the current study. Potyondy (2018) developadulea m

for PFC that can simulate LWD testing synthetic granular assemblies;rtbatatudy created a
3-dimensional synthetic granular assembly using this-iadfitature incorporated into the
Pavement Design Package (PdPkg). The DEM simulations were targetedifatesitne small

scale laboratory testing approach involving LWD testirgjde the scaledp Proctor mold. The
following two subsections present details about the numerical model approach adopted in this
study. First, details about the initial sample preparation are presented, tbbdgvadescription of

the procedure to sinhate the LWD tests.

Initial Sample Preparation

In this sample step, first, the Grain Size Distribution (GSD) and contact pespeere introduced
into the model. This was followed by the selection and implementation of an appropelatepa
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protocol tosimulate the aggregate assembly inside a segleBroctor mold. The following
paragraphs present relevant details.

Grain Size Information: In PFC, a synthetic granular assembly is generated using-a pre
determined number of bins and specifying the vauirnaction of aggregate particles
corresponding to each bin. In this study, all particles are assumed to haaraé&hspecific gravity.
Therefore, the terms ‘volume fraction’ and ‘mass fraction’ can be usedhategeably in the
current context. AlthougRFC (since Version 6.0) can simulate polyhedral particles, all models
created in the current study focused on spherical particles only. The model ruartimerease
significantly with increased number of particles. Moreover, the simulatiorestirand
computational resource requirements are significantly affected by difiesdretween the largest
and smallest particles included in the model. To ensure adequate represaiftdie ASTM # 4
aggregate gradation while at the same time keeping the coropatatesource requirements
within reasonable values, the current modeling effort considered only two ‘bitlsef@SD, with
volume fractions set to 70% and 30%, respectively. Table 1a lists the GSD bins usatehe
study.

Contact Modeling: One ofthe most important aspects of DE modeling involves simulation of
inter-particle contact behavior. PFC is equipped with several different contact nwdetsulate

the interaction between individual particles. In this modeling effort, thechiiitact model (Tan

et al., 2014) was used for gragnain contact. Relevant parameters to define this contact model
are: (1) local radii of contacting grains, (2) Young’'s modulus, (3) Poisonts (4jithe density of

the grains, (5) friction coefficients, (6) damping constant, (7) suction, and (8)umeogap. This
contact model accommodates ‘wet’ or ‘dry’ conditions by assigning aosuectlue between
individual grains. In DEM, the presence of fines can either be directly modelgdnayating
smalldiameter paitles, or indirectly modeled by altering the friction coefficient between the
largersized particles. This latter approach reduces the number of paaticlesonsequently, the
computational expense. The contacting grains are like elastic spheres witfinaasimal
interface behaving nonlinear elastic and frictional. The interface carigsampressive forces

(no tension and moment) and is the sum of surface interaction and moisture forces. Table 1. b
presents the material contact properties. It is necessary to mention that indéimgeffort, the
material condition is set to ‘dry’. Initial values for the different model pataraevere determined

from past studies on similar materials (Tan et al. 2014, Wang et al. 2019; Lu and M@D0&e

2010; Dahal and Mishra 2020). Reviewing past studies, the elastic modulus was between 0.833
GPa and 29 GPa, the Poison’s ratio was in the ranges of 0.15 and 0.2, and the interpadicle frict
coefficient varied between 0.2 and 0.6 to represent increasing amounts of finegarticl

Packing Process:This phase produces the material specimen consisting of connected grain
assembly with noizero contact pressure (Potyondy, 2019b). Two main packing processes can be
used within the PdPkg to generate synthetic nadt@ssemblies with specific gradations: (1) Grain
Scaling; and (2) Boundary Contraction. In both processes, a cloud of overlapping igrai
generated in the material vessel and rearranged until the net unbalance@dohss ra user
defined threshold iesl (the net unbalanced force is captured using a parameter known as ‘Aratio’;
a threshold value of ARatio = 1e4 was used in the current study). The ‘Boundary Contraction’
procedure uses the servomechanism to move the vessel walls and apply confinurg podabe
sample. On the other hand, in the ‘Grain Scaling’ approach the grairaszésratively scaled to
achieve the desired contact stress level. The ‘Boundary Contraction’ procedemnerally used
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to generate both densand loosely packed maials, whereas ‘Grain Scaling’ only produces
densely packed assemblies. The ‘Boundary Contraction’ procedure was used in tiestudye
The steps followed are outlined below:

1. First, a cloud of grains was generated with an initial clpoisity (n_c) of 0.25. This low
value of initial porosity causes a large number of grains to be packed in the Invatareh,
and there will be significant graigrain overlaps. The grains are placed inside a cylindrical
shaped material vessel, with an initial size edight from the mold size. Table 1b also
presents information on the initial and final dimensions of the material vessel.t&he in
particle friction coefficient is set to ZERO at this stage.

2. Rearrange the grains inside the cylindrical mold to obtain @meanstress (indicating
static equilibrium).

3. The friction coefficient &, 9 is then set to the desired value, and the material is confined
by moving the vessel walls using servocontrol as long as the wall pregsure \Within
the target value, ahstatic equilibrium is maintained. A small value of friction coefficient
leads to lower resistance during the packing process, and a denser packingheobtai
(lower value of final porosity).

4. In this study, two types of synthetic granular assemblies wepared: (1) Uncompacted
and (2) Compacted. The initial friction coefficient valug,§ has a significant impact on
the degree of packing inside the sample. This can be thought of as a surrogate of the
laboratory compaction effort applied using the vibratory shake table. Figure 5a &hows
screenshot of the generated material specimen in a cylindrical vessel (sigtihei
scaledup Proctor mold). Table 1b lists the material vessel properties and the values of
relevant packing parameters.

Numerical LWD Test Procedure

The process to model LWD tests using the PdPkg in PFC Suite has been exyalessisdbed

by Potyondy (2018). Simulation of the LWD test using the PdPkg comprises thres phas the
specimen preparation has been simulated using the procedure described above. Diffegent pha
to simulate LWD testing include: (1) Setup Phase, (2) Placement Phase, and (8¢r#aop
Phase (Potyondy, 2018). Parameters used for simulating the LWD test baVestasl in Table

1c. The following paragraphgrovide details about different phases of the LWD simulation
procedure.

Setup Phaseln this phase, the model boundary conditions are established, gravity is activated,
and static equilibrium is established. A schematic of the tesipskas been presented in Figure

4, along with forces being applied on each of the specimen walls. As seen from the tigure, t
forces on the top wall as well as the sidewalls can be changed based on the égpdahy
simulated. In the current study, the lateral as well as top walls are fixad) d WD testing to
simulate the situation inside a scalga Proctor mold.
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Figure 4: Schematic Representation of the Forces Acting on the Specimen Wall during e8YD
Simulation in the PdPkg (Potyondy, 2018)

Placement Phasdn this phase, the LWD plate is placed on top of the sample. The LWD loading
plate is nodeled as a clump of overlapping pebbles of the same diameter. As listed irid,able
the plate diameter is 302 mm, and it consists of 6 pebbles in the diametrical dirextibig(ge

5b). The plate’s rotation and lateral movement is constrained; ilysatiowed to move in the
vertical direction (axial direction of the sample).

HammerDrop Phaseln this phase, first the weight of the LWD (~ 34 kg) is assigned to the plate
simulated using the clump. The impact force due to dropping of the weighhusatd by
applying an additional force in the axial direction to the centroid of the loadirgy pla¢ load

pulse applied by the drop has a magnitude of 6227 KN, and a pulse width of 40 ms. A symmetric
load pulse is modeled. In other words, the peak iwagplied at halfvay into the load pulse (t =

20 ms). The time interval between each drop is approximately 0.46 seconds.

Due to the dynamic nature of hammers drops during the LWD test, thadqadie accelerates
downward, and penetrates into the eriging material resulting in significant overlap between the
spheres constituting the loading plate and those representing the aggregas.pBinis overlap
results in high magnitudes of unbalanced forces in the model. Therefore, the modetdsdcycl
this stage to let the balls “rebound” from the overlapped position, and for the modehta state

of static equilibrium. In this model, the local damping factor and the Hill dampingacussvere
set to 0.02 and 0.07, respectively. To have an adequate representation of the load application and
system response during testing, the model run time should be kept within acceptiédld hien
drop process includes the time required for the pulsed load application, and the adihtienal
required for thesystem response (i.e., the resisting force) to return to a value equal thev&lgtd
(static loading condition). The run time is primarily controlled by the timestiggted to model
the load response of the system.

Interpretation of LWD Tests Data

An LWD device directly measures the applied load magnitude (for models edwijthea Load
Cell), and the corresponding induced surface deflections. The surface defleeitberglirectly
measured using a Linear Variable Differential Transducer (LVDT) sorcdlculated from
velocity/acceleration measurements using a geophone or accelerometer,vagpé&ttysically
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speaking, the surface deflection is a representation of the amount by which the B®%D pl
penetrates into the surface of the material beistpde with respect to its original position. As
expected, every drop of the LWD mass results in elastic + plastic deformathemmaterial being
tested. Figure 5c presents example data from the current modeling effod,theisplacement

of the LWD plate is plotted against time. As shown in the figure, each drop of the L¥8D m
results in a deflection pulse, which comprises both elastic and plastic compdimenpsastic or
permanent deformation component can be isolated by comparing the initfatanubsition of

the load plate, after the system has come to equilibrium, post dropping of the LWD massx{The
section discusses results from this numerical modeling effort.

(@). (b).
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Figure 5: (a). Initial Sample Preparation Phagk). LWD Testing Phasgr). Calculation of Elastic and
Plastic Deformation of the Sample Under LWD hammer drop

Table 1: Parameters of The Numerical Modelling

(a) Adjusted Gradation of ASTM#4 Aggregate in PFC

ASTM#4 Aggregate

Aggregate Grain Shape Spherical Balls
Bin-1: Minimum Diameter of Balls 2.50E02 mm
Bin-1: Maximum Diameter of Balls 3.75E02 mm
Bin-1: Volume Fraction 70 %

Bin-2: Minimum Diameter of Balls 1.90E02 mm
Bin-2: Maximum Diameter oBalls 2.50E02 mm
Bin-2: Volume Fraction 30 %

(b) Contact and Packing parameters
Initial Material Parameters (Hill material contact model)

ContactModel Name Hill

Young Modulus ( ) 5 GPa

Poisson Ratio &) 0.15

Friction Coefficient @or & 0.2,0.4,0.6,0.8
Damping Factor () 0.60
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Local Damping Factor () 0.70

Aggregate Materials Densityé() 1500 kg/nd

Packing Parameters

Packing proceduré%) Boundary Contraction
Grain Cloud Porosity J3 0.25

Confining Pressuré?;) 5 kPa

Friction Coefficient during confinemefi,, - K Ni) var. (0, 0.2,0.4, 0.5, 0.7
Material Dimension Inside the Mold

For Compacted Material (Initial Friction Coefficient4x0)

Name Initial (m) Final (m)
Height 0.2730 0.2929
Diameters 0.2835 0.3029
For Uncompacted Material (Initial Friction Coefficieni4x0.5)

Name Initial (m) Final (m)
Height 0.2750 0.2946
Diameters 0.2835 0.3047
(c) LWD Testing Phase Materials Properties

LWD Probe Parameters:

Plate Diameter ~302 mm
Number of touching balls in radial direction of the LWD plath) 6

Total Mass of the LWD 34 kg

Mass of the LWD Dropping Hammer 10 kg
Surface Stiffness of the LWD plage ) 1 GPa
Gravity ( Q 9.81 m/$
Peak force applied by the hamn€i) 6227 N
Duration of the hammer's impulsive forc&) 40 ms

Numerical Results
Impact of Initial Friction Coefficient ( ca R U) and Model Dimension

This section discusses the effects of the initial friction coefficient on\ttiB-imeasured surface
ddflections. As already discussed, during the packing process, the ‘Boundamaciiont
approach was used to create the synthetic aggregate assembly inside ofirecalyhmaterial
vessel. The sample size is not fixed, and rather varies based on theeagetress to be achieved
within the aggregate assembly as well as the initial cloud porosity value useg chaterial
genesis (the initial cloud porosity directly controls the number of partiderg generated in the
system). Therefore, an iteraiapproach was adopted in this effort to ensure the final dimensions
of the material vessel closely matched the seafedProctor mold dimensions used during
laboratory testing. This iterative approach has been referred tinaensional optimizatidrin
the current manuscript. Table 1b lists the initial and final dimensions of the atgsample
inside the material vessel for ‘compacted’ and ‘uncompacted’ samm@s cagesponding to the
initial friction coefficient values of 0.0 and 0.5, respectively. In both casesinal dimensions of
the aggregate sample are close to the dimension of the laboratory sampliesidil. A second
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‘compacted’ sample compacted was simulated with the initial sample dimensiicaiderthat
of the ‘uncompacted’ sample. As expected, the final dimensions for this secongatiedi
sample were slightly different from the other ‘compacted’ sample as no dimahspdimization
was performed. Figure 6a shows the influence of dimensional optimization of tégaimaessel
on the response of the system to the simulated LWD drops. As indicated in this figure,Gdr
(compacted sample), the surface deflections remain almost the same irrespeathether
dimensional adjustment was performed during the material genesis, or notofiéeéoeminimize
computational effort, dimensional optimization was eliminated from all subseopoetas.

Figure 6b shows the influence of the initial friction coefficiemnt ¢n the LWDmeasured surface
deflections. As alreadgnentioned, the; value controls initial packing of the synthetic granular
assembly. If the;j is set to ZERO, there would be no ingarticle friction, and the particles being
generated, can easily slide past each other to attain a densely pack&hdtageother hand, if;

is set to a high value, intgarticle friction would resist the packing process, and the resulting
aggregate assembly would have higher porosities. The results (see Figure &g itidit the
behavior of samples with lowervaues is similar to those for a compacted sample. Consequently,
for samples with low ; values, the LWBmeasured surface deflection and porosity values are
lower. Figure 6¢ shows changes in the final porosity value for the sample asitheges between
0.0 to 0.7. Figures 6b and 6c¢ both illustrate that thelue in the numerical modeling process is
well-correlated with the actual compaction energy applied to the sample. The afiesimilar

on both porosity as well as the LWDeasured surface deftamn values.

6.0
[ ——Ideal Case, u(i)=0.5 (Uncompacted)
——No Geo Adj. u(i)=0.0 (Compacted)

5.0 ‘ Geo Adj. pu(i)=0.0 (Compacted)

Measured LWD Surface Deflection (mm)

wﬁ\._f\‘_J\ -

0.0 0.5 1.0 15 2.0 25
Time History (mm)

(a).

112



N
o

— @) =00 ui)=02 ——p@=05 ——u(@i)=0.7

by o o
o o o
AN

n w
o o
Cl

Measured LWD Surface Deflection (mm)

=
o
L

o
o

0.0 0.5 1.0 15 2.0 2.5
Time History (sec)

(b).

0.38

0.38 9
: 37.15% 37.26%
36.96%

36.27%

Final Porosity

35.28%

o o o o o

w w w w w

a » » ~ ~
1 1 1 1 1

0.35 4

034 L

u() = 0.0 () = 0.2 () = 0.4 @) =0.5 @) = 0.7
Initial Friction Coefficient During Packing

(c).
Figure 6: (a). Impact of The Sample Size and The Changes in The Initial Friction Geetfan The
Measure Surface Deflectionds). Impact of The Initial Friction Coefficient on the measured Surface
Deflection;(c). Impact of The Initial Friction Coefficient on the Final Sample Porosity

Model Validation

Once a systematic approach was identified to simulate LWD testing of OQatsaitefProctor
molds using DEM, the next step was to validate the model by comptrirgsults with those
measured in the laboratory. Model validation efforts were carried out fordmtipacted’ as well
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as ‘uncompacted’ specimens; the details are presented in this section. As alreadgeahen
models with &= 0 were representative ‘compacted’ samples in the laboratory, whereas models
with nonzero ayalues representeshmpleghat were not subjected to any compactive effort in
the laboratory. Figures 7a and 7b compare the EWm#asured surface deflections for the
laboratory tets and the DE models. Figure 7a presents data for ‘uncompacted’ samplegswher
Figure 7b shows data for the ‘compacted’ samples. From Figure 7a shows thatdge af/&€WD
measurement drops (i.e., drops No. 4, 5, and 6) correspondiagrt0.5 clogly matches the
laboratory test results of the ‘uncompacted’ sample. The average deflewtasured in the lab

was 1.11 mm, whereas the DHMedicted value was 51mm (a 4% difference). For the
compacted sample, this difference was slightly larger; abankeasured value was 0.75 mm,
whereas the DEMbredicted value was 0.88 mm (a difference of ~15%). Interestingly, the lab
measured and DEMredicted values do not show as good for a match for the seating drops (i.e.,
drops No. 1, 2, and 3). The percent difference values corresponding to the seating drops for
‘uncompacted’ and ‘compacted’ samples was 15% and 14%, respectively. Exceptsieatthg

drops on the ‘uncompacted’ samples, the Dfddicted surface deflections were always higher
than those measured in the laboratory. The results discussed above clablishetstat varying

the &jyvalue during material genesis in DEM is a reasonable approach to simuleterdifévels

of compaction on an OG aggregate sample. The research team is currekithyg warstudying

the effects of intermediate values &f and how they correspond to different compaction efforts

in the laboratory. Results from these efforts will be presented in future migitsiscr
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Figure 7. A Comparison Between the Numerically and Laboratory L-W&asured Deflections of
ASTM#4 Samples{a) Average of Deflection for The First and Last Three Drops on Uncontpacte
Samples(b). Average of Deflection for The First and Last Three Drops on CompSeteghles

Parametric Study on Factors Affecting OG Material Behavior

Following the model validation, parametric studies were conducted to using tined#tto study

the effect of two different parameters on LWiikasured surface deflections. The primary
objective in this effort was to identify factors that may play a critical role @aatd@mpts to develop
deflectionbased compaction control specifications for OG aggregate materials. The two
parameters considered during this parametric analysis werEindl)Friction Coefficien{ &),

and (2) Modulus of Elasticity of individual aggregate partidles,). The parametric study
considered both ‘uncompacted’ as well as ‘compacted’ samples; details @mtquidselow.

As discussed previously, the Initfiriction Coefficient( &) values could be effectively used in
the DE model to represent varying compaction conditions on the OG aggregate. sample
Additionally, the effect of particle angularity and surface texture can besdtbg altering the
Final Fiction Coefficient( &) value. It is important to note that modern DE software packages are
capable of modeling true polyhedral particles. Therefore, it is no longessaggdo use spheres

to represent actual angular aggregate particles. Having said that, the L\WBtisimnodule in

the PdPkg used in the current study is capable of handling spherical particleshendfoiie, in

the current research effort, the effects of aggregate angularity and surface twxtsample
behavior under LWD loading are studied by altering) #iyvalues. The second factor considered
during this parametric analysis is the aggregate particle modulus of elagtiagyis primarily
aimed at capturing any differences in particle ‘hardness’ originating femrtogjcal differences.
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Moreover, withincreasing demand for marginal quality and recycled aggregates, it idamigo
study how aggregate materials from different sources may behave in Q€gatg layer
applications. Interestingly, DEM studies reported in the literature haed a varyingange of
modulus of elasticity values for the aggregate particles. This rangieévaund in the literature
was considered during the parametric study.

Figures 8 and 9 show results from parametric analyses concerning the eftgctsiafds gon the
response of ‘uncompacted’ and ‘compacted’ systems. Figure 8a shows thagytiee
significantly impacts the first LWD drop on top of an ‘uncompacted’ sample. HHawéor the
remaining drops, the variations become insignificant. In contraketeffect of, the influence of

a, the effect of' 5y ds substantial for each LWD drop (see Figure 8b). Similar analysis on
‘compacted’ samples shows that the effectgpf J @q yare significant for all six LWD drops.
The commonality between ‘uncompacted’ and ‘compacted’ sample behavior wdsethaVD-
measured surface deflection values decreased with incred@ging @q yyalues. From the
comparisons, it is apparent that the effect of E_agg is more significant thah tat

Figure 9 shows the influence &f = J @ y@n permanent deformation of the synthetic granular
assemblies. Given the obtained results, ba@flr J @p ; hhave a similarly diminishing effect on

the cumulative permanent displacement. As shown in Figure 9d the permanent deformation
became negative at a very high values of modulus of elasticity (i.e., for 20 and 4hGieading
sample dilation. This also corresponds to instability of the compacted aggregetesnunder
excessive compacin. Therefore, identification of the optimum compaction effort is essential for
ensuring adequate performance of OG aggregate materials.
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Figure 8: Measured LWD Surface Deflections). Uncompacted Sample: Impact of Final Friction
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Figure 9: Measured Permanent Deformati¢a). Uncompacted Sample: Impact of Final Friction
Coefficient;(b). Uncompacted Sample: Impact of Aggregate Stiffn@ysCompacted Sample: Impact of
Final Friction Coefficient(d). Compacted Sample: Impact of Aggregate Stiffness.

Discussion of Results

The laboratory testing and numerical modeling efforts provided useful insight intéfebecd
degree of compaction on LWmMeasured surface deflections for OG aggregate materials.
Considering the laboratory test results, LWiikasured surface deflections decrease with
increasing compactive efforts applied to the sample inside the mold. The ralmmendzls showed
that both intesparticle friction coefficient and modulus of elasticity individual aggregate
particles significantly affect sample response under LWD loading. Asceqgh the friction
coefficient and modulus of elasticity parameters are inversely correlatetheiL WD measured
surface deflection and permanent deformation values. However, the influence gg@@Q@ade
particle’s modulus of elasticity has a more prominent impact on sample resgoseompared

to interparticle friction coefficients. In addition, the numerical models also stiothat a
compacted sample withery hard particles (high values 0§ y);would exhibit dilative behavior
during LWD testing. Consequently, the permanent deformation values decidasecmeasing
compactive effort, as long as the aggregate matrix is not ‘destahilinezsencehis confirms
that excessive compaction efforts could ‘destabilize’ OG aggregate matrioa®fdre, it is
essential to identify the optimum amount of compaction effort for the OG aggregterialsThe
current modeling effort showed that when the L-W&asured surface deflection values for an OG
aggregate material satisfying ASTM # 4 gradation specifications inside a mold is limitealte a v
of 0.5mm or less within the first few drops, the aggregate matrix can be said to havecahieve
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optimum levelof packing.Applying further compaction effort to the sample may result in
‘destabilization’ of the matrix packing.

Limitations of Current Study

The current DEM modeling effort has several inherent limitations. First, irculrent DEM
model, OG aggrege particles have been represented using spheres. This is not a ‘true’
representation of an unbound granular matrix as its behavior is primarily goverpadibleto-

particle interaction. In addition, the model used a modified ASTM #4 gradatione pduticles

larger than 37.5 mm and smaller than 19 mm were excluded from the model. This was done
maximize the model computational efficiency, while at the same time keeping the maoki¢ian

close to the actual material gradation. It is important togeze that mechanical behavior of the
modified gradation may slightly differ from that for the actual material grada&ernhermore,

the current model was validated using average values of LWD seating drop&asutement
drops. Therefore, LWBneasuredurface deflections were not matched between laboratory and
the model for each drop of the LWD mass. The behavior of the current model would be more
realistic and acceptable if the model was validated for each LWD drop. Howasezotld not

be achievedeven after extensive efforts. Finally, while using the ‘Boundary Contraction’
procedure in the modelling of the sample, a w¥med confining pressure was applied to the
material vessel. Depending on the assigned material properties, tr@érrdaonfining pressure
resulted in slight changes in the final sample dimensions. In this regard, otheggaddaedures,

such as the ‘Grain Scaling’, could be adopted to potentially overcome this mjtétie authors

are working on modifying the numericalogtels to address these limitations; results from such
efforts will be presented in future publications.
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