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Chapter 1 INTRODUCTION

1.1 Introduction

Presence of water can significantly influence the stiffness and stability of a pavement
structure and isconsidered an important factor in the mechanistic design (Huang, 2004;
Baumgardner, 1991acMaster et al., 19§2Water can enter a pavement structure through the
top (infiltration through cracks and/or joints), bottom (rise of water table due to capititon),
and sides (lateral seepage of wditem saturated ditches). If the penetrated wisteot removed
quickly, the base layebecomessaturated TRB, 2010;Apul et al.,, 2002; Barksdale, 1996).
Under wheel loading, the trapped water k#u excesgporewater pressure causing a loss in
strength and increase in pavemeidtress.Trapped water contributes to pavemergtresses
such aspumping, Dcracking, faulting, blowup, frost action, shrinkage cracking, and potholes
(Randolph et al., 2000; Cedeeg, 1994; Forsyth, et al., 1987; Raad, 1982)us, lack of
adequate drainagmn lead t@reatly reducedgervice life angremature failurén pavements

Several methods have been introdudedhe pastto remove water from agvement
structure, includig usinganopengraded base asdrainage layer (Apul et al., 2002; Mallela et
al., 2000). The Federal Highway Administration (FHWA) recommends the use of permeable
base layers for all Interstate pavementRB, 2010; FHWA, 1990). The World Road
Association requires permeable bases for all concrete pavements, while the U.S. Army Corps of
Engineers requires permeable bases only for pavements over 200 mm (7.9 jmnhékiclg it
optional for thinner pavements (Apul et al., 2002; USACE, 198f3inable basenaterials
shouldnot onlypossess high permeability but alsmoughstrength and stiffnesso as to sustain

traffic loads(Liang et al., 2006 Some open graded base materials with high permealk)ity (



and void ratio can have stability and stiffness issues. Consequently, stusigboity and
stiffnessof drainable aggregate bases is an important topic for researchers, state agencies and
industry (Blanco et al., 2004; Apul et al., 2002; Cedergren, 19B&syth et al., 1987,
Cedergren, 1974).

The Oklahoma Department of Transportation (ODQ@Tjrently usesthree different
gradations@QDOT Type AODOT Type BandODOT Type ¢for its base layer@ODOT, 2009).
A recent laboratorgtudy by Khoury and Zamar2@07) revealed thagach of thesgradations
has coefficients of permeabilitythat are more than 1000 times low#ran the values
recommended by FHWAAIthough thebenefitsof a permeable opegraded base layare well
recognized by ODOT and the industsyccessful use of such desigafindered by the lack of
adequate laboratory and field data in Oklahoma. The present study was undertaken to address
this gap. The study was supported jointly by ODOT and the Oklahoma Aggregate Association
(OKAA).
1.2 Nee and Scope

Aggregatebase layer is an intedrand importanpart of a pavement structureHyang,
2004; Siswosoebrotho et al., 2005; Cheung and Dawson, 2@3lly, it should be designed to
satisfy three requirement@) to provide adequatstability to the surface layer, (ii) to provide
adequate drainage within the structure, and t@ijeduce the time the drainage layemains
fully saturatedo a relatively short duratiofl.iang et al., 2006).

From practical and economic considerasian is difficult, if not impossible to designa
base layer that will never become fully saturated. Thisimportant to desiga base layer such

thatit will be able to provide adequate drainage whether fully or partially satueatddhereby



limit the time the layer remains fully saturate®hury and Zaman, 2007Crovetti and
Dempsey, 1993)

With increasecawarenes®f drainability, many statesither have adopted or are in the
process of adoptingermeable basess an integral part of a pavement streetulhe required
gradation anaoefficient of permeabilityhowever,remain uncertairfKozeliski, 1992; Mathis,
1990; Baldwin, 1987)According to Cedergren (1994)an opergraded base/subbaséayer
should hawe a coefficient of permeability betweeéh5 cméec (0,000 ft/day and 35 cm/sec
(100,000ft/day). McEnroe (1994noted that a base layer with a coefficient of permeabhjty{
less than 0.017 cm/sec (48 ft/day) will be practically impermeable, whereas a laykwvalitles
lower than 0.038 cm/sed @7 ft/day) will remain 85% saturated, and a base wittalues of
about 0.074 cm/sec (209 ft/day) will attain 50% drainability. AccordirfgH@VA (1990) a base
layerwith a minimumk valueof 0.35 cm/sec (1,000 ft/daghould provide excellent drainage

The coefficient of permeabilit{k) of aggregate basewhich dictates the drainability of a
pavement structure, depenais various factors including gradation apdrticle packingof the
aggregatetemperature and viscositf the fluid, and degree @&fauration Huang, 2004 Das,
2002; Barksdale, 1996). Gradaticharacteristicare generally representéy percent passing
No0.200 sieve effective diameter@yen), particle size finer than 60% passifg(), particle size
finer than 10% passingQ{,), particle size finer than 30% passin@sf), coefficient of
uniformity (6~), and coefficient of gradatioids) (Huang, 2004) The particle packings
generally taken into account usidgy density, void ratipand porosity of compacted aggregates
in the base. Many of these factors are included in the present study.

Mineralogical composition is dependent on specific aggregate typeitangburce

Thereforethe coefficients of permeability of two similaggregateobtained from two different



quarries could be quite different (Khoury and Zaman, 2007; Randolph et al.,, 1996).
Consequently the applicability and accuracy of existing empirical modtis estimate
permeabilityof aggregate base®ed to be investigated (Khoury and Zaman, 2007; Hatanaka et
al., 2001; Fwa et al., 2001In the present study, empirical models are developed for aggregates
from three different sources, namelycdhor Stone, Dlese and Martin Marietta.

In 2002 AASHTO mechanistic design gui(l®ASHTO, 2002) structural stability of a
aggregatebase layer is measured in ternmssilient modulus(Mg) and layer coefficient
(AASHTO, 2002). The gradation and compaction of representative specimens used to determine
Mr in the laboratory must reflect-situ gradation and compaction lev@lDOT currently lacks
laboratory dataNlr andk) for commonlyused aggregates and gradatioklso, ODOT currently
lacks field data ofMgr andk of aggregate bases. To this end, this study examines the effect of
gradation and compaction energyMp andk of aggregatefrom three commonly used sources
in Oklahoma, namely Anchor Stone, Dolese and Martin Marietta.

To examinethe effect of gradations on stability and drainage, three different gradations
(ODOT Type AM-AASHTO#57 and OKAA Type M are considered for each aggregate type.
Two of thesegradationgM-AASHTO #57and OKAA Type Nl are being considered by ODOT
and OKAA for possible field applications.

Originally this project was funded as a twyear laboratory study. In the first year
(October 1, 200&eptember 30, 2007), extensive laboratory tests (specific gravity, absorption,
abrasion, gradation, moistudensity, resilient modulus, and permeability) were conducted on a
limestone aggregate from Anchor Stone quarry in Tulsa, Oklahamhuly 2007, the scope of
the original study was changed in consultation with ODOT and Oklahoma Aggregate

Association (OKAA) by adding a field component. A test section was constructed on Timberdell



Road in Norman with three different gradatiohd-AASHTO#57, OKAA Type Mand ODOT
Type A. A different gradation was used in each -setion. In addition to monitoring
constructability field tests (falling weight deflectometer (FWD), dynamic cone penetrometer
(DCP) and permeability) were conducted during tmmasion and after the test section was
opened to traffic. Results from these field tests are reported here and compared with the
laboratory results, when feasible.
1.3 Contents of this Report

This report contains seven chapters and six appendices. Fglowroduction, need and
scope in Chapter 1, a detail literature review is presented in Chapter 2. Materials used in this
study, including their sources, geological features and gradations, are discussed in Chapter 3.
Construction of the test sectiongammarized in Chapter £ertinent laboratory and field test
methods are summarized in Chaperwith an emphasis on the methods used in this study.
Laboratory and field tests conducted and their discussions are presented in Chapter 6, while a
summary ofthis study and pertinent conclusions and recommendations are presented in Chapter

7. Details of laboratory and field data are presented in appendices, as necessary.
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Chapter 2 LITERATURE REVIEW

2.1 Introduction

The literature survey conducted in this study focused on the effects of gradation and
compaction energy on the hydraulic coniility and resilient modulusMg) of aggregate bases.
In addition this chapter contains a review of pertinent studies on measurements of permeability
and determination of resilient modulus and the field test methods, falling weight deflectometer
(FWD) anddynamic cone penetration (DCP), used in this study.
2.2 Hydraulic Conductivity of Unbound Aggregate Bases
2.2.1 Backgrounds

Moisture can enter a base layer through various sources including infiltration through
surface cracks and joints, backflow of satad side drainage, and rise of the water table (Apul et
al., 2002; Barksdale, 1996). Infiltration of rain water through cracks and joints in the surface
course is believed to account for most of thetar inpavement (Crovetti and Dempsey, 1993;
Cedergren 1974). Three approaches have been identified that reduce the risks of excessive
moisture in pavements: waterproofing the surface layer, use of surface drainage, and use of
subsurface drainage within the pavement. Of these, use of subsurface drainagsdered
most effective (Flynn, 2000; Mallela, 2000). Consequently, a large number of previous studies
have focused on the use of sulface drainage systems ahé use of opegraded base layers
to address pavement drainage (AASHTO, 2002).

The drainageefficiency of an unbound base layer is characterized by its hydraulic

conductivity, which depends on such factors as aggregate gradation, shape, abrasion and



compaction. Viscosity of the fluid and degree of saturation are also important to pavement
draingge (Das, 2002; Barksdale, 1996).

According to the Colorado Department of Transportation (CDOT) Drainage Design
Manual (2004), drainage layers should be designed to ensure removal of at least 50% of the
water within the system (under fully saturated coond#) within the first hour after a rainfall
event. ODOT recommends a minimum permeability of 1,000 ft/day to achieve this level of
drainage. ODOT also recommends that a base layer be composed of crushed angular aggregates
with 100% passing the 1ir. sieveand less than 2% passing the. 16 sieve.

2.2.2 Laboratory Measurements of Hydraulic Conductivity

Hydraulic conductivity of granular materials is generally determined in the laboratory
using either a constant head test or a falling head test. A cohethimethod (AASHTO T 215
70) requires a steady flow of water under a given hydraulic head. This methveeldr, may
not be suitable for unbound aggregates having large permeability because the setup would
require large reservoirs at both ends of a spegimilso, maintaining constant water levels at
both ends would require precise flow control (Fwa et al., 1998)the other handn a falling
head testising ASTM D 5084 00 test standard (ASTM, 20Q3both the hydraulic gradient and
the specific dischrge vary with timemaking it easier to conduct this test on a compacted
aggregate base specimen. The falling head test method was used in this study to measure the
hydraulic conductivity of compacted aggregate specimens.

Determination of hydrauliccondut i vi ty i s generally based o

laminar flow through a specimen (Das, 2002):

~

= (2.1)

Oz | C

n=

Where[) = volumetric dischargia cm’/sec (ff/day),
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| = specific discharge in cm/sec (ft/day),
& = crosssectional area in chft?),
0= coefficient of permeability in cm/sec (ft/day), and
“(x hydraulic gradient in cm/cm (ft/ft).
Although laminar flow is used widely, severalsearchers have noted that flow through
unbound aggmgates can become turbulettiprefore Equation (2.1) may not appl{Barksdale,
1996; Jones and Jones, 1989; Scheidegger, 1963; Muskat, 1937). Consequently, modifications to
Dar cyo0s equ a tggestad tthagocount fdr mirbutent dow (see e.g., Fwa et al., 1998;
Bear, 1972; Scheidegger, 1963; Muskat, 1937). For example, Fwa et al. (1998) used the
following modified equation to analyze the results of their falling head permeability tests:
0="Q.® (2.2)
where,U = specific discharge velocity in cm/sec (ft/day),
Q = experimental coefficient in cm/sec (ft/day), and
¢ = a second coeffient (unitless).
For laminar flow,¢ becomes equal to 1 and Equation (2.2) becomes identical to Equation
(2.1). For turbulent flowg is generally assumed to be 0.5 (Fwa et al., 1998).
A commonly used formula for determining the coefficient of permigalihen using the

falling head approach in the laboratory is:
T~_ W oy e~Q
0= 2303 &'Q; (2.3)
where, = crosssectional area of top cylinder in éiit?),
0 = length of the specimen in cm (ft),

0 = crosssectional area of soil specimen infft?),

0= timerequiredfor water to drop froniQ to "Q in sec,
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"Q = initial head difference at= 0 in cm (ft), and
"Q = final head difference @t= 0, in cm (ft) (Das, 2002).

Equation (2.3) does not take into account turbulent conditions encountered in flow
through unbound aggregates and thus may vyield inaccurate results fegraged aggregate
bases. Use of Equation (2.2) may be more appropriateifébr cases (Fwa et al., 1998).

2.2.3 InSitu Measurements of Hydraulic Conductivity

In many cases, determination of the coefficient of permeakifitym laboratory tests on
small specimens may not be representative of the overall field comsditisitu permeability
tests, on the other hand, allow researchers to test a much larger volume of materials and include
flow through secondary features such as macropores, fissures, and slickenside in a manner that
cannot be simulated properly in small laboratspecimens (Daniel, 1989). The equations
discussed in the preceding section were developed fediammsional flow, in which water (or
another fluid) travels in a straight line perpendicular to the €estonal area of a specimen. In
field permeabilitytests, however, the flow is primarily radial, and the linear flow assumptions
are usually not valid (Daniel, 1989; Thiruvengadam et al., 1997). A common method used to
determine permeability in the field involves measurements of the change in wateir ey
standpipes. This method was used in this study and will be discussed subsequently in this report.
2.2.3.1 Boutwell Permeameter Theory

Daniel (1989) reviewed a number ofsitu permeability test methods. According to that
review, one of the commoireld methods is the Boutwell borehole test (Boutwell and Derick,
1986). This test is based on the concept that by varying the geometry of the wetted zone, the
relative effect of vertical and horizontal conductivities can be varied in a specified méheer.

borehole is drilled and a casing is placed and sealed, as depi¢iguinae2.1. After conducting



the falling head permeability tedtydraulic ®nductivities for each stage are calculated using

Equations (2.4) and (2.5), suggested by Hvorslev (1949).

Q=2 n = 24
~_6 1Qq
Q-g'n@ (25)

where A and B are calculated from the following equations:

0

5
O0="F In =+ 1+ — 2.
0 n o) o) 6
PPN 0
0=80=0 O 1 0562exp 157 = (2.7)
(@) O
The degree of anisotropy of the medigjs expressed as:
5
a = =< 2.8
Q
Using Equations (2.6) and (2.7), Equations (2.4) and (2.5) can be written as a ratio as
n D
0
TQ In 6"’ 1+ 6
ﬁ = . n — > 2.9
ao ao
In o " 1+ 20l

where k and k representthe hydraulic conductivity in the horizontal and vertical
directions, respectively. The value ai can be foundusing Figure 2.2. Knowing m, the

horizontal and vertical permeabilities can be calculated from the following equations:

Q=6 Q 210
K _17 2.11
Q—G—Q :



Where k; andk; are the permeability values calculated from Stage 1 and Stage 2 of the
Boutwell test (Boutwell and Derick, 1986). The formulations above are developed for clayey
soils where consolidation of structured layers caluémice the permeability. In other words, in
Figure 2.1, Case (a) represents a situation where vertical flow is dominant and Case (b) a
situation wherehorizontal flow (radial) is dominant. An aggregate base, however, does not
involve any consolidation. Consequently, the effect of permeability is considered equal in both
horizontal and vertical directions. Due to the nature of the flow in an aggregaterddial flow
will be dominant (Thiruvengadam, 1997), making Case (b) of the Boutwell test appropriate for
evaluation of permeability. Case (b) also allows for the fact that some water would permeate
through the bottom of the casing. Considering the ftdwvater inthe aggregate base during
field testing, the amount of flow through the bottom of the borehole would be negligible because
the permeability of the subgrade soil will be considerably lower than that of the base layer. For
these reasons, the usiethe Boutwell method may not be a good choice for determination of in
situ permeability of an aggregate base.
2.2.3.2 Porous Probe Theory

Porous probes are pushed or driven into the soil. Both falling and constant head tests can
be performed using a pmus probeFigure2.3 shows the porous probe discussed by Olson and
Daniel (1981). As described by Daniel (1989), the following equation could be used to determine
pemeability from a falling head test:

- “Pl4 Q
Cas "G

In Equation 2.12, shape factbris a function of the casing length)( which is equal to the

(2.12)

thickness of the aggregate base layer in the present stuehpresents the diameter of the



standpipe an® represents the diameter of the borehole. The parafeésecalculated for Case

A and Case B as follows (Daniel, 1989):

2" 0

8Gi'QD: "O= N (2.13)
0 O 2
In 6+ 1+ 6
01’ Qo: "O= — 280 (2.14)
0 D 2
In 6"‘ 1+ 6

Case B is lose to the geometry and mechanics of the falling head field permeability test
performed for the aggregate base in the present study. The thickness of the aggregate base layer
will be used as length., shown inFigure 2.3(b). Also, the permeability of the stabilized
subgrade layer beneath the aggregate base is considerably lower than that of the base layer.
Therefore, Case B is closer to thesitu permeability measumgents conducted in this study than
Case A.

As discussed by Das (1976), to derive Equation (2.12), by equating the discharge rate
through the stand pipe and discharge rate from the permeable media as in Equation (2.15).

. Q

N="00= s (2.15)

where 6= standpipe crosssectional area in%t
| = specific discharge in ft/day,
& = area of aggregate base perpendicular to fldw ft
L = thickness of aggregate base in ft,
h; h,= primary and secondary readings of water head in stand pipe in ft,

t = time of change in head in stapigbe in sec,
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0= coefficient of permeability in ft/day, and
“(x hydraulic gradient in ft/ft.
Considering the shape of the flow boundaries beneath the stand pipe, depkitpden

2.4, the continuity equation can be rewritten as:

Qiz o) = o QQ—Q 2.16
Yo 4 "o (2.16)
Let

K Lo 2.17

- (217)
Then

Q= i 'sz 4 C)%) 2.18

= —-0 (2.18)

Integrating Equation (2.18) for the time intertalandt, and the corresponding height
intervalsh; andh,, one can obtain the following equation:

0 e G4 P (2.19)
X ° 4 O .

The corresponding permeability is given by:
. “Qj4Q
Q= ,“—‘ln — 2.20
Qe o) Q (220
Equation (2.20) is the same as Equation (2.12) in form, as suggested by Daniel (1989),
and very similar to that of Hvorslev (1949).
2.2.3.3 Perreameter used by Bouchedid and Humphrey (2005)

A similar method was used by Bouchedid and Humphrey (2005) to measure the field

hydraulic conductivity of a granular base. The device used by these researchers to measure



permeability is shown ifrigure 2.5. Equation (2.21ill be used in Chapter 5 of this repdaa
calculate field permeability using the falling head method.

N
Q:#
(o] O]

(2.21)

where g = flow rate,

C = conductivity coefficient,

r = radius of the cavity,

H=d + P + L = pressure head,

d = head measured from surface of pavement,

P = pavement thickness, and

L = depth of hole measured from bottom of pavement.

In Equation (2.21), the conductivity coefficiefit is assumed to be a dimensionless
constant that depends on the shape of the cavity. For a cistidped wellC is considered to be
approximately 22. The validity of this for mul
7H, if 15 cm <r<50 cm (6 in. <r < 20 in.). This method determines the order of magnitude of the
permeability (Lacroix, 1960).

A compariso of Equations (2.21) and (2.20) reveals that faEtan Equation (2.20) is
similar toC in Equation (2.21)F, however, is calculated using Equations (2.13) and (2.14), and
varies with L (thickness of aggregate base) and(diameter of the standpipe), W C is
assumed to be 22 for a range of variatioRi(pressure head) amdradius of the cavity). Thus,

it is evident that Equation (2.20) is likely to provide a better estimation of hydraulic conductivity

than Equation (2.21).



2.2.4Permeabilityof Aggregate Bases
Shah (2007) studied the effect of five different gradations incluMPASHTO#57,
OKAA Type NOKAA Type KM-AASHTO #67and ODOT Type Aand compaction energy on
the hydraulic conductivity and resilient modulus of Anchor Stone aggredatésat study, it
was observed that the lower limit of Modifidd-AASHTO#67 gradation compacted using the
standard Proctor method had the highest coefficient of permeability (approximately 0.62 cm/sec
or 1,777 ft/day). ThéMr value obtained for this gradation was approximately 235 MPa (34 ksi)
at a confining pressure of 69 kP psi) and a bulk stress of 276 Kga psi) ODOT Type A
gradation compacted using the standard Proctor method had a range of permeability from
1.8x 10 ® cm/sec to 0.0046 cm/sec (0.005 to 13 ft/day), whereas the modified Proctor method
changed the coefficient of permeability range to 1x3I6 4 cm/sec and 1410 * cm/sec
(0.39 and 3.28 10 ’ ft/day). The study determined that lower lifMtAASHTO#57 andlower
limit M-AASHTO#67 gradations were recommended as drainable bases. (109@s also
found that the lower limit of a gradation, which ¢®arser has a higher coefficient of
permeability than the upper limit for all the gradations evaluatedmaked difference was
observed inMg values amongst the gradations tested although the modified Proctor method
produced higheMg values compared to the standard effort for all the gradations evaluated.
Khoury and Zaman (2007) evaluated the effect of three gradations on the modulus and
permeability of two limestone aggregate bases widely used in Oklahoma. The gradations used in
that study consisted of upper liIn@DOT Type Alower limit ODOT Type Bandlower limit
ODOT Type C The moisturedensity relationships were obtained in accordance with the
AASHTO T 18001 test method. The degree of compaction achieved varied from 92% to 100%

of maximum dry density. Khoury and Zaman (2007) also found that theepbiiity values
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obtained for these three gradations were lower than those obtained from existing models. This
raises qustions concerning the accuraagd applicability of the existing empirical models for
estimating permeability. Also, it suggests the etegency of permeability on the mineralogical

and physical properties of specific aggregate bases, as noted previously by Hatanaka et al.
(2001), Fwa et al. (2001), and Randolph et al. (1996). Type B gradation, which is the coarsest
gradation of the thredyad the highest coefficient of permeability values, whereas Type A, the
finest gradation, had the lowest. It was also noted that the most permeable of the three
gradations, Type B, had a coefficient of permeability that was at least 1000 times lowtiiathan
recommended by FHWA (Khoury and Zaman, 2007). It was determined that there is a need for
further studies on the effect of compaction on aggregate degradation.

Bouchedid and Humphrey (2005) performed laboratory anekitin hydraulic
conductivity teston field cores as well as laboratory molded specimens. It was noted that the
hydraulic conductivity of the base layer decreageth an increase in both fineontent (%
passingNo. 200 sieve) and the coefficient of uniformity. Gradation analysis shdwatddr the
Maine Department of Transportation Type D gradation, fines increased by a factor of 1.7 after 12
years in service. Bouchedid and Humphrey (2005) correlated percent of @reasd( coefficient
of uniformity (6~) to the coefficient of permeaiy ('Q determined via triaxial permeability tests
showing a coefficient of determination JFof 0.63. The results are shown Table 2.1. This
correlation is onlyalid for compacted and sewrounded aggregate particles with the percent
passing No. 200 sieve between 3 and 14 ambefficient of uniformitybetween 10 and 80.
According to the study, the use of a permeable base was expected to increase paveiment life
Maine by 271%, thereby providing a savings of approximately $400,000 per mile of pavement

(Bouchedid and Humphrey, 2005).
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Siswosoebrotho et al. (2005) examined the influence of the amount of fines and the
plasticity index of these fines on the strengtid permeability of base courses. It was noted that
aggregates, with or without fines, gained strength from goagrain contact; however,
aggregate gradations with enoufyhes to fill all the voids werdound to increase the shear
resistance. Permediby measurements were conducted using the falling head approach. It was
concluded that permeability decreased with the increase in fines and plasticity index. Use of 4%
passing No. 200 sieve in a gradation reduced the permeability values consideralgyermow
specimens with more than 4% fines exhibited less reduction in permeability. These researchers
also noted that aggregate gradation and other properties play a vital rolepanfthmance of
granular bases.

In a related study, Blanco et al. (2004%essed the drainage and strength characteristics
of an aggregate base, gradation Type 5, commonly used by the Missouri Department of
Transportation. Laboratory hydraulic conductivity values were in the range t89to 7i 10’
cm/sec (255 toi2 10° f/day). Although the need for effective drainage is well known, the study
found that an aggregate base with Type 5 gradation did not satisfy the permeability requirements
typically recommended for good drainage.

Tan et al. (2003) studied the effect ddgging of permeable bases by introducing sand
and residual soil over the specimens and flushing them with water to allow these soils to settle
within the specimen. As expectdtiey observed that the hydraulic conductivity of specimens
decreased with amc¢rease in the amount of clogging soils. Limiting the number of particle sizes
within a specimen increased the amount of clogging soil needed to completely fill all the voids,

and reduced the permeability of the specimen considerably
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Parra and Blanco (BRQ) assessed the drainability of a wgladed aggregate by
performing a series of constant head permeability tests. The hydraulic conductivity values
obtained from the laboratory tests were compared with the values obtained via commonly used
expressionsnamely the Hazen equation (Hazen, 1930), Sherard equation (Sherard et al., 1984),
and Moulton equation (Moulton, 1980). It was concluded that the Hazen and Sherard equations
often overpredict field hydraulic conductivity values, whereas the Moulton eguabetter
estimates the field hydraulic conductivity values of aggregate bases.

Hatanaka et al. (2001) studied the permeability characteristics of gravelly soils by
conducting permeability tests on high quality undisturbed gravel specimens using-scidege
triaxial cell. The constant head test was used to measure the vertical and horizontal permeability
of gravelly soil specimens. Hatanaka et al. (2001) observed that the effect of confining pressure
on permeability is directly related to the effect ofidv@atio. Their study revealed that the
presence of the large size particles improve the permeability. It was concluded thasitbe in
permeability of gravelly soils could be estimated from reconstituted samples in the laboratory. In
addition, no relatioship was evident between the physical properties and the hydraulic
conductivity of the specimens.

Mallela et al. (2000) developed a framework for the consideration and design of
subsurface drainage systems in jointed concrete pavements. The decisaind® drainage in a
pavement structure should be based on cost effectiveness. The California Department of
Transportation recommends the use of permeable bases under all new concrete pavements, while
the Wisconsin Department of Transportation recommerasing the design of pavement
structures on the traffic loads. The Minnesota Department of Transportation uses a detailed

approach, using subgrade class, traffic load and volume, pavement type, and functional
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classification in its decision making. Mallelaad. (2000) also provided a means for determining

the stability of an aggregate base using gradation characteristics. These researchers noted that
stability of a base increased with an increase in the coefficient of unifororityBased on their

reseach on untreated permeable bases, they recommended the use of a gradatiod-wwithuz

greater than 4 and a coefficient of gradatiag) (value between 0.6 and 1.6. Mallela et al. (2000)

also showed that the presence of a permeable layer wouldiawaingee sustained pavement life

if the design did not account for the expected inflow of water to the system.

Fwa et al. (1998) designed a laboratory experiment for permeability measurements based
on the falling head approach. Results obtained via thiagéead approach were confirmed
using the constant head approach. The results obtained from these two approaches were nearly
identical, thus signifying the success of the falling head approach. Velotityas plotted
against hydraulic gradient)( ard the coefficient of permeabilityk{ in cm/sec) was obtained
using regression modelBwa et al. (1998) modifiedar cy6s equation, whi ch
for laminar flow, to better simulate the turbulent flow commonly observed in aggregate bases.
Howe\er, in their study, the flow in the fine aggregates (retained on No. 50 sieve) was close to
laminar, whereas the flow in glass spheres (11 mm and 16 mm diameter) was turbulent.

Tandon and Picornell (1997) emphasized the need for using drainage requsrament
evaluating aggregate bases for the design of pavement structures. Tandon and Picornell (1997)
recommended the use MFAASHTO#57 and#67 gradations as base layers. While egeaded
drainage layers would certainly increase the permeabilitgggfegate bases, these gradations
might not have adequate stiffness and strength due to the lack of mechanical interlock of the

coarse aggregates.
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Randolph et al. (1996) developed a lasgale permeameter and a testing procedure to
evaluate the hydrauliconductivity of six base and subbase gradations made up of three different
base types. Randolph et al. (1996) noted that although the aggregate base should be compacted
vertically, the hydraulic conductivity test should be run horizontally because thehtowgh
pavement bases is mainly horizontal. Their research provided a rapgenaabilityvalues for
the gradations tested. For No. 57 medium gradation of limestone, a coefficient of permeability
value of 12 cm/sec (34,600 ft/day) was obtained, whel@athe limestone No. 67 medium
gradation, a value of 17 cm/sec (48,000 ft/day) was obtained. Both gradations, thus, satisfied the
requirements set forth by FHWA (1990). However, their research did not compare the effect of
compaction energy on the dewsdnd the hydraulic conductivity of the aggregate bases. The
compaction energy applied to compact the specimens would most certainly provide different
optimum moisture contents and maximum dry densities. These properties of base gradations
would, in turn,influence the hydraulic conductivity of the compacted specimen.

Elsayed (1995) studied the effects of lasjged aggregates and asphalt stabilization on
the permeability of aggregate bases. Three different aggregates were tested for the determination
of the coefficient of permeability. Elsayed (1995) strongly recommended the use of Reynolds
number for determining the transition from laminar flow to turbulent flow. Particle migration
issues were encountered when using two different permeameters, aritigaysd (1995¢hose
to use the Barber and Sawyer (1952) permeameter, which was designed to reduce particle
migration problems. Using the coefficients of permeability for all three aggregates, Elsayed
(1995) developed regression models for unbound agg®gatd stabilized aggregates. The
regression model for the unbound aggregates hatlaf 78 and was assumed to be able to

predict the coefficient of permeability of unbound aggregates within the range of 0.18 cm/sec to
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0.71 cm/sec (500 to 2,000 feet/dlayhis model is shown ifable2.1. The equation correlates
the coefficient of permeability with the void ratio, percent pasding 30 sieve, and percent
passingNo. 200 sieve. No considerable differences in the coefficients of permeability were
found between base with a top size of 38 mm (1.5 in) and that with a top size of 63 mm (2.5 in).
A prominent advocate for permeable layers, Cedergren (1994) described a magsme
the most unusual structure designed by Civil Engineers. Since pavements are designed and
constructed relatively flat, water enters the structure through the top, bottondesdw drains
out very slowly Furthermore, Cedergren (1994) emphasibatia good internal drainage system
within a pavement structure would at least triple the life of the whole structure. It was also noted
that an opefgraded drainage layer having a coefficient of permeability between 3.5 cm/sec
(10,000 ft/day) and 35 cmise(100,000 ft/day) should be used as base/subbase layers in
pavement structures.
Crovetti and Dempsey (1993) focused their efforts on examining the effects of cross
slope, longitudinal gradient, and drainage layer dimensions on the hydraulic condwdtiaity
base layer. The effective grain size, porosity, and percent fines were found to be the most
significant properties affecting hydraulic conductivity. Crovetti and Dempsey (1993) also
indicated a need to study density requirements during the corstructi a base layer,
construction stability, and degradation of particles during the service life of a pavement. Their
study also emphasized the need to assess the effect of aggregate degradation on permeability.
Hajek et al. (1992) evaluated the field fpemance of opemgraded drainage layers on the
performance of pavement structures. It was suggested that incorporating a permeable layer
within a pavement structure did not automatically guarantee increased pavement life. The entire

internal drainage syste incorporating the permeable layer should be designed with sufficient

2-16



permeability for better pavement performance. Increased fines content in gradations increased
the likeliness of clogging within the aggregate base layer, which in turn reduced thelibydra
conductivity of this layer.

Liang and Lytton (1989) developed a comprehensive model for predicting the effects of
air temperature, wind speed, rainfall, frost, and thawing actions on the performance of
pavements. They divided the United States int@ mlimatic regions for simulation patterns that
could be used in pavement design and analysis. From their data, Oklahoma is placed in-region Il
B, which means that there are moderate chances of moisture being present in pavement
structures during a typitgyear. Category B indicates the presence of fréleae cycles in
pavement surface and base and occasional moderate freezing of the subgrade (Liang and Lytton,
1989). The model proved to be realistic in simulation purposes and thus shows the need to
remowe moisture from within pavement structures in Oklahoma, thereby reducing the effects of
the freezethaw cycles.

Marek (1977) demonstrated via experiments that the aggregate gradations of the
base/subbase layers significantly influence the density obtawtbdany compaction effort.
According to this study, strength characteristics of the granular base improved with an increase
in density, however, increased density obtained through the addition of excess fines proved
detrimental to the strength charactéds of the base.

2.2.5 Existing Coefficient of Permeability Models

Carrier (2003) discussed two regression models that are widely used to calculate the
hydraulic conductivity of sands and porous media. He also showed that the -cédtHigzen
formula provided less accurate results than the Kozéagman formula. Both equations are

shown inTable 2.1. The KozenyCarman formula takes into account many importantofact
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affecting permeability including the void ratio of the specimen, diameter of the particles in the
specimen, and the shape factor of the particles. Carrier (2003) suggests that although the
KozenyCarman formula is a better approximation of the hydcaabnductivity of porous
media, this formula is not free of inaccuracies. Therefore, additional tests need to be conducted
to modify the KozemyCarman formula to better approximate hydraulic conductivities of
granular bases.

Kamal et al. (1993) conductecemneability tests on unbound granular aggregates and
developed an equatioffgble 2.1) correlating the coefficient of permeability with the effective
particle size Q,p), particle size at which 20% of the base by weight is smdlgy),(and the
void ratio. Tests were performed on eight gradations ranging from well graded to open graded
mixes.

Sherard et al. (1984) developed a simple equation correlating permeaiititgarticle
size at which 15% of the base by weight is smallge ). This equation, as shown Trable2.1,
was determined by conducting 6 tests on each dafifférent sands and gravels. Using a similar
method Hazen (1930) developed an equation correlating the coefficient of permeability with the
effective grain size'@,y) of saturated sands. The disadvantage of both these equations is their
dependency on gration without considering the degree of packing or porosity.

Moulton (1980) developed a regression equation (showhalrle 2.1) from statistical
analysis and a nomaaph correlating the coefficient of permeability to the effective particle size
(Op), porosity, and percent passihg. 200 sieve. The equation was derived using unbounded

aggregate bases using a specific gravity value of 2.70.
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2.3 Resilient Modulus ofUnbound Aggregate Bases
2.3.1 Introduction

Structural stability of a base layer can be evaluated in the laboratory by determining the
resilient modulus Nlg) of compacted specimens. Deformation of a pavement structure under
vehicular traffic loading is gamally divided into two components, namely resilient (elastic or
recoverable) and plastic (permanent or irrecoverable). After numerous applications of traffic
loading, the increment of irrecoverable deformation becomes much smaller than the increment of
recoverable deformation. Therefore, the recoverable deformation or resilient deformation of each
layer becomes important in pavement design. These resilient characteristics of unbound
aggregates are used in the design of the base layer. Mathematicallgntresddulus § ) is

defined as:
Oy = _.Q (2.22)

where,, o = applied deviator stress in MPa (psi), and
-; = recoverable or the resilient strain in m/m (in/in).

Over the past two decades, the flexible pavement design philosophy has shifted from an
empirical approach to a more mechanistic approach, including using resilient modulus to relate
stressstrain respnse under cyclic loading (Timm and Priest, 2006; Ashteyat, 2004; AASHTO,
2002). In 1982, AASHTO introduced the T 282 test method for determination 0fy. This
method was modified in 1992 (Nazarian and Feliberti, 1993; Claros et al., 1990; Ho, 1989).
Among the improvements, the modified test method (AASHTO T@4better simulated the
loading characteristics of pavement structures and introduced separate procedures for subgrades
and bases. It used a haversine waveform to simulate traffic loadingguiced external LVDTs

to measure deflections accurately during testing. This test method was further modified in 2000
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(ASHTO T 30799) to use different loading and confining stresses and measurement devices
with increased accuracy (Ping and Ling, 2007).

The repeated load triaxial test is one of the most commonly used test methods for
determination of the resilient modulus (Titi et al., 200®).a repeated load triaxial test, a
specimen is subjected to cyclic stress (haversivagped load pulse) and statbnfining pressure
in a triaxial chamber. Several factors affect the resilient modulus of unbound aggregate bases,
including stress conditions, moisture conditions, density, and geological features (Khoury and
Zaman, 2007; Richter, 2006; Tian et al., 89Baman et al., 1994; Karasahin et al., 1993).

For design purposes, resilient modulus is generally expressed as a function of state of
stress. The AASHTO Pavement Design Guide (2002) recommends the use of the following

general model fob -:

. S
0y= QU U% Ted 4 g (2.23)

Vg
where, 0 -y = resilient modulus in MPa (psi),

g= bul k sfrigim MPatpsi)
0y = major principal stress in MPa (psi),
0, = intermediate principal stress in MPa (psi),

( £ sfor cylindrical specimens),
U3 = minor principal stress = confining pressure in MPa (psi),
;= atmospheric pressure in MPa (psi),
t:cy= octahedral sher stress in MPa (psi), and
Q,"Q, Q = regression constants.

The octahedral shear stress is related to the principal normal stresses as follows:
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TS(:DZE nl !!22+ nl ))32+ n2 ,,32 (224)

The three regression coefficients are determined outside the design guide software with
'Q andQ being generally positive ant} negative. A coefficient of determination {Fof 0.90
or more should be obtained, if not the test results and equipmernd sfeochecked (AASHTO,
2002).

The behavior of granular soils has often been correlated with bulk stress, as shown in

Equation (2.25).

iv=Qq" (2.25)
where, 0 -y = resilient modulus in MPa (psi),
"Q and'Q = regression constants whéggis in MPa (psi) and
g = bulk stress in MPa (psi) (Ping et al., 2001).
Unbound aggregate bases h&yevalues in the range of 10 MPa to 82 MPa (1,500 psi to
12,000 psi) and} values in the range of 0.3 to 0.7 (Richter, 2006; Ping et al., 2001).
2.3.2 Resilient Modulus of Agggate Bases
Khoury and Zaman (2007) evaluated the effect of three gradations on the modulus of two
limestone aggregate bases used in Oklahoma. It was observed that the resilient modulus
increased with an increase in bulk stress and confining pressuberhégilient modulus values
were observed for denser gradations, as expected. A statistical correlation was reported between
the resilient modulus value a@y, Cc, and percent passiidp. 200 sieve. The statistical model
had an R value of 0.95 and is swn in Table2.2. It was evident that resilient modulus was
sensitive to fines (percent passidg. 200 sieve).
In evaluating different laboratory compaction methods for preparation of cyclic triaxial

samples, Hoff (2004) compared four different compaction techniques. Samples compacted using
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the modified Proctor method showed less resistance to permanent deforasatiompared to
those compacted by the other methods (vibratory hammer, vibratory table, and gyratory
compactor). This is due to the fact that modified Proctor would produce a dense specimen
compared to other compaction techniques.

Ping et al. (2001) useAASHTO T 29297 (AASHTO, 2002)test procedure to compare
laboratorydetermined resilient modulus values under both field and laboratory conditions. The
specimens were compacted using the modified Proctor valME€ Gndag maxvalues) in order to
simulae field conditions immediately after construction. These researchers also compared the
laboratorydeterminedOMC values with those determined-situ and found that while the
laboratorydetermined MDD values were slightly higher than thsito values, th values were
comparable under normal environmental conditions. The comparison also showed that the
laboratory compacted specimens had an average resilient moduli of 1.1 times higher than the
average resilient moduli of the excavated specimens. This,dooNgever, be attributed to the
higher densities achieved in the laboratory compaction. It was concluded that the laboratory
determined resilient modulus of the compacted specimens could represent the actual resilient
behavior of a granular base in flexalpavements.

Zaman et al. (1994) evaluated the resilient modulus of six commonly used base/subbase
aggregate gradations in Oklahoma. The effects of gradation, compaction method, specimen size,
and testing method on the resilient modulus were incorporditestas concluded that the
gradation influenced the density of aggregate bases; however, stress state would be much more
significant in determining the resilient modulus values than gradation. Resilient modulus values
varied in the range of 20% to 50% beénedifferent aggregate types when gradation and bulk

stress was constant.
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Kamal et al. (1993) conducted repeated load triaxial tests to evaluate the resilient
modulus of aggregate bases. Resilient modulus values increased with increased particle size,
corfining pressure, and deviatoric stress. This suggested the dependency of the resilient modulus
on gradation and applied stresses. The resistance to permanent deformation was also less for the
opengraded specimens, as compared to the-grelfled specimens.

Raad et al. (1992) observed that the egeaded bases are more resistant to pore water
pressure buildip than densgraded specimens. Their comparison of the resilient modulus
values of densgraded and opegraded specimens revealed that degrseled pecimens had a
higher resilient modulus value, but defggaded specimens were also susceptible to excess pore
water pressure development under undrained conditions.

Barksdale and Itani (1989) found that rounded gravel had lower resilient modulus values
than angular particles and that increase in the fines content resulted in lower resilient modulus
values. Increasing the density from 95% to 100% increased the resilient modulus values by 50%
to 160% at a low bulk stress of 0.103 MPa (15 psi) and by 15%%0& a high bulk stress of
0.690 MPa (100 psi).

Thom and Brown (1987) carried out resilient modulus tests on crushed rock aggregates
with changes in grading, degree of compaction, and moisture content. A decrease in stiffness
with increase in the moistur@ntent was observed due to the development of pore pressures.
However, pore pressures only developed at saturation levels greater than 85%. It was also
observed that stiffness increased when the specimen was dried. Thom and Brown (1987) also
reported thathe effect of moisture would be more apparent with an increase in the fines content.
They noted that density had a relatively small influence on the resilient modulus values of

crushed aggregates.
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Rada and Witczak (1981) analyzed the results of mora 8% separate resilient
modulus tests on granular bases. They observed that the regression paraméeendg) in
the bulk stress mod€Equation2.7) had an inverse relationship for granular bases and that
different aggregate types had differ& and'Q values. ‘Q values increased with an increase in
the compaction effort. It was also observed fkivalues increased with an increase in fines
content up to an optimum amount of fines, beyond which it decreased. Rada and Witczak (1981)
also found a critical degree of saturation at8896 above which the base bases exhibited lower
resilient modulus values. They determined that the effect of moisture content could change the
Q values from 20.68 MPa to 6.89 MPa (3,000 psi to 1,000 psheaspgecimen moved from a
dry state to a saturated state. This would further change the resilient modulus values from 275
MPa to 69 MPa (40,000 psi to 10,008)). It was also stated thiatcreasing compaction density
results in a corresponding increasehe resilient modulus.

Hicks and Monismith (1971) evaluated the effect of the degree of saturation on the
regression constants in the bulk stress model (EquatpnWell-graded, suangular, partially
crushed gravel and rock were used in their study. As specimens changed states from relatively
dry to partially saturated’Q values decreased whereX3 values barely changed. These
researchers further evaluated #féect of gradation, particle shape and density®rand Q
values It was observed tha® values decreased as the fines content increased for the partially
crushed aggregate. However, for the crushed aggregate, an opposite trend of an in&ease in
values with increasing fines content was obser@dalues were always larger for the crushed
aggregates than for the partially crushed base. It was also observé thhtes increased with

increasing density, whered§ values remained relatilyeconstant.
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2.4 Dynamic Cone Penetration (DCP) Test on Unbound Aggregate Bases
2.4.1 Introduction

The dynamic cone penetration (DCP) test is a rapid and fairly versatile testsitu in
evaluation of soils and some aggregates. Its correlations to tiieria bearing ratio (CBR),
unconfined compressive strength, resilient modulus, and shear strengths, and its use in
performance evaluation of pavement layers make it an attractivediGbl.tests are widely used
to evaluate the hsitu strength of fine ined and granular subgrades, granular base and sub
base materials, and weakly cemented materMbny useful correlations between the DCP
penetration index and other material properties are reported in the literature (Amini, 2003).

Many agencies use DQB check subgrade stability before and during construction. The
subgrade must be sufficiently stable to prevent excessive rutting and shoving during and after
construction, and must also provide adequate support for the placement and compaction of the
layers to be constructed. For these reasons, the DCP was used in this study to measure field
stability of aggregate bases.

2.4.2 DCP Test on Aggregate Bases

Roy (2007) conducted DCP tests on granul ar
adequate carelan to control data errors and characterize inherent data variability, the DCP test
data can be considered representative ituin materials characteristics. Also, correlations are
available for converting the DCP penetration rate to the Californiangesatio (CBR) andVg.

It was concluded that the DCP blow rate is an indicator of the ultimate bearing capacity of the
material being penetrated. Also, it was found that the blow rate (DCP index) for a granular

pavement layer is analogous to the AASHT@diral layer coefficient for that layer.
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According to Amini (2003), there are several reasons, including time and ecothaty,
DCP can be used as a tool for characterizing the pavement layers. In addition, many correlations
between DCP index and varioparameters of the aggregate bases (e.g. resilient modulus) exist
that permit the estimations of various parameters/properties with given DCP index (e.g.,
Allersma, 1988; Bester and Hallat, 1977; Bukoski and Selig, 1981; Chen et al., 1999; Chen et al.,
20021 and Chan and Armitage, 1997). A new standard test method, ASTM D6951, for use of the
DCP in five shallow pavement applications has been recently developed (ASTM, 2003).

Siekmeier et. al. (1998) developed base compaction specifications using thtedDaP
was shown that the DCP method is an appropriate substitute for the specified density method
when assessing aggregate base materials. It was recommended that the DCP method be used as
an option for determining acceptable aggregate base condifibayg. concluded that accurate
and repeatable DCP tests depended on seating the cone tip properly and beginning the test
consistently. Also, it was recommended that the cone tip be seated by one full drop of the

hammer.
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Table2.1 Coefficient of Permeability Models

Equation Author Property Comments
Hazen 00 = Hazen coefficient (unitless) Based orsaturated
0= 66(0p)? (1892) 0o = particle size for 10% finer soil (cm) sands
(= permeability (cm/sec)
. 6.214x 10°'0ly'"8 665 Moulton 0, = particle size for 10% finer soil (cm) Based on unbounc
Q= 9597 (1980) ¢ = porosity (unitless) aggregate bases
"O= % passingNo. 200 sieve
"= permeability (cm/sec)
Sherard et al. Q5 = particle size for 15% finer soil (mm' Based on dense
0= 0.35(0;5)2 (1984) "= permeability (cm/sec) sands and gravels
Kamal etal. 'Q = particle size for 10% finer sdiinm) Based on unbounc
k= 692 22100+ 24.70, + 228Q+ (1993) Oy = particle size for 20% finer soil (mm  aggregate bases
6.96(0)2 1.56(0y)? e = void ratio (unitless)
0= permeability (15 m/s)
- __7597.23 Elsayed e = voidratio (unitless) Based on unbounc
(= 71027 + 2606.960+ NGii30 (1995) Nal i 30 = % by wt. passingjlo. 30 sieve aggregate bases
13.44°0 "O= % passindNo. 200 sieve
"= permeability (ft/day)
o 4o om 2 1 (03 Carrier IlI "= fraction of particles between 2 sieve Based on porous
Q= 1.99 x 10" x Oy~ X NG X 1+ 0 (2003) (%) media
Qup = effective diameter (cm)
“YO= shape factor (unitless)
Q= void ratio (unitless)
"= permeability (cm/sec)
Bouchedid and "O= % passindNo. 200 sieve Based on unbounc
log"Q= 2.74487 0.0939125°0 Humphrey 0~ = coefficient of uniformity (unitless)  aggregate bases
(0.007434026) (2005) "= permeability (cm/sec)
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Table2.2 Resilient Modulus Models

Equation Author Property Comments
Khoury and 0~ = coefficient of uniformity (unitless) Based on unbound
Ov= 16345 0.9560~ 6.0550 Zaman 0y = coefficient of gradation (unitless) aggregate bases
+ 8.5080 (2007) "O= % passindNo. 200 sieve 0 v determined at a bulk
0 -y = resilient modulus (MPa) stress of 172 kPa (25 psi
i i AASHTO O= bul k srfrrig@Pa) =
b= Qi = @ tew 4 q @ Pavement {01 = major principal stress (MPa)
Y % T i Design Guide 0,=i nt er medi at e $MHAa)n
(2002) U3 = minor principal stress = confining
pressure (MPa)
O,= atmospheric pressure (MPa)
t:¢p= octahedral shear stress (MPa)
Q = regression constant (MPa)
"Q,°Q = regressionconstants(unitless)
0 -y = resilient modulus (MPa)
) Hicks and 'Q = regression constant (psi) Based on unbound
0Dy= Q0% Monismith "Q = regression constant (unitless) aggregate bases
(2971) 'O= bulk stress (psi)
0 -y = resilient modulus (psi)
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Figure2.3 Hydraulic Conductivity from Porous Probe Tegts) Case AProbe with Permeable
Base; (b) CaseBrobe with Impermeable Bagafter Olson and Daniel, 1989)
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Chapter 3 AGGREGATE PROPERTIES

3.1 General

Aggregate properties including gradations, specific gravity, shape, size, and texture used
in the present study are discussed in this chapter. An overview of aggregate origins is also
presented. The results presented in thspter are used to rationalize the stiffness and
permeability results presented subsequently in this report.

3.2 Aggregate Origins

Three types of aggregates from Oklahoma were used in this stuelyas®l, aggregates
were collected from Anchor Stone guoalocated at Owasso, Tulsa County. Rhase2, two
additional aggregates, Dolese from the Hartshorne quarry in Pittsburg County and Martin
Marietta from Sawyer in Choctaw County, were collected.

3.3 Collection of Aggregates

In each case, bulk aggregatgere collected from a well mixed stockpile consisting of
particles ranging from 50 mm (2 in) to fines (% pasilog200 sieve). The bulk samples were
shoveled into polythene bags, sealed to avoid any contamination and hauled to Broce Lab for
testing. At ast 100 bags, each weighing approximately 9 kg (20 Ib), were collected and stored
under a covered shed.

Before the start of any testing, moisture was removed from the bulk aggregates by oven
drying for 24 hours in a pan. Using a mechanical sieve shileedry aggregates were sieved in
accordance to the sieve sizes recommended for each gradation to be tested (ODOT standard
specifications for highway construction, 1999; ASTM C136). Particle sizes larger than 37.5 mm

(1.5 in) were removed from the bulk aggates. All particle sizes larger than 0.075 mMi0.200



sieve) were washed to remove any fines. The washed aggregates were once aghiedi@n
24 hours and then stored in sealed buckets in the laboratory for further testing.
3.4 Geological Historyof Aggregate Origins

According to the ODOT Material Division Aggregate Information Report (2009), the
Anchor Stone and Dolese aggregates used in this study are limestone, while the Martin Marietta
aggregates are primarily sandstone. To gain an undenstaontlithe mineralogical aspects, a
geologic history of each aggregate source was determined.
3.4.1 Anchor Stone Quarry

The Anchor stone quarry is located at 14901 Eabt ®eet, North Owasso in Tulsa
County. This county falls in the geomorphic province of Claremore Cuesta Plains in Oklahoma
(Figure 3.1). This particuhr area is comprised of resistant Pennsylvanian sandstones and
limestones which form cuestas between broad splaies. During the crustal unrest in the
Pennsylvanian period both orogeny and basin subsidence occurred in the south while gentle
raising andowering of broad areas occurred in the north (Oklahoma Geological Survey, 2008).

Uplifts in Colorado and New Mexico gave rise to the mountain chain referred to as the
Ancestral Rockies. Sediments deposited earlier in the Wichita, Arbuckle, and Ouadiftea Up
were lithified, deformed, and uplifted to form major mountains, while nearby basins subsided
rapidly and received sediments eroded from the highlands. Pennsylvanian rocks are dominantly
marine shale, but beds of sandstone, limestone, conglomerdtepahare also encountered.
Pennsylvanian strata, commonly 2,00@609.6 m) t05,000 ft(1524 m)thick in shelf areas in
the north, are up to 16,000 @876.8 m)in the Anadarko Basin, 15,000 @572 m)n the
Ardmore Basin, 13,000 3962.4 m)in the Marietta Basin, and 18,000 (6486.4 m)in the

Arkoma Basin (Oklahoma Geological Survey, 2008).



3.4.2 Dolese Quarry

The geological history of this quarry can be traced back to the Hogback Frontal Belt in
Oklahoma Figure 3.1). The Hogback Frontal Belt was formulated from the thrust blocks of
steeply dipping Pennsylvanian sandstones and limestones. Hogback ridges r&ig2308 m)
to1,500 ft (4572 m) above adjacent shale valleys (Oklahoma Geological Survey, 2008). As
noted in the preceding section, aggregates from this quarry have the same geological features
(limestone originated in the Pennsylvanian period) as those from the Anchor Stone quarry.

3.4.3 Martin Marietta Quarry

Most of the land area of Choctaw County falls under a particular geomorphic province
named the ADi s s elduredl). This somaphic prdviace it comgposed of
mostly unlithified, soutkdipping Cretaceous sands, gravels, clays and some limestones from the
Gulf Coastal Plain which are dissected by streams.

All of the rocks in this geologic province are sedimaey rocks that were formed during
MesozoiecCretaceous Age (Oklahoma Geological Survey, 2008). Shale, sandstone and limestone
occur up to about 2,00609.6 m)to 3,000 ft(914.4 m)in the gilf coastal plain. A major
unconformity is exposed throughout teeutheast, where Cretaceous strata rest on rocks from
the Precambrian to Permian. Uplift of the Rocky Mountains in the late Cretaceous and early
Tertiary caused a broad uplift of Oklahoma, imparting an eastward tilt that resulted in final
withdrawal of thesea, thus promoting sedimentary deposits turning into rocks (Oklahoma
Geological Survey, 2008).

3.5 Physical Properties of Aggregates
Physical properties of aggregates are important to overall pavement performance, and are

closely related to their minerahd chemical compositions. As such, knowledge of the geological



history of aggregate sources is important. The following physical properties were considered in
this study:

1 Gradations.

1 Grain Size Distribution of Fines (passiNg.200 sieve).

1 Specific Grauy.

1 Abrasion Resistance.

1 Aggregate Texture and Shape.
3.5.1 Aggregate Gradations

Particle size distribution or gradation is one of the most influential characteristics of
aggregates. As evident from the studies discussed in Chapter 2, both stiffnesgofinafic
stability) and permeability of aggregates are heavily influenced by their gradations (Shah, 2007;
Khury and Zaman2007, Christopher and McGuffey, 1997\ ominal maximum aggregate size
and its percentage in the gradation are also important to ithelesigns and workability of
aggregate bases.

As noted previously, irPhasel of this study five different gradations, name¥+
AASHTO#57, M-AASHTO #670DOT Type AOKAA Type KandOKAA Type Nwere selected.
These gradations were only used for AncBtone aggregates. Fhase? after consultation with
ODOT, the number of gradations was reduced to tive&ASHTO #570DOT Type Aand
OKAA Type MKhoury and Zamar2007). These three gradations were used for the Dolese and
Martin Marietta aggregates. Gradations useBhasel andPhase2 are shown imable3.1 and
graphically illustated inFigure 3.2 andFigure3.3, respectively. Both lower and upper limits
each specified gradation were used to prepare specimens for permeability and resilient modulus

testing.



M-AASHTO#57 and M-AASHTO#67 have been recommended for permeable bases by
pavement engineers (Tandon and Picornell, 1997). In this study, however, both of these
gradations were modified in order to introduce additional fines. MHASHTO#57 and #67
gradations are opegraded havingimilar fines contents, in the range of 0 to 9KAA Type M
OKAA Type Nand OKAA Type Kgradations have been proposed by Oklahoma Aggregate
Association (OKAA) for possible use as base lay&isAA Type MOKAA Type Nand OKAA
Type Khave fines contenhithe range of 0 to 5%, 0 to 7% and 0 to 10%, respectively. Including
Type Agradation provided baseline data and a basis for comparison of performance with other
gradations. It is important to note that Type A is the densest gradation used in thisigwirty,
fines content in the range of 4 to 12%.

When comparing the results of this study, one needs to keep in view that most of upper
limits of gradations considered have appreciable amounts of fines (particles pabsRP@
sieve). These fines can hasgenificant influence on the flow behavior. A relatively small
increase in the amount of fines can substantially reduce the permeability of an aggregdie base.
determine the percentages of different particle sizes within the fines, hydrometer tests were
carried outin accordance with the D 422 test met{@&TM, 199). Results from hydrometer
testing are shown iable 3.2 throughTable 3.4 and are used in the calculation of effective
diameters for the seteed gradations. Results from the ASTM D 422 test for effective diameter
are shown in Chapté and enumerateh Table 6.4 throughTable6.7. Those tables show that
dense gradations tend to have low effective diameter. For exampleagel for lower limits of
M-AASHTO#57 (Open graded base course), effective diameters were reported as. 133813

mm) and 1.51 in (38.4 mm) respectively with standard compaction effort. Whereas, lower



limits of ODOT Type ADense graded base course) had effective diameter ofr0.(&8 mm)
and0.13 in (3.3 mm)respectivelyfor the same standard compaction.
3.5.2 Specific Gravity

AASHTO M 132 (AASHTO, 2002)test method defireespecific gravity as the ratio of
the mass of a unit volume of a material at a stated temperature to the mass of the same volume of
gasfree distilled water at the same temperature (Das, 1983). This property is very important in
case of aggregate basesthe current study, specific gravities of different aggregates were used
to compute void ratios of specimens for selected gradations. Specific gravities of the different
aggregate types were determined using the CoreLok method and are sii@ite®5 through
Table3.7. The tables show that the kwupecific gravity (Saturated Surface Dry Condition) of
Anchor Stone aggregate was 2.606. Meanwhile, specific gravities for Dolese and Martin
Marietta aggregates were reported as 2.683 and),2ré63pectively. Again, percent absorption
was highest for Anatr Stone aggregate with an absorption of 1.71%. On the other hand, Dolese
and Martin Marietta aggregates had approximately the same percent absorption (0.45% and
0.42%, respectively).
3.5.3 Abrasion Resistance

The abrasion resistance of aggregates is itapbduring construction as well as during
the service life of a pavement. In general, aggregates should be hard and tough enough to resist
crushing, degradation and disintegration from such activities as manufacturing, stockpiling,
placing and compactiorAlso, the aggregates should be strong enough to sustain dynamic
loading and creeping introduced by heavy traffic running over the pavement.

A common test used to characterize toughness and abrasion resistance is the Los Angeles

(L.A.) abrasion test (ASTMC535).For the L.A. abrasion test, a portion of an aggregate sample



retained on the 1.70 mniN¢. 12) sieve is placed in a large rotating drum that contains a shelf
plate attached to the outer wak specified number of steel balls are then placed imtaehine
and the drum is rotated for 500 revolutions at a speed of83Qevolutions per minute (RPM).
The material is then extracted and separated into material passing the 1.70ontR)(sieve
and material retained on the 1.70 mNo(12) sieve.The retained material (larger particles) is
then weighed and compared to the original sample weige. difference in weight is reported
as a percent of the original weight and called the "percent loss." Aggregates from the three
different aggregate sourceme tested for Los Angeles Abrasion loss. Results from these tests
are summarized ifable 3.5, Table 3.6 and Table 3.7. From these results, it was clear that
Dolese aggregates suffered the hgjhabrasion losef 33.2% The other two aggregates show a
similar range of abrasion loss. Anchor Stone aggregates showed 23.6% abrasion loss; whereas,
Martin Marietta aggregates showed 25.3% abrasion loss.
3.5.4 Aggregate Texture and Shape

According to Laidon (1953) particle angularity and texture can influeneechanical
properties of aggregatel8lore angular aggregates are likely to have a higher porosity, and hence
a higher permeability. An increase in particle angularity and temperature and a détrease
relative density and plasticity index can significantly increase the flow of water through a
granular medium. According Randolph et al. (2000), flow through a medium depends on
tortuosity of the medium. Elongated or irregular particles are likelygaterflow paths which
are more tortuous than those around nearly spherical particles.

Particles with a rough surface texture provide more frictional resistance to flow than
smooth textured particles (Randolph et al., 2000). Both of these conditions tesdlite the

permeability of aggregates for a selected gradaBanface texture is an indicator of the pattern
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and the relative roughness or smoothness of aggregate particles. A rough surface texture gives
the fines something to grip, producing a strongend, and thus promoting stability. However,
this may also decrease the void spaces in the aggregate matrix resulting in reduced permeability.

To evaluate the texture and angularity of the selected aggregates, an Aggregate Imaging
System (AIMS) developethy Masad et al. (2005), was used in this study. The test sample
consisting of 56 particles for coarse aggregates are placed on specified grid points on the
measurement tray for scanning, as showifrigure 3.4. For fine aggregates, a handful of the
aggregate is spread uniformly on the measurement grid for scanning. Anbcaitnera unit
captures images of the aggregates in black, white and grayatto The software system
evaluates the images and determines aggregate texture, angularity, sphericity and 2D form
(Masad et al., 2005). An Aggregate Shape Classification Chguré 3.5) suggested by Masad
et al. (2005), is used to categorize the different types of aggregates.

For opengraded bases, larger size particles are expected t@ pglayerning role on the
evaluation of permeability, theref texture, sphericity, 2D form and angularity properties were
determined for coarse aggregates. AIMS results obtained for %2 in. (12.7 mm) and 3/8 in. (9.5
mm) aggregates are summarizedrable 3.8 throughTable3.10 and illustrated in Appendix F.

From Table 3.8, it can be shown that even after being categorized in the same group for
angularity the angularity varies over a wide range. Different aggregates show different
permeability values evefor the same gradation. That may be due to variation in the angularity
and texture properties of aggregategure 3.5 shows that texture values ofskethan 165 are
classified as polished aggregates. All three types of aggregates showed average texture values
below 165 for ¥z in. (12.7 mm) and 3/8 in. (9.5 mm) size aggregagsming they all fall in the

category of polished texture. However, the ageramounts of the representative "polished"”



texture aggregates vary from one type to another. For example, Dolese #4 (4.75 mm) sieve sizes
aggregates had 99.10% polished aggregates; whereas, Anchor Stone and Martin Marietta
aggregates had 91.07% and 97.3#8lshed aggregates.

Figure 3.5 defines the range for subunded aggregates with values varying between
2,100 and £€00.Table3.8, Table3.9 andTable3.10 show that for the mentioned sieve sizes (Y2
in., 3/8 in. and #4 sievesespectively), Anchor Stone aggregates had the highest average
gradient angularity (329.53for %2 in sieve size). Average gradient angularity values for Dolese
and Martin Marietta aggregates were reported as 2546.97, 2715.35, 3182.46 and 2920.58,
2920.46, 3062.61 for %2 in. (12.7 mm) and 3/8 in. (9.5 mm) and #4 (4.75 mm) sieve sizes,
respectively For all of the aggregates and both of #i®vementioned sieve sizes, average
radius angularity was between 10 andWBich defines the aggregates as angular aggregates as
per Figure 3.5. However, the percentage of aggregates for the representative angular type is
different over a very wide range. For instance, ¥z in. (12.7 mm) Martin Marietta aggregates had
54% radially angular aggregateshereas Anchor Stone and Dolese aggregates had 40.74 and
43.64% radially angular aggregates. #4 (4.75 mm) Anchor Stone aggregates had the highest
percentage (56.86%) of radially angular aggregates. Dolese Stone and Martin Marietta
aggregates had 41.35 and 52.00%adially angular aggregates, respectively for #4 sieve.

On the basis of sphericity of %2 in. (12.7 mm) sieve size, average value of sphericity for
Anchor Stone, Dolese and Martin Marietta aggregates were 0.69, 0.72 and 0.64, respectively.
Figure 3.5 shows that Anchor Stone and Martin Marietta aggregates fall in the category of low
sphericity type whereadDolese aggregates were of moderate sphericity fiable 3.9 shows
that 3/8 in. (9.5 mm) Dolese and Martin Marietta aggregates belong to low gghgpe, and

Anchor Stone aggregates fall in the moderate sphetypgy



Table3.1 Gradation Specifications Used in the Study

Sieve Size Gradation Specification (% Passing)
Modified  Modified Modified OKAA
) (mm) %?)STA AASHTO AASHTO AASHTO  Type '(l')y};éAN %EAeAK
#57 (1F  #57 (2F* #67 M
15in 375 100-100 100-100 100100 100-100 100100 100-100 100-100
1lin 25.4 - 95-100 95-100 - 70-100 - 95-100
3/4in 19 40- 100 - - 90-100 55100 40-80 -
1/2in 125 - 25-60 2560 - - - -
3/8in 9.5 30-75 - - 20-55 30-60 25-60 -
No.4 475 25- 60 0-10 0-10 0-12 - 1050 5-75
No.8 2.36 - 0-5 0-5 0-8 - - -
No. 10 2 20-43 - - - 5-25 - -
No.20 0.85 - - - - - - 0-30
No. 40 0.425 8-26 - 0-0 0-6 0-10 - -
No.
200 0.075 4-12 0-5 - 0-5 0-5 0-7 0-10

*Gradation used in Phase 1;

** Gradation used in Phase 2.
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Table3.2 Hydrometer Test oAnchor Stone Fines

. Tem  Actual Control Corr. Eff.
(Tn'nrl':]‘; o Hydr. Fluid  Hydr. Fiofer DeLpth K D (mm)
(°C) Reading Reading Reading (cm)
1.0 22 47 1 47 94.0 8.59 0.01332 0.03903
2.0 22 41 1 41 82.0 9.57 0.01332 0.02913
4.0 22 27 0.5 27.5 55.0 11.78 0.01332 0.02286
6 22 14 0.5 14.5 29.0 13.92 0.01332 0.02028
7 22 7 0.5 7.5 15.0 15.06 0.01332 0.01954
8 22 3 0.5 3.5 7.0 15.72 0.01332 0.01867
10 22 1 0.5 15 3.0 16.05 0.01332 0.01687
13 22 1 0.5 15 3.0 16.05 0.01332 0.01480
15 22 1 0.5 15 3.0 16.05 0.01332 0.01377
16 22 1 0.5 15 3.0 16.05 0.01332 0.01334
19 22 1 0.5 15 3.0 16.05 0.01332 0.01224
Table3.3 Hydrometer Test on Dolese Fines
Eff.
Time T(ca)mp 'I‘:i/tg?l IEI:;/)(;rr . % Depth K D (um)
(min)  (C)  Reading Reading FM¢" L
g Reading
(cm)

0.5 23 60.0 61.2 87.0 6.6 001332 49.41

1.0 23 58.0 59.2 82.5 7.1 0.01332 36.21

20 23 55.0 56.1 78.0 7.6 0.01332 26.48

4 23 52.0 53.0 72.8 8.2 0.01332 1942

8 23 48.5 49.5 67.5 8.8 0.01332 14.20

11 23 45.0 45,9 63.8 9.2 0.01332 12.39

13 23 42.5 43.4 62.3 9.3 001332 11.50

15 23 415 42.3 60.8 95 0.01332 10.80

18 23 40.5 41.3 59.3 9.7 0.01332 9.95

21 23 39.5 40.3 56.3 10.0 0.01332 9.36

24 23 375 38.3 53.3 10.3 0.01332 8.90

27 23 35.5 36.2 51.8 10.5 0.01332 8.46

30 23 34.5 35.2 51.0 10.6 0.01332 8.06

60 23 34.0 34.7 45.0 11.2 0.01332 5.87

120 23 30.0 30.6 375 12.0 0.01332 4.30
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Table3.4 Hydrometer Test on Martin Marietta Fines

Time Tem Actual Corr. % DIEeff:[h
. o P Hydr. Hydr. 7 P K D (mm)
(min) (°C) . . Finer L
Reading Reading (cm)

0.5 23 46.0 46.9 69.0 86 0.01358 56.28
1.0 23 43.0 43.9 64.5 9.1 0.01358 40.92
2.0 23 40.0 40.8 60.0 96 0.01358 29.71

4 23 38.5 39.3 57.8 9.8 0.01358 21.28
o] 23 35.5 36.2 53.3 10.3 0.01358 15.42

11 23 33.0 33.7 495 10.7 0.01358 1341
13 23 325 33.2 48.8 10.8 0.01358 12.38
15 23 315 32.1 47.3 11.0 0.01358 11.61
18 23 31.0 31.6 46.5 11.0 0.01358 10.64
21 23 30.0 30.6 45.0 11.2 0.01358 9.92
24 23 295 30.1 443 11.3 0.01358 9.32
27 23 28.0 286 420 115 0.01358 8.88
30 23 27.5 28.1 41.3 11.6 0.01358 8.45
60 23 255 26.0 38.3 120 0.01358 6.06
120 22 23.0 23.5 345 124 0.01358 4.36

Table3.5 Anchor Stone Aggregatepedfic Gravity, AbsorptiorandL.A. Loss

Average
Trial 1  Trial 2 Value
Bulk Specific Gravity : 2564 256 2.562
Bulk Specific Gravity (SSD): 2.604 2.608 2.606
Apparent Sp. Gravity: 2.67 2.688 2.679
Absorption, %: 1.55 1.86 1.71

% Abrasion Loss (500 revs.): 23.6
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Table3.6 Dolese Aggregate Specific Gravity, AbsorptemmdL.A. Abrasion Loss

Average
Trial 1  Trial 2 Value
Bulk Specific Gravity : 2.664 2.678 2.671
Bulk Specific Gravity (SSD): 2.68 2.686 2.683
Apparent Sp. Gravity: 2.707 2.7 2.704
Absorption, %: 0.6 0.31 0.45
% Abrasion Loss (500 revs.): 33.2

Average
Trial 1  Trial 2 Value
Bulk Specific Gravity : 2.658 2.662 2.659
Bulk Specific Gravity (SSD): 2.67 2.673 2.67
Apparent Sp. Gravity: 2.69 2.692 2.689
Absorption, %: 0.44 0.42 0.42
% Abrasion Loss (500 revs.): 25.3

Table3.8 Summary of AIMS Results on aggregates retaining on 1/2" sieve

Table3.7 Martin Marietta Aggregate Specific Gravity, AbsorptimdL.A. Abrasion Loss

Aggregate Classification based on Average Value (Retaining on 1/2 in. sieve)
Sources Average % Avergae Gradlent % Average Radlus % | Form (Sphericity) | %
Texture Angularity Angularity
Polished-Smootl Sub-Rounded Angular Low Sphericity
Anch . 2 40.74 43.14
nchor Stone |~ 156 5 1 6 9°000 (21004329.534000) | 2 (10a1.2416) |07 (0606907 |
Polished Sub-Rounded Angular Moderate Sphericity
Dolese (151.20165) |4 (21002546.9%4000) | (0<0.3516) | (070.72x08 |
_ _ Polished Sub-Rounded Angular Low Sphericity
Martin Mariett .33 76.1 4.00 7.38
artinMarieta| 1,1 sx165) |29 (21002920.584000) | > (1041.3616) |° (060.6407) |°
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Table3.9 Summary of AIMS Results on aggregates retaining on 3/8" sieve

Classification based on Average Value (Retaining on 3/8 in. sieve)
Aggregate Avergae Avergae Gradient Average Radius
Sources 9 9 9 iCi 9
Texture & Angularity & Angularity % | Fom (Sphericity) | %
Polished Sub-Rounded Angular Moderate Sphericity
Anchor Stone| o2 ho<165) | =2 (21004069.464000) | 079 (10<0.8418) || (0606%07) | >t
Polished Sub-Rounded Angular Low Sphericity
Dolese (126.73<165) |08 (1002715354000 | "% (1041.3%16) || (060.6707) |27
. . Polished Sub-Rounded Angular Low Sphericity
M M 1. 2.14 47.52 71
artin Maretta| 115 75<165) | 2% (21002920.464000) |24 (10q2.2516) |7 (0606%07) |

Table3.10 Summary of AMIS Results on Aggregates Retaining on #4 Sieve

Classification Based on Average Value (Retaining on #4 Sieve)
Aggregate ) Average
sowces | o | % | Mgty | % | Redus | o | S|
9 y Angularity P y
Polished Sub-Rounded Angular Low Sphericity
Anchor Stone | o3.0165) | * | (2100606424000 "143| (10<11.6%16) | *°-80| (0.6<0.62<0.7) | 23->7
Polished Sub-Rounded Angular Low Sphericity
Dolese (0<82.5%165) | -9 (21003182.46:400| 2073| (10<11.4316) | *1% (0.6<0.62¢0.7) | 2°-7
. , Polished Sub-Rounded Angular Low Sphericity
Martin Marietta (0<92.17%165) 97.32 (2100<3062.6%400 80.56 (10<11.6%16) 52.00 (0.6<0.61<0.7) 32.71
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Figure3.4 Aggregates Positioned on AIMS Tray (after Masad, 2004)
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Chapter 4 TEST ROAD CONSTRUCTION

4.1 General

A 5001t (152.4 m)test road was constructed on Timberdell Road between Asp Avenue
and Jenkins Avenue in the University of Oklahoma Norman Canfjigsre4.1). The test road
involved three different test sections involving two new aggregate base designs and one standard
design, for comparison. This chapter describes the constructiagheotest road and the
associated testing.
4.2 General Information on the Test Road

A photographic view of the original road (before construction) is shoviaigure 4.2. It
was a paved road with no well defined drainage system on the north side and no drainage ditches
between the road and the neighboring fidkiggre 4.2). Also, the existing pavement had
numerous potholes, alligator cracking and other distresses.
4.3Test Road Sections

To evaluate the effect of different drainable aggregate base designs, the test soad wa
divided into three sections as shown inFigure 4.3. The first section TS-1, stared atthe
intersection ofAsp Ave and Timberdell Road and hadength of approximatel200 ft (60.96
m). A typical profile ofthis section is shown ifrigure4.4. Evidently, TS-1 consised of four
layers. The toplayerwas4-in. thick hot mix asphalt (HMA) layer, undeitaby an8.0 in. (203.2
mm) thick aggregate base layer havilgASHTO#57 gradation. The third layer was 6i0.
(152.4 mmhick subgradesoil stabilizedwith 15% Cement Kiln DusfThe bottom layer was A
4 (3) type existing subgrade soil, accordiogthe AASHTO classificationThe second sectipn
TS-2, started at the west end -1 and was approximately 2®0(60.96 m)long. This section

also included a 4.0h. (101.6 mm)thick HMA layer constructed on the top of an 8D (203.2
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mm) thick aggregate base GKAA Type Mgradation Figure4.5). The third and fourth layers in
this section were identical to those in-ISas shown irFigure4.5. The third section, TS,
started at the west end of -PSand extended about 160(30.5 m) eastward, as shown kgure
4.6. Construction wise, this section was identical toZT&xcept the aggregate bdager was
constructed witftODOT Type Aaggregates.
4.4 Pre-Construction Laboratory Testing

Bulk subgrade soils were collectedorih the site before construction and pertinent
laboratory tests (namely, sieve analysis including hydrometer and Atterberg limits) were
conducted to classify them according to &&SHTO classification systemlhe subgrade soil
was found to be primarily I§j having a classification of 4(3). Based on the OHD 50
guidelines, it was determingbat 8% CKD wouldbe required to stabilize the existing subgrade
soil. A Standard Proctor test was conducted on &KIDmix according to the AASHTO T 90
(AASHTO,2002)t est met hod. From these tesfmamdsul ts,
the optimum moisture content were found to be 111(pef4 kN/nf) and 14.5%, respectively.
These results were used in the construction to ensure that the field densities throughout the test
sections met the ODOT requirements.
4.50verview of Construction

The construction of the test road was divided into four phasesfiist phase consisted
of removing the old, damaged pavemdtig(re4.7), the second phase consisted of constructing
the stabilized subgradayer Figure4.9). In the third phasg¢he different aggregate bases were

laid (Figure4.14). The last phase involved paving the road with HMA, as showigare4.25.



4.6 Treatment of the Existing Subgrade

The existing subgradevas graded and leveled to assure conformity with the typical
sections and grades, as specified by ODOT (1999). A motor grader was used for this purpose, as
shown inFigure4.8. The CKD was spread and mixed with the existing soil, as sio®igure
4.10. Water was added to éhCKD-soil mixture which was then compacted using a slieep
roller as shown iFigure4.11. A nuclear density gaug€igure4.12), was used toneasure the
in-situ density of the compacted stabilizedbgrade layer. The nuclear density values were
compared with the laboratory moistiadtensity results to ensure ththe compaction level
achieved in the field was acceptable in accordance with the ODOT specifications (ODOT, 1999).
4.7 Construction of Aggregate Base Layer

Aggregates used in the construction were hauled from the Dolese Bros Co. Quarry,
located in Dais, Oklahoma, on Friday, December 7, 2007. Prior to laying the aggregate base
layer, aseparator fabrigvasplaced on the finished subgrade to proHiioié subgrade soils from
contaminating the aggregate base as wglragentwater from penetrating arabllecting in the
subgrade Kigure 4.13). The aggregates were spread usagngottomdump truck, as shown in
Figure4.15. The uncompacted thickness of the aggregate base, called loose lift thickness, was
kept about an inck25.4 mm)morethan the desired thickness &0 in. (203 mm) A vibratory
roller manuéctured by Ingersoll Rand (IRyas used to compact thaggregate layerd=(gure
4.16). Severalpassesvere made in heavy vibratory mode followed by seveaalspan static
mode (no vibrationto reach the desired densitg nuclear density gauge was used to check the

guality of compactionThe results of the density tests are showhahle4.1.



4.8 Problems EncounteredDuring the Construction of the Aggregate Bases

After spreading the aggregate bases, an ice storm occurred forcing the work to be shut
down for one week. On MongaDecember 17, 2007, the work was resumed and the compaction
of the aggregate base was completedVednesday, December 2907.
4.9 Paving

The paving work startedn December 18, 200mhe HMA layer was laid first on the
west bound lane and then dreteastbound lane. Paving was performed with a paver, as shown
in Figure 4.21. Two passes with heavy vibratory mode and one pass with static mode (no
vibration) of aningersoll RangKigure4.22) roller were used to achieve the desired density. A
light duty roller, manufactured biyerguson Kigure4.23), was usedo smooth the HMA surface
and remove the marks of the vibratory roller.
4.10 Constructability of M-AASHTO #57 and OKAA Type MAggregate Bases

Field observations revealed that the spreading technique, using a bottom dump truck,
caused some aggregate segregation, as shokigure4.17, which in turn causedaviations in
permeability and modulus of elasticity results throughout the aggregate base types and sections.
It was observed that the level of segregation was the highest-in (Mh M-AASHTO#57
gradation), followed by T2 (with OKAA Type Myradation. The lowest segregation was found
in TS-3 (with ODOT Type Agradation). No quantitative analyses were conducted to assess the
level of segregation. In future projects, it is recommended that an aggregate spreader be used to
uniformly spread the aggregabver the entire width and length of a section.

A smooth roller was used for the compaction of the aggregate bases. Initially, multiple
passes with vibration mode were applied on the aggregate basesliankSTS2, havingM-

AASHTO#57 and OKAA Type Mgradations, respectively. The vibratory mode caused the
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aggregate to move/flow during compaction, as showfigare4.18. As a result, it was decided

to use addibnal passes without vibration (static mode) to achieve a more compacted and stable
base layer, as shown kgure4.19. A photographic view of TS (M-AASHTO#57 gradation)

and TS2 (OKAA Type Mgradation) after compaction and prior to placing the HMA layer is
shown inFigure4.20. The research team also visually inspechedaggregate base layer after

the pavingrelated work started Figure 4.21 and Figure 4.24 showa photograph of the HMA

layer being placed along the west bound lane. There was no major aggregate flow or movement
under the pavers and compactors in any sections. Therefore, it was concluded ti\t both
AASHTO#57 (in TS-1) andOKAA Type Min TS-2) provided a relatively stable base during the

compaction of the aggregate base and the construction of the HMA layer.



Table4.1 A Summary of Field Density of Aggregate Base

Type of Aggregate Stat# E w(%) Density Stat#W Sta#W Density
0+35 0.35 2.3 116.5 0+45 0.45 2.5 116.9
0+55 0.55 25 118 0+65 0.65 2.4 116.6

0+75 0.75 2.6 118.6 0+85 0.85 3.0 116.7
1+15 1.15 2.5 113.1 1+25 1.25 3.5 116.6
1+35 1.35 2.4 113.4 1+45 1.45 2.8 115.4
1+75 1.75 3.1 116.5 1+85 1.85 2.4 121.6

M-AASHTO No. 57

2+15 2.15 2.1 117.7 2+25 2.25 2.1 122.6
2+35 2.35 2.5 118 2+45 2.45 2.4 123

2+56 2.56 2.6 124.9 2+65 2.65 2.7 123.5
2+75 2.75 2.9 115.2 2+85 2.85 2.8 126.8

OKAA Type M
3+15 3.15 2.8 117.7 3+25 3.25 2.7 129
3+37 3.37 2.5 120.5 3+45 3.45 3.0 126.5
3+55 3.55 2.2 125.1 3+65 3.65 2.8 125.5
3+75 3.75 2.1 121.4 3+85 3.85 2.3 126.6
4+15 4.15 4.8 140.2 4+25 4.25 4 139.2
ODOT Type A 4+35 4.35 4.4 133.1 4+45 4.45 4.1 132.9

4+55 4.55 4.1 133.8 4+65 4.65 4.3 139.9
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Figure4.8 Motor Grader Used in Subgrade Layer Preparation
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Figure4.10 Mixing the CKD and the Subgrade Soll
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Figure4.12 Nuclear Density Measurement of the Compacted Subgrade
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Figure4.14 Spreading the Aggregate Using Bottom Dump Truck
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Figure4.16 Vibratory Compaction of Aggregate Base Layer
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Figure4.18 Movement of Aggregate d&e when Compacting with Vibration Mode
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Figure4.20 Aggregate Base Prior to Laying Hot Mix Asphalt
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Figure4.21 Placing of Hot Mix Asphalt on the Top of Compacted Aggregate Base

Figure4.22 Compacting the HMA Layer using an Ingersoll Rand Compactor
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Figure4.24 Aggregate Base layer During PaviRglated Work
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Figure4.25 Compactd Finish ofHot Mix Asphalt Layer
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Chapter 5 EXPERIMENTAL METHODOLOGY

5.1 Introduction

This chapter presents the laboratory and field testing methods used in this study. The
laboratory tests included moistutlensity relationship, falling head permeability, and resilient
modulus. The field tests included falling head permeability, dynaomne penetrometer (DCP),
and falling weight deflectometer (FWD). Traffic counts performed at the test section on the
Timberdell Road are also presented in this chapter. The analysis of laboratory data is outlined
and the test matrix for each test is inédd
5.2. Laboratory Testing
5.2.1 MoistureDensity Relationship

The density of each layer within gavement structure hassignificant effect on the
stability of thatlayer (Hoff, 2004). Density of a layer correlates to the degree of compaction of
the lyer as well as the particle shape and gradgdBanksdale, 1996)Since permeability and
resilient modulusNlg) are also dependeon the degree of compaction, boftthese parameters
can be correlated to dry density dry unit weight Specimens fopemeability and resilient
modulus testingare generallycompacted at neaoptimum moisture contentOMC) and
maximum dry unit weightdmay. Thereforejt was necessary to determine the moistigasity
relationships foeachaggregate type and the selectgadations used in this study

During Phase 1 of this study, upper and lower linoitsfive different gradations(M-
AASHTO#57, M-AASHTO#H67, OKAA Type KOKAA Type MandODOT Type Awere selected
for the Anchor Stone aggregatm Phase 2, however only upper and lower limits of three
selected gradationsViFAASHTO#57, OKAA Type Mand ODOT Type A were used for the

Dolese and Martin Marietta aggregates. Tdifferent compactiormethods, namely standard
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Proctor and modified Proatodemonstratethe effect of compaction 0®MC andaymax vValues.
The standard @ctor test was performed according ttee AASHTO T 9901 test method
(AASHTO, 2002), while the modifiedrBctor testwas conducte@ccording tahe AASHTO T
180-01 test methodAASHTO, 2002).

Specimens were compacted using an autedwaiechanical compactor which couleé b
adjusted for compaction according to either standard Proctor or modifoetbP(seeFigure
5.1). The mechanical compactor can be set to count the number of bloped This
compactor also allows the mold totateat a set number of revolutions painuteto assue
uniform compactionFigure5.1 shows a photograph of timeechanicatompactor used

At least four specimens were compactéor eachgradation toobtain an acceptable
moisture-density relationshipcurve The OMC and ymax Values were determined from these
curves The test matrix of the standard and modifiedd®or testsaareshown inTable5.1,Table
5.2 andTable5.3 for Anchor Stone, Dolese and Martin Marietta aggregates, respeciévedial
of 44 standard Proctor and 50 modified Proctor tests were conducted.
5.2.2Permeability Testing
5.2.2.1 Permeability Device

The coefficient of permeability values for various gradations were measured using a new
permeability device that was fabricatedtla¢ University of Oklahoma Brocedboratory This
device issimilar to the one used by Fwa (1998he deviceconsists of ateel cylinder,with a
diameter of 6.25 in (158.75 mm) and a height 6f5 in (165 mm, as shown iRigure5.2), a
bottom mold Figure 5.2), two cylindrical porous stonesach having a diameter of 6. if150
mm) and thickness 00.5 in (12.7 mm Figure 5.3), a long vertical inlet cylinder with an

attached scale and transparent t(feigure 5.4), rubber gasketsHgure 5.5),a regrvoir tank, a
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stopwatchhose clampspressure gage, air pressure connection, and water connections to the
inlet cylinder. The assembled device is showfigure5.10 (a) for highly permeable mateis
and inFigure5.10 (b) for materials with low permeability.
5.2.2.2 Specimen Preparation and Test Setup

Cylindrical specimens were compacted istandardProctor mold,having a diameter of
6.0 in. (150 mn) and a height o#4.584 in (120 mm). During the FPoctor testing visual
observationswere made on the stability of the specimen being compacte@pengraded
aggregate specimens can have low §tgband thugheycan collapse as soon @snoved from
the mold(Hatanaka et al., 2001; Hatanaka et al., 199Rgrefore, if a particular gradation was
deemed unstable, specimens suchgradations were molded a day in advance lkeyt in a
freezerfor 24 hourswithout removing from the moldThis enabled extraction of the specimen
from the mold withminimal disturbanceand baseloss. This procedure of freezing the base
before extraction has been previously used by Hatanaka et al. (2001) and &lataalak1997).
To further reduce specimen disturbance, a hydraulic jack was used to extract the specimen from
the mold The test matrix followed during the course of permeability tesirghown inTable
5.4 throughTable5.6 for Anchor Stone, Dolese and Martin Marietta aggregates respectively. A
total of 38 tests were conducted on Anchor Stone specimens, while 12 tests were conducted on
Dolese and Martin Marietta specimens each.

After measuring the weight of the frozen specimen, the extracted specimen was placed on
a porous stone and a steel peafility mold was slid onto the specimen. As showRigure5.6,
this mold contained a 0.025.i(0.635 mm ) thick rubber membrane, which was foldeer the
top and bottom of the mold.-ngs were placed on the membrane at both ends to provide an air

tight seal between the membrane and the mold, as showigune 5.6. The membrane was
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pulled onto the mold wall using vacuum, making sliding of the mold on the specimen easier.
Once the specimen was in place, the vacuum could be released from the membrane, allowing the
membrane to hold the specimérhese steps wengerformedquickly and carefully, so as to
avoid any melting of the specimen and to prevent anyobaggregate

A hose clamp was tightened on the bottomir@ as shown irFigure5.6 and a rubber
gasket was seated on the bottom mdigyre 5.7). This gaskethelped eliminate any water
leakages that could occur in the space between the steel mold and the bottoA semldnd
porous stone was placed tive top of the specimenThe specimen, together with the mold and
porous stones, wakenpositioned on the bottom peeability mold as shown irFigure5.8 and
Figure5.9. As stated earlier, short circuiting of the water flow adjacent to the permeameter wall,
in permeability testing usingragid wall permeameteican result in erroneous measurements. In
order to eliminate this problegna flexible wall permeameter thi confining & pressure(see
Figure 5.10) was used here. Confining air pressamnstrics the membrane onto granular
particles of the specimerthusensuringfull contact with the specimeand reducinghe flow of
water between thmmembrane and the granular particlas air pressure of 10 pgb9 kPa ) was
usedin this studyfor all tests.Additional details on the new permeameter are given by Shah
(2007).
5.2.2.3 Permeability Test

After sealing the entire apparatus and making shet there were no leakages, the
apparatus was placed inside a water reservoir and the specimen was allowed to saturate for
approximately 15 minutes before running the test. After saturdhiercylinder(Figure5.10 (a))
was filled with water up to at least th8.7 in (50 cm) mark Water level radings were taken

every 2 secondg-or dense specimens, tinater level changes weextremely slow andhus
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readings were taken as deemed necessary. The height difference between the water level in the
reservoir and a reference point on the scale was also taken each time a teshduased
Permeability is a function of the unit weight and the viscasiitywater which in turn depesan

the temperature of the water (Das, 2002). Thergthestemperature of the water in tleservoir

was alsaecordedeach time a test waonducted A photographic viewof thesetup is shown in
Figure5.10 (a).

Due to difficulties in obtaining enough gradient for the dense graded samples having very
low permeability, a modified version of the aforementioned permeameter was used, which is
shown inFigure 5.10 (b). In this permeameter, the diameter of the inlet cylinder was reduced
from 6in. (15.24 cm) to In. (2.54 cm) and the length of the cylinder was increased from.33 in
(83.82 cm) to 96 in(243.84 cm}o achieve a higher hydraulic gradient. This setup increased the
falling head rate and hence the discharge rate than in the other device. This setup, especially for
gradations having very low permeability (which may take more than 24 hours to produce a
recrdable drop in water head), made the permeability measurement practical.

After the completion oéachpermeability test, the specimen was removed from the mold
and oven dried for 24 hours. The dried speciwas weighed and then washed on a No. 200
sieve so as to remove the fines. These washed aggregatesdried again for 24 hours,
reweighed, and sievedhis provided the actual pesbmpaction gradation of the specimen for
which thecoefficient of permeability value was obtain€ttadationrelated panameters namely

Dso, D30, D10, Dett, Cu @andCc were obtained from the pesbmpaction sieve analysis.



5.22.4 Calculation of Permeability

The measurediatashowingthe change in the water levaightwith time was entered in
an MS Excelspread sheet. Theelocity (3) and hydraulic gradient)(valueswere calculated in
the spread sheet and plotted a graph.The falling head approach employed Bya et al.
(1998)(see Equation 5.1) was usedhe analysis ofhe permeabilityresults:

0="Q.%® (5.1)

where U = specific discharge velocity in ft/day (cm/sec),

Q = coefficient of permeability in ft/dafcm/sec),

and n= experimental coefficient (unit less)

A power trendine was fitted through the points in the graph ob versusQ The
coefficient of permeability valieewere then corrected for temperature using Equési@) and
Table5.7 andfinally reported at a temperature2f0 ¢ C

Qoes = —= Qg (5.2)

where Qps and Qs =coef fi ci ent of per raspectively, i ty at T

and —vys and—ges = viscosity(N.m?sec)of water at temperatur ¢
respectively

As an example,hie permeability results obtained fothe OKAA Type Nspecimens
prepared using thiewer limit (LL) gradation andompacted using the staard Proctoeffort is
shown in Figure 5.11. Figure 5.12 shows thecorresponding relationship betweapecific
dischargeandhydraulic gradientThe permeability results are discussed in Section 6.3.

5.2.3 Resilient Mdulus Testing
A servecontrolled hydraulic actuatdMTS) capable of applyindpad pulse duration of

0.1 £c and a rest period of 0.%2swas usedfor resilient modulus testingThe load was
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controlled and measured using a 5,000 (®2.25 kN) load cell manted inside the triaxial
chambeyin compliance with AASTHO 107 (AASHTO, 2002)The load cell hd an output of

2 mV/V and a resistance of 350 ohni$e recoverable verticatleformationwas measured by

two externallymounted linear variable differential transducers (LVDT). The testing equipment
was calibrated before running any testBhe resilient modulus test on the aggregbése
specimens wagerformed according to the AASHTO3D7-99 test method (AASHTO, 2002)

A cylindrical split steel moldshown inFigure 5.13, with a diameterof 6.0 in. (152.4
mm) and a height 012.0 in. (304.8 mm), was used for specimen preparation. The mold was
modified by making two holes, eact03n (76.2 mm) from the edge of the mold. These holes
were used forcreating avacuum within the mold. As mentioned earlisgpme opengraded
specimens werdound to be unstable(under no confining pressurgnd chances of these
specimens collapsing under their own weight when removed from the mold were extremely high.
To avoid specimenollapse a0.025 in (0.635 mm) thickubber membranwas used inside the
mold andthe mold was subjected t@cuumduring the compactioprocessas shown irFigure
5.14. Further details of this method are given by Shah (2007).

After compaction, the base of the mold was unscrewed from the rammer platform and the
setup transferred to a pan. The extension collar was carefully removed from the mold and the
specimen was trimmed from the top until a flat surface was obtalietevel the top surface
and make it more uniforma steel plate was placed on the specimen and the plate was tamped
gently using a steel rod. A filter paper and a 0.§12.7 mm)thick porous disk were placed on
the top of the specimen. The base of the mold twes removed by carefully overturning the
mold and unscrewing the base. Anotfiker paper and porous disk wepéacedon the bottom

of the specimen. The -fings were removed from the modt this time. The mold with the



specimen was then transportedhe triaxial chamber and set on th@ #. (152.4 mm) testing
platen in the chamber. Using the drainage lines, vacuum was again applied to the specimen via
the bottom platen. This vacuum created suction within the specimen thus allowing the membrane
to hold on tothe specimen. An aluminum platen with a perforated top was plactte top of
the porous stone and the membrane unfolded fromtbetbp andthe bottom of the mold.

The split mold was then removed and to avoid the loss of confaimmessire during
the resilient modulus test, a new rubber membrane was placed over the old membrane.
Membranes were usually punctured during compaction and thus the use of double membranes
was necessaryrigure 5.15 shows a specimen ready for tegt O-rings were placed on both
sides of the specimen over the platens to seal the membranes to the platens and reduce the
possibility of further air loss. Drainagknes were then connected and the system sealed
accordingly. The | oad cell was connected to t
were attached to the load cell pistas shown inFigure 5.16. To reduce the risk of any
deformations of the specimen, the vacuum was generally applied until at leas{3 fiskPa)
confining pressure was achieved within the system.

After the setup of the spieeen was complete and the system sealed, the MTS system
was started and tHdr program commence@®ecauseaesilient modulus testarevery sensitive
to the testing procedure and equipmehe test procedure wdsllowed carefully The load
frame was lowered to close proximity of the load cell piston. A ball bearing was also used
between the frame and the piston to reduce any eccentlib@AASHTO T 307#99test method
recommends applying at least 500 repmig of a load equivant tomaximum axial stressf 15

psi (103.4kPa) to conditiaime specimen.
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Conditioning was used to eliminate the effects of the interval between specimen
compaction and loadingonditioningalso reduces the effects of imperfect contact between the
top and bottom platens with the specimen. During conditioning, both the confining pressure and
the maximum axial stressas set at 15 ps{(103.4 kP& and a contact stress of 10% of the
maximum axial stress appli¢d ensurethatthe load cell pistonvasin direct contact with the
ball bearing. As soon as the confinipiggssure reached 5 [§84.5 kPa), the vacuumasstopped
and the drainage lines opened to allow for drained conditions to prevail.

After the conditioningphasewas complete, the resilient modid test folloved the
loading sequence shown iimable 5.8. The test matdes followed during the course of the
resilient modulus testinfpr Anchor Stme, Dolese and Martin Marietta aggregatessa@vn in
Table5.9, Table5.10 and Table 5.11, respectively If the total vertical permanent deformation
reached 5% of the total height of the specimen, the test was terminated and the sp@simen
consideredweak. However,in the preseinstudy, none of the testedpecimens attained a
deformation of 5%.

Theresultingloads andvertical deformatiosfor each sequenceere recorded in an MS
Excel file. Thesedatawere then analyzed using a separate program created in MS Excel to
obtain theactual bulk stress, cyclic load and resilient modulus for each sequence within a test.

After the completion of th&/y test, the specimen was removed, weighed, and oven dried
for moisture content determination. The dreghregates werereighed and then whaed on a
No. 200 sieve to eradicate the fines.e$bwashedaggregates werdried again for 24 hours,
reweighed, and sieved. This provided the actual-pomsipaction gradation of the specimen for
which the resilient modulus value was obtained. From thaslagion analysisQyy, O, Oy,

Gy 07, andOy weredetermined
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5.3. Field Testing

Field permeability, falling weight deflectometer (FWD) and dynamic cone penetrometer
(DCP) tests were conducted during and after the construction of the test section. A description of
these activities is given in this section.
5.3.1 Field Permeability Tds

As discussed earlier iBection 2.2.3no standard devices or techniques are currently
available for measuring permeability of aggregate bases in the field. An overview of different
techniques was presentedSections 2.2.3.1 through 2.2.318 the preent study, a falling head
technique was used. At each location selected for measuring permeabdliy,in (11.4 cm)
diameter hole was drilled through the asphalt layer using a portable coring (fegioe5.17).
The asphalt core was retrieved and the hole was cleaned using compressed air. A clear plastic
standpipe with a diameter df0 in (10.2 cm) anda height 0f102.4 in (260 cm), fitted wih a
valve Figure5.18), was inserted into the hole. The space between the staratpiptne hole
was gently and carefully filled with plaster of RBarThe standpipe was held vertically and the
plaster of Paris was allowed to set. In order to conduct the test, the valve was closed and the
standpipe was filled with water. As the valve was opened and the water level in the standpipe
began to fall, the tne taken by the water level to fall a known distance (marked on the pipe) was
recorded. Tests at each location were repeated several times to ascertain reproducibility. Early
trials showed large differences, as expected. As the base became saturategeaitdrtests,
subsequent tests became more reproducible. The amount of time for the water level in the
standpipe to fall a known distance varied significantly depending upon the gradation of the
aggregate base. For an open graded Pds&ASHTO#57 and OKAA Type NI the water level

fell rapidly (within seconds), while for a dense graded b&@ QT Type Ait took much longer
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(hours). A theoretical framework, as discussedection 2.2.3, waseeded to determine the
coefficient of permeability from theecorded data. The results obtained from the field tests are
discussedn Section 6.5.
5.3.2 Falling Weight Deflectometer (FWD) Test

The FWD test was performed by ODOT personnel in accordanceh&ithSTM D 4694
test methodASTM 2009) It is one of the poular tests for evaluating pavement performance
(Abdallah et al., 2001; Navaratnarajah, 200@gure 5.19 showsa photograph othe FWD
testing in pogress The tests consisted of applying two load pulses by dropping a wafight
132.3 Ibs(60 kg from two predetermined heights (3.9(k¥00 mn) and 15.6 in (396 mn)).
Each loadvasimpoundedive times at each locatioifhe resulting load pulse transiei to the
pavement as a half sine wave defeththe pavement into a bowl shape, calkedeflection
basin. The deflection and lodustory were recorded and stored for analysis. Deflections were
measured with seven velocity transducers mounted etraight bar Based on the force
imparted to the pavement and the shape of the deflection basin, the stiffaelssalculated
modulus)of the pavemenivas calculated byusing Modulus 6.0 developed by Liu et al. (2000).
Outputs of all FWD tests are given APPENDIX C. The FWD test results are discussed in
Section 6.7.
5.3.3 Dynamic Cone Penameter(DCP) Test

The Dynamic Cone Penetrometer (DG@&3tis designed to provide a measure of the in
situ strength of fine grained and granular subgrades, grapat® and subase materials, and
weakly cemented materialfhe DCP device(Figure 5.20) used in this studgonsised of two
5/8in. (16 mn) diameter shafts couplatkar the midpoint. The lower shaft contains an anvil

and a pointed tip, which is driven into unbound materials by dropping a sliding hammer
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contained on the upper shaft onto the lower anvil. The strength is determined by measuring the
penetration of théower shaft into the unbound materials. This value is recorded in millimeters
per blow and is knowas the Penetration IndeRCP-I). Penetration depth was recorded after
each drop of the DCP hammer. The DCP inde¥hlow) was calculated for each dropdan
DCP-I vs. depth was plotted as a profite each testing station (see APPENDIX D).
5.3.4 Traffic Count

Vehicles were counted manually to approximate the volume and the type of traffic on the
test section on an hourly basis. Vehicle counts were condont&aptember 29, 2008 from 7:00
A.M. to 7:00 P.M. and on December 5, 2008 from 7:00 A.M. to 4:00 P.M. The vehicle count was
recorded for each iminute period and the counted vehicles were categorized based on their
types. Two research team members pgdied in these efforts, one counting the west bound
traffic (towards Asp Ave.) and the other counting the east bound (towards Jenkins Ave.) traffic.

The results are presentedAPPENDIX E.
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Table5.1 Moisture Density Relationship Test Matrix fémchor Stone Aggregat®fasel)

Gradation Standard Proctor Modified Proctor Total
AASHTO T 99 AASHTOT 180
LL UL LL UL
OoDOT Type A 4 4 4 4 16
M-AASHTO #57 4 4 4 4 16
OKAA* Type M 1 1 - - 2
OKAA Type N 4 4 4 4 16
OKAA Type K 4 4 4 4 16
M-AASHTO #H67 4 4 4 4 16
Total 21 21 20 20 82

* OKAA Type Mgradation is tested as a part of Phase 2 of this study
Note: LL = Lower Limit; UL = Upper Limit

Table5.2 Moisture Density Relationship Test Matrivr Dolese AggregatéPhase?)

Gradation Standard Proctor Modified Proctor Total
AASHTO T 99 AASHTO T 180
LL UL LL UL
OoDOT Type A - - 1 1 2
M-AASHTO #57 1 1 - - 2
OKAA Type M 1 1 - - 2
Total 2 2 1 1 6

Note: LL = Lower Limit; UL = Upper Limit

Table5.3 Aggregate Moisturd®ensity Relationship Test Matrifor Martin Marietta Phase?)

Gradation Standard Proctor Modified Proctor Total
AASHTO T 99 AASHTO T 180
LL UL LL UL
ODOT Type A - - 1 1 2
M-AASHTO #57 1 1 - - 2
OKAA Type M 1 1 - 2
Total 2 2 1 1 6

Note: LL = Lower Limit; UL = Upper Limit

5-13



Table5.4 Permeability Test Matrix for Anchor Stoeggregate RPhasel)

Gradation Standard Proctor Modified Proctor Total
AASHTO T 99 AASHTO T 180
LL UL LL UL
OoDOT Type A 2 1 2 1 6
M-AASHTO #57 2 2 2 2 8
OKAA* Type M 2 2 - - 4
OKAA Type N 2 1 2 1 6
OKAA Type K 2 1 2 1 6
M-AASHTO #67 2 2 2 2 8
Total 12 9 10 7 38
* OKAA Type Mgradation is tested as a part of Phase 2 of this study
Table5.5 Permeability Test Matrix for Dolese Aggregalhase?)
Gradation Standard Proctor Modified Proctor Total
AASHTO T 99 AASHTO T 180
LL UL LL UL
ODOT Type A - - 2 2 4
M-AASHTO #57 2 2 - - 4
OKAA Type M 2 2 - - 4
Total 4 4 2 2 12

Table5.6 Permeability Test Matrix for Martin Marietta AggregaRhase?)

Gradation Standard Proctor Modified Proctor Total
AASHTO T 99 AASHTO T 180
LL UL LL UL
OoDOT Type A - - 2 2 4
M-AASHTO #57 2 2 - - 4
OKAA Type M 2 2 - - 4
Total 4 4 2 2 12
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Table5.7 Temperature Correction Factors (after Das, 2002)

Temperature, T

Yo

Temperature, T

Yo

(eC) —20° (eC) —20°
15 1.135 23 0.931
16 1.106 24 0.910
17 1.077 25 0.889
18 1.051 26 0.869
19 1.025 27 0.850
20 1.000 28 0.832
21 0.976 29 0.814
22 0.953 30 0.797

Table5.8 Resilient Modulus TedtoadingSequencéafter, AASHTO T 30799)

Max. Max.
Sequence  Cond. Axial Axial Cyclic Cyclic Contact Seating No. of Load
No. Pressure  Stress Load Stress  Load Stress Load Applications
kPa kPa kN kPa kN kPa kN

Cond. 1034 1034 189 931 1.70 10.3 0.19 500
1 20.7 20.7 0.38 186 0.34 2.1 0.04 100
2 20.7 41.4 0.76 37.3 0.68 4.1 0.08 100
3 20.7 62.1 1.13 559 1.02 6.2 0.11 100
4 34.5 34.5 0.63 31.0 0.56 3.5 0.06 100
5 34.5 68.9 1.26 62.0 1.13 6.9 0.13 100
6 34.5 1034 1.89 931 1.70 10.3 0.19 100
7 68.9 68.9 1.26 62.0 1.13 6.9 0.13 100
8 68.9 1379 251 1241 2.26 13.8 0.25 100
9 68.9 206.8 3.77 186.1 3.39 20.7 0.38 100
10 103.4 68.9 1.26 62.0 1.13 6.9 0.13 100
11 1034 1034 189 931 1.70 10.3 0.19 100
12 103.4 206.8 3.77 186.1 3.39 20.7 0.38 100
13 1379 1034 189 931 1.70 10.3 0.19 100
14 1379 1379 251 1241 2.26 13.8 0.25 100
15 1379 275.8 5.03 248.2 4.52 27.6 0.50 100
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Table5.9 Resilient Modulus Test Matrix for Anchor Stone Aggreg#&tieasel)

Standard Proctor

Modified Proctor

Gradation AASHTO T 99 AASHTO T 180 Total
LL UL LL uL

ODOT Type A 1 1 1 1 4
M-AASHTO #57 1 1 1 1 4
OKAA* TypeM | 2 2 0 0 4
OKAA Type N 1 1 1 1 4
OKAA Type K 1 1 1 1 4
M-AASHTO  #67 1 1 1 1 4
Total 7 7 5 5 24

* OKAA Type Mgradation is tested as a part of Phase 2 of this study

Table5.10 Resilient Modulus Test Matrix for Dolose Aggrega®hése?)

Standard Proctor

Modified Proctor

Gradation AASHTO T 99 AASHTO T 180 Total
LL uL LL uL
OoDOT Type A 0 0 2 2 4
M-AASHTO #57 2 2 0 0 4
OKAA Type M| 2 2 0 0 4
Total 1 4 2 2 12

Table5.11 Resilient Modulus Test Matrix for Martin Marietta Aggrega@hése?)

Standard Proctor

Modified Proctor

Gradation AASHTO T 99 AASHTO T 180 Total
LL UL LL UL
ODOT Type A| O 0 2 2 4
M-AASHTO  #57 1 1 0 0 2
OKAA TypeM| 1 1 0 0 2
Total 2 2 2 2 3
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Figure5.1 Automatic Mechanical Compactor

Figure5.2 Steel Mold withMembrane and Bottom Mold used in Permeability Test
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Figure5.3 Porous Stones used in Permeability Test
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Figure5.4 Inlet Cylinder with Scale and Transparditbing used for Permeability Test
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Figure5.5 Rubber Gaskets and Plastic Rings used for Insulation in Permeability Test

Rubber O-Ring “Porous Stone
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Bottom Mold —___ i—h \ !
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Figure5.6 Permeability SpecimeS8etup (Step 1)
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Water Poured
Between the
Membrane and
the Mold

Figure5.8 Permeability Specimen Setup (Step 2)
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Figure5.10 Permeability Test Setups used.aboratory Permeability Tests
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Figure5.13 Split Mold for Mg Specimen Compaction

Figure5.14 Split Mold with Membrane foMg Specimen Compaction
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Figure5.15 AggregateMg Test Specimen
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Figure5.16 Mg Testing Setup
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Figure5.18 Field Permeability Test Device used in Field Tests
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Figure5.19 Falling Weight Deflectometddevice
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Figure5.20 DCP Test in Progress
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Chapter 6 PRESENTATION AND DISCUSSION OF RESULTS

6.1 Introduction

This chapter is divided into two parts. The first pactudes the laboratory test results for
moisturedensity relationships, permeabilitk)(and resilient modulusMg) and regression
models correlatindc and Mg with gradation characteristi@nd physical propertiesThe second
part presents the field tesesults (including permeability, falling weight deflectometer and
dynamic cone penetrometer).
6.2 Moisture-Unit Weight Relationships

The optimum moisture contenOMC) and maximum dry unit weightafnay values
obtained for each type of aggregateée., Anchor Stone, Dolese and Martin Marietta)d
gradationdM-AASHTO #57, M AASHTO # 6@DOT Type AOKAA Type K, OKAA Type M
andOKAA Type Nused in this study are shownTiable 6.1 throughTable6.3 and graphically
illustrated inFigure 6.1 throughFigure6.4. From these tables and figures one can conclude that
compaction efforts andggregate gradatiorgave a significant effect 0®@MC and aymax Values.
In generalOMC values obtained by the standard Proctor test were found to be greatioden
obtained in the modified Proctor test, while the standaxgkvalues were less thahose ofthe
modified. As an example, for Anchor Stone aggregate WiKkAA Type Nupper limit (UL)
gradation, the averagemax0f specimens compacted using standard Proctor was 136.9 pcf (21.5
kN/m?®) while aymaxfor the same aggregate and gradation canepbusing modified Proctor was
141.3 pcf (22.2 kN/), a 3.2% increase inymaxvalue. The correspondin@MC values were
7.2% and 5.9% for the same gradation, respectivédig. decrease iI®@MC and increase ifymax

values due to increase in compactiofoetfareattributed to the fact that high compaction effort:



(1) forces the grain to slide over each other with less water, (2) reduces the volume of water
occupying the pores (i.e. low&®MC) and (3) produces denser packing andigher density
(Das, 2002Barksdale, 1996; Marek 1977; Singh and Prakash, 1963).

In addition, the aggregate gradation characterigtitst is, upper limit, lower limit, and
% fines, among othershave asignificantinfluence onOMC and aymax Values, as shown in
Figure6.1 throughFigure6.4. The upper limit (UL) of each gradation, in general, exhiOkC
and ymax Values greater than the corresponding values of the lower limit (LL). As an example,
maxValues forOKAA Type MUL gradation oDoleseaggregatavere found to be 127 pcf (19.9
kN/m®) compared to 116 pcf (IBKN/m®) for OKAA Type MLL, represeting a difference of
8% between UL and LL; the correspondi@MC values were 4.0% and 2.7% for the same
gradations, respectively. This is explained by the fact that the presence of smaller particles in a
gradation allows for more particle packing and r@aaticle arrangement. Obviously, this will
lead to a reduction in the void ratio aadincrease in density (Stein and Dempsey, 2004; Singh
and Parkash, 1963Y.he OMC and aymax Values arealso affected by the % fines in a given
gradation OMC andaymaxincreaed with the percent of fines, as showrfrigure6.5 andFigure
6.6, respectively.
6.3 Laboratory k Test Results

The variation ofk values with gradations, physical properties and compaction efforts is
presentedn Table6.4 throughTable6.7 and graphically illustrated iRigure6.7 throughFigure
6.10. According to these tables and figukesf aggregate bases depends on: (1) gradations, (2)
compaction efforts and (3) physical properties. The importance of these factors is described in

detail in the following sections.



6.3.1 Effect of Gradation on k values

Gradation isone of thefactors tlat have asignificant effect onk values of aggregate
basesFigure 6.7 andFigure 6.8 show that thek values ofM-AASHTO#67 are greater than the
values obtained fav-AASHTO#57, OKAA Type MOKAA Type KandOKAA Type Nollowed
by ODOT Type A For examplethe average&k value of specimens prepdravith LL of M-
AASHTO#67 was 1,777 ft/day (0.87 cm/sec.) compared to 13 ft(62306 cm/secdbtained for
specimens prepared witBDOT Type ALL gradation using the standard Proctofhis is
expected because the aforementioned gradations have different particle sizes and amount of
fines as shown irFigure 6.11; this figure showghat M-AASHTO#67, M-AASHTO#57 and
OKAA Type Mhasless amounts dines (05%) compared to other gradatioasd thatODOT
Type Ais the finest gradation with aontent offines ranging between -42%. Given the
laboratory results, it is evident that tlanount of fines in an aggregate mix significantly
influences the permeability values, as showfigure6.12 wherek values are plotted versus %
fines In addition, Table6.4 throughTable6.7 andFigure6.7 throughFigure6.10 show thathe
bound limits (i.e., UL and LL) also significantly influenke Specimens with UL producdd
values considerably lower than those of specimens prepared with LL, for the same aggregate
gradation. For example Anchor Stonespecimens prepared wiM-AASHTO #57 LL gradation
and compacted using the standard Proctor effort had an avevafiee of approximately 1,474
ft/day (0.52 cm/sec) compared todsf®day (0.21 cm/sec) obtained for specimens prepared with
M-AASHTO#57 UL gradation. This is explainedylithe fact that UL, for a given gradation, is
much finer than LL These findings are consistent with the findingsBehnert and Maher
(2005) and Zhou et al. (1993). It may be noted that an increase in fines andisenpdirticles

leads to a decrease permeabilityfor two reasons; firstithe presence of fines and small



particlesdecreasethe total area available for flow and seconiilyeads to a decrease in the
individual pore size.
6.3.2 Effect of Compaction Effosand PhysicalProperties on kValues

According toFigure 6.7 and Figure 6.8 k is inversely proportional to the compaction
effort; the higher the compaction effort the lower khalue. For example, specimens of Anchor
Stone aggregate prepared WWhAASHTO #57 Lland compacted using standard Proctor effort
exhibited an averadevalue of approximatel{,474 ft/day (0.52 cm/secpmpared to 192 ft/day
(0.07 cm/sec) for the same gradation using modified Proctor effort, réfegue6.7 andFigure
6.8. These findings are consistent with the findings of Mallela (2000) and Marek (1977). If a
high compaction effort (i.e., ndtfied Proctor) is used, the grains are forced to slide over each
other and thus produce denser packing (higher density) and lower void ratio. The results
revealed that density is also a factor affecting the permeablitdecreases with the increase in
density, as shown iRigure6.13; this is expected due to the reduction in the total area available
for flow and redution in individual pore sizes.
6.3.3 Hfect of Aggregates Shape and Textuoa k

Among the open graded base courses, permeability valWeSSHTO #51.L gradation,
Dolese and Anchor Stone aggregates exhibited same range of permeability values; whereas,
Martin Marietta aggregates showed approximately 25% lower permeability (1122 ft/day (0.43
cm/s)). Tke underlying reason is thaven with the same gradation surface textimetortuosity
can vary within a specimen or from aggregate to aggregate type.gatgseetaining on ¥z in.
(12.7 mm) sieve constitute a major portion of lower lIMBGHSHTO #5@gradation. According
to the Aggregate Imaging System (AIMS) protocol, any aggregate type having the gradient

angularity value in between 2100 and 4000, isaiegorized as sutounded. AIMS analysis in



current study showed that, Anchor Stone materials had the highest gradient angularity (from
Table 3.8 gradient Angularity =3329.53, sulsounded) in comparison to the other two types for
aggregates (Dolese and Martin Marietta gradient angularity values are 2546.97 and 2920.58,
respectively). Also the permeability values of both lower and upper limit of Anchor Stone
aggregatesver e hi gh. This observation conf imorens t o
angular materialpromotelarger permeability valuesin general, permeability reduces with the
increase in percent fines. On the contrary, Anchor Stone aggregates showed the highest
permeability value among the three aggregate types even with higher percentage of fines as
enumerated in Table 6.4 throughbl@6.7. Hence for opegraded base layers permeability can
increase due to the increase in angularity of aggregates even in the presence of fines.

On the other hand, permeability of dense graded base condition cannot be related to
angularity and texturen a distinct manner. Well interconnected porous path can play a role in
case of flow behavior. If the porous spaces in the aggregate fine matrix is not well connected or,
if the porous spaces are filled up with fines, then the values of permeabilityt tenredated to
angularity and texture. That 6s what happens
was found in case of standard Proctor effort on ULO®AA Type Mand ODOT Type A
gradations. Permeability value fOKAA Type MJL gradation washe lowest (23 ft/day (0.009
cm/s)) for Dolese aggregat®n the other hand, upper limit of the other two aggregate types
showed approximately equal permeability values (fiitable 6.5 and Table6.7, OKAA Type M
UL permeability of Anchor Stone and Martin Marietta aggregates are 64 ft/day (0.02 cm/sec)
and 58 ft/day (0.02 cm/sec)espectively.). Aggregates retaining on 3/8 in. (9.5 mm) sieves
constitute a major portion (retaining 40% above the 3/8 in. (9.5 mm) sieve) of aggregates in

OKAA Type MUL gradation. Aggregate Imaging System analysis of the same aggregate size



revealed thiaall of the three aggregates had polished texture. However, Anchor Stone had the
least percentage (fromhable 3.9, an average value of 135.09 with 73.21% of repesier
aggregates) of polished texture among the aggregates and Dolese aggregates had 80.18% of
polished structure with an average value of 126.73. According to Randolph et al. (2000), flow
through Anchor Stone aggregates was expected to encounter thsthiggistance due to larger
specific surface area as the texture is rougher for Anchor Stone than Dolese. However, Dolese
aggregates showed the least permeability (23 ft/day (0.009 cm/sPK&A Type MUL
gradation which does not agree with Randolphl& statement. So, permeability of aggregates
cannot be attributed to characteristic related to aggregate shape alone for dense graded aggregate
base condition. Rather, it could be attributed to aggregate packing, porosity, dry density,
different physichproperties in a synergistic way.

To assesshe effectof aggregate shape on permeabilitactional indices in terms of
gradient angularity, radius angularity and texture are introduofidence of these indices on
the laboratorypermeability ofOKAA Type Maggregate is discussetihe index property terms
start with "Fractional" because these properties only encompass specific percentages of post
compaction aggregate sizes. These properties are calcukatgfthe weighted average tifie
3/&in (9.75mm) and #4 (4.75 mmaggregatesThese sizes were selectedcalculatirg the
indicesbecausef their dominancen both upper and lower limits dKAA Type Mgradation
envelope Corresponding fractional indices along with the total percentage of aggcegatage
are enumerated ihable6.8 andTable6.9. Also, these valueare presentegdraphically inFigure
6.14throughFigure6.16.

From Figure 6.14 it is seen that th@ermeability values increased wi#lm increasein

texture which confirms to the qualitative classification of texture W$ National Resources



Conservation ServicefJS Department of Agriculture, 2010According to this qualitative
classification,coarse particlesvith rough texture lead to laigherpermeability which confirms

to theresults inFigure6.14. Anchor StonéOKAA Type M_L had the highest permeability with
the highest fractional texture index. Thergentage of coarse aggrega(@s3-in and #4 in
Anchor Stonewas higher than those of the other two types of aggregBtese and Martin
Marietta) This observation isonsistent with th&JS National Resources Conservation Services
guidelinegUS Department of Agriculture, 2010).

Figure 6.15 and Figure 6.16 show the variation of permeability @KAA Type MLL
gradation, with Fractional Radius Angularity index and Fractional Gradient Angularity index,
respectively. FromFigure 6.15, it was revealed that permeability decreased with inorgas
Fractional Radius Angularity index. On the other hanoim Figure 6.16 it was observed that
permeability increased witlan increase in Fractional Gradient Angularity index. Radius
angularity is measured by normalizing the difference between the particle radius in a certain
direction and thatof an equivalent ellipse (Masad, 2005); whereas, gradient angularity is
measured by normalizing difference in angles at the edges of aggregates. Higher difference in
angles promotes higher angularity. Henceforth, with inangasadius angularity, the pécle
shape deviates from an elliptical or elongated to a more rounded shape. Narihal for
Seepage Analysis and Control for DafasS, Army Corps of Engineer$986), it was reported
that the measured permeability is several orders of magnitude fowangular particles with
rough surfaces than for rounded particles with smooth surfaces. Observatiortbdumrent
study supportthe aforanentionedstatementTable 6.8 shows that Martin Mariett® KAA Type
M LL hasthe lowest permeability with the highest radius angularity index. On the other hand,

angles along the aggregate edges tend to promote less obstructed fluid floGopatquently,
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with the highest Gradient Angularity Index of 3067, Anchor StQ@i€AA Type MLL was
reported to have the highest permeability.

A detailed discussion on the influence of aggregate shape and texture on permeability is
beyond the scope of this project. Howewitrese findings have merit for further research on
effect of aggregate morphological properties on permeabiligp, further quantitative analysis
is required to reach a conclusion as these indices do not coventine gradation curve
commonly usedn Oklahoma.

6.4 Regression Model for the Prediction ok

Sincek values are influenced by gradations, compaction efforts and physical properties,
regression models eve developed correlating with gradation characteristics and densitize
regression models are expectedchtdp pavement engineers and others predictkivalues in
terms of more common properties. Also, these nsoaely be used in the design of pavement
structures (Level 1 or Level 2) using the hierarchal approachea@smmended by the new

mechanistic empical pavement design guide {EPDG). Thek model is presented in Equation

(6.1).
% "® o , 6 , = v Q ©O
Qo =0x Oqgm x Op °x 6 Ox o3 (6.1)
where

Der = effective diameter in 0.01 inch,

D3 = particle size for 30% finer in 0.01 inch
Cc = coefficient of gradation (unitless),

e = void ratio (unitless),

A, B, C, D and E = regression model parameters.
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Regression models correlatinigand gradation characteristics and physical properties
were developed for each aggregate tyjpeadditional general model was developed for all three
aggregates. The regression parameters obtained for these models arenshaivi@6.10. It is
evident that thek of aggregate bases varied withradation characteristics, namely,
Ouon Osp,and 0y, and physical properties represented in this elody thevoid ratio. The
presence of these parameters is consistent with other studies (Bouchedid and Humphrey, 2005;
Amer and Awad, 1974). Amer and Awad (1974) correlakedvith void ratio, Cy and
DioBouchedid and Humphrey (2005) also developed a reigresmodel correlating with
percent fines and~. Other researchers (e.g., Carrier, 2003; Elsayed, 1995; Kamal et al., 1993;
Sherard et al., 1984; Moulton, 1980) have used other gradation characteristics in deweloping
regression models. Based Bhand F values for these modessimmarized ifrable6.10, it is
evident that these models are statistically significant in predicting thiies of agregates and

gradations used in this study.



6.5 Laboratory Resilient Modulus MRg) Results

The Mg results of all the gradations and aggregates tested in this study are presented in
Table 6.11 through Table 6.15. One way to observe the effect of physical properties and
gradation characteristics dr is to evaluate the changeshx values at a specific stress level.
Previous studies revealed several models to correlatdighealues of pavement bases with
stressesFor example, Witczak (2000) and Khoury and Zaman (2007) found 14 different models
that are available for predicting tivk of unbound materials. The independent variables used in
these models were confining pressuse) (@nd deviatoric stresss{), and lulk stress §) and
octahedral stresgy).

The k-g model has been used for unbound granular bases for many years (Witczak,
2000). In 2002, however, the AASHTO pavement design guide recommended the use of a new
model, wheréMg is correlated with bulk stresg)(and octahedral shear stre$sy), as shown in

Equation (&2).
o ; _ Q e
Vy= QUy = —=-+1 (6.2)

where

Mg=resilient modulus in psi,

Co

C bul k 13"62H‘CQiB |SS|, =

01 = major principal stress in psi,

Co
]
Co

2 i nt er medi at ezfopaylindnicalisgeairhenssntpsi,e s s =
U3 = minor principal stress = confining pressure in psi,

P,= atmospheric pressure in psi (14.7 psi),

ki, ko ,ks = regression constants,

tegp= octahedral shear stragsspsi
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Wk

Tew=% w1 w22+ w1 w3 %F 42 w32 (6.3)

In the present study, the new-BIPDG model wasised to analyze the laboratory data.
The model constantsy( k», k3) obtained for each specimen are showitatle6.16 and Table
6.17. These values could easily be used for pavement design using both the 1993 AASHTO
Design Guide and the ¥ PDG (Level 2) provided the state of stress is known frayered
elastic analysis or some other means. In this study, the dégigalues were calculated at a
deviatoric stress of.8 psi (41.4 kN/Mi) and a confining pressure ofdpsi (27.6 kN/m). A
summary of theMg values at the aforementioned stresalesmig with aggregate properties are
presented iMable6.18. It is seen fronTable6.18 that the material factors that influence Mg
values of aggregate bases are: (1) gradativeracteristics, (2) compaction efforts and (3
physical properties. This is consistent with the findings reportedtlogr researchers (Shah,
2007; Khoury and Zaman, 2007; Ping and Ling, 2007; Ping et al., 2001, Tian et al., 1998; Hicks
and Monismith, 1971). The influence of these factor®gmvalues is described in the following
sections (i.eSection6.5.1 through6.5.2).
6.5.1 Effect of Gradations on MValues

Gradation is a critical factor influencing the resilient modulus of aggregate bases, as
shown inTable6.18 andFigure6.17 throughFigure6.19. In general, specimens prepared with
UL have lowerMg values compared to LL of the same gradation. The diféerenMg values
between coarser LL and finer U shown inTable6.17. It is evident thatin generalcoarser
LL provided higherMg values (2% to 64% higher) compared to finer Ohe reasons fothe
differences irMg valuescouldbe that UL aggregates lack larger irregular particles that interlock
while large top size particles in the LL gradatianterlock and, therefore, provide sdrong

aggregate structure (Shah, 2007; Ping and Ling, 2007; Kamal et al. 1993; Barksdaleiand Itan
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1989. Also, the amount of fines in the UL gradation could displace the coarse particles, which
leadsto an aggregatines matrix thathasreducedMVir values (Jorenby and Hicks, 1986)
6.5.2 Effect of Compaction Efforts and Physical Properties or Malues

According toFigure6.18, Figure6.19 andFigure6.20, the variation of resilient modulus
with compaction efforts and density could not be clearly determined. For example, specimens
prepared withM-AASHTO #57 UL and compacted using modified Proctor had an avevage
value approximately 12% higher than the corresponding values obtained for specimens
compacted using standard Proctor. On the other hslpdyalues of ODOT Type A UL
gradationcompacted using modified Proctor had an aveldgevalue of 261 ksi (179.9 MPa)
compared to 28. ksi (181.3 MPa)obtained forUL under standard Proctor; no significant
changeswere observed. This is consistent with some studies in literature thextsty had
negligible effects oMr of aggregate bases (Papagiannakis and Masad, 2008).
6.5.3 Regression Model for the Prediction gz Values

A regression model was developed correlatig values with the original gradation
characteristics and physical properties. The
0.15) option in SAS 9.1 was used to develop this model. TlestHor multiple regressions was
conducted using SAS 9.1 toahdate significance of the relationship betwdda and the
independent variables included in the model. The associated probability was designate# as P
or pvalue. It was found that th®lr values were significantly influenced by the compacted

specimercharacteristics, aggregate properties and stress levels.
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6.5.3.1 Regression Model
The regression model developed in this study for predidifagvalues in terms of

gradation characteristics and physical properties and stress states is shown in Egjdation

B Tedp @
=t 1 (6.4)

&

Sl S

by Ai"Q= Qg

In which the regression coefficierits k; and k are given by:

logk, =3.82562- 0.2561909%8- 0.659990g(e)- 0.114570g(LA)
(5‘, -

+0.154810g(CE) +0.2209409(D., ) (6.5)

dmax =+

k, =- 1.7225oog‘%yi§+ 0.391830g(LA)+0.184360g(D,,)
¢

- 0.403990g(D,,) (6.6)

k, = - 0.342780g(D,,) 6.7)

(R? = 0.9330, Fvalue = 360.39, X 0.0001)
where,
MC = molded moisture content (%),
OMC = optimum moisture content (%),
e = void ratio of the compacted specimen,
LA = Los Angeles abrasion value (%),
CE = compaction energy (bf/ft°),
D30 = particle size for 30% finer (in),
2% = molded dry density (pcf),

% max= Maximum dry density (pcf), and
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Dgo = particle size for 60% finer (in).

In view of relatively high R value obtained for this model, it is evident that Mg of
aggregate bases tested in this study varied with bulk stress, octahedral shear stress, moisture
content, dry density, compaati effort, void ratio,D3p andDgo. Table6.19 shows the ANOVA
tableof the model developed. The model yielded &wv#&ue of 0.93, anvalue of 360.391ad a
P: value of less than 0.0001, which indicated that the model was statistically significant in
predicting theMg values of aggregate bases. A comparison between the prddictedues and
the correspondindylr values obtained from the laboratory tests is showhigure 6.21. From
Figure6.21, it is evident that the data points are close to tHelidg, which indicates that this
model could be a good predictor Mk values of aggregate bases using gradation characteristics,
physical properties and steestates.

6.6 Field Permeability Results

Measured values of field permeability are summarizethinle6.20 andTable6.21. Itis
observed from these tables that the field permeability vavigdgradations According to the
field results, the variations of the permeability of the base layers used in the test sections with
gradation are, in general, similar to those observed in the laborltohASHTO#57 gradation
produced the highest average permeabidiue in the field; while the base layers @DOT
Type Agradation produced the lowektvalue, which is consistent with the findings in the
laboratory. The variation in the field permeability values over time was also observed and is
presented inmable 6.20 and Table 6.21. Fieldmeasured results sivathatthe averagé values
for M-AASHTO#57 gradation were 5,790 ft/day (2.04 cm/sec) for the tests perfoomégbril
08, 3730 ft/day (1.32 cm/sedh July 08 and 437 ft/day (0.15 cm/seéc)May 09. The average

of OKAA Type Mgradation was 199 ft/da¥.07 cm/sec) in April 08, 165 ft/day (0.06 cm/sec) in
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July 08, and 85 ft/day (0.03 cm/sec) in May 09. Comparatively, the ave@dg@DOT Type A
aggregatéase layersvas found to be only 0.1 ft/day (3:610° cm/sec) during the April and
July 08 field testing and 0.02 ft/day (&010° cm/sec)during the May 09 testing. The decrease
in k over time was likely attributed to additional compaction and reduced air voids caused by
traffic. Qualitatively, these fidings support those byangpithakkul (1997).According to
Tangpithakkul (1997)denser aggregate base layers result in much leweatues due to lower
void ratios. Cedergren (1974) also reported that thef gravel specimens decreases by
approximately 8% when it becomes about 10% denséMo effort was made to compare
changes in density of the aggregate bases with time and traffic. Also, because of inherent
difficulties in measuring field permeability accurately and with sufficient degree of
reproduciblity, it would be appropriate to use these data as a comparative (rather than absolute)
indicator of drainage of aggregate bases with different gradations.

Table6.20 andTable6.21 show large variations among the fidddalues foreachtype of
gradation at different locations or stations. For eXapgiation 0+50 EB had an averdgaf 993
ft/day (0.35 cm/sec), compared t®30 ft/day (2.09 cm/sec) for station 1+25 EB ang4%8
ft/day (3.69 cm/sec) for station 0+75 WB. As documented in Chapter 4, segregation was noticed
during the spreading of ggegate in the field. These segregations were partly responsible for a
nortuniform aggregate base layer resulting in variations irkthalues.Figure 6.22 shows the
M-AASHTO #57section after construction. As can be seen, the aggregate base layer is not
uniform throughout the section.
6.7 Falling Weight Deflectometer Results

The backcalculatel modulus Mrwp) values for the different time periods, including their

standard deviation values, obtained from the FWD wstsummarized imable6.20 and Table
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6.21. A comparison of thtrwp values obtained from the tests performed in April B8d May
09 revealed that foM-AASHTO#57 gradaton, Mgwp values increased from 11.4 ksi (78,600
kN/m?) in April 08 to 20.8 ksi (143,411 kN/nin May 09, an 82% increase. A similar trend was
observed for th@OKAA Type Mgradation where th&gwp increased from 17.3 ksi (119,279
kN/m?) in April 08 to 38.7ksi (266,827 kN/rf) in May 09, a 124% increase. TNewp values of
the ODOT Type Asection increased from 23.2 ksi (159,958 kR/tn 56.9 ksi (392,312 kN/fj
about 145% increase over the same pesidime. Based on the aforementionighp results, it
is clear that the baekalculated modulus values exhibited an increase for all gradations between
April 08 and May 09. The traffic loads have likely caused additional compaction, beyond
construction, resulting in an increase in Mgyp values. These ralis are consistent with the
results reported by Huang (2004) and Zeghal (2003). The FWD results are presented in
APPENDIX C.
6.8 Field Dynamic Cone Penetrometer (DCP) Test

As noted earlier, DCP tests were performed in accordance with the ASTM BD89&tl
method. The test results are summarizedable 6.20 and Table6.21. From these tables, it is
evident that the section witld-AASHTO#57 gradation had the highest D&@Ralues followed
by the OKAA Type Msection and then th@DOT Type Asection. These resultge consistent
with the Mg and Mgy values which showed that ti-AASHTO#57 gradation was relatively
less stable than th@KAA Type Mfollowed by theODOT TypeA. Variations of DCH with
depth for each sectiarepresented in APPENDIX D.
6.9 Acomparison between field and laboratoryk values

A comparison between the laboratory and field permeability values is presefiaiolen

6.22. From this take, theaverage laboratorly valuesof OKAA Type MandODOT Type Avere
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higher than the fielk values obtained in April 08, July 08 and May 09. Also, the average
laboratoryk values ofM-AASHTO #5%vere found to be lower than the field k values in April 08
and July 08 and higher than the fiddsalues obtained in May 09There are four possible
explanations for thalifferences between the laboratory and field valuegl) the laboratory
specimensvere compacted near optimum moisture content and maximum dry density. It is
likely that the final conditions of the laboratory specimens are different than the comufittbe
field. ; (2) it is also anticipated that the flow conditions are better ddfandmorecontrolled in
laboratory testing than in field testing. Moreover, the theoretical approach used in the
interpretation of field measurements and evaluatiok isfan approximate method and may not
reflect theboundary and flow conditions in thield. (3) the difference could also be attributed to
the nature of the construction in which segregations were observed during spreading of
aggregates in the field as noted in Section 4.10.
6.10 A Comparison betweenMg and Mgyp values

A comparison between results from FWD bacalculated modulus Mgpwp) and
laboratory resilient modulusM) is presented inrable 6.23. From this tablethe averag
laboratoryMg valuesof OKAA Type Mand ODOT Type Awere lower than the fielét values
obtained in April 08, July 08 and May 09. Also, the averdgeralues ofM-AASHTO #5%vere
found to be higher than the fieMg values in April 08 and lower than those obtained May 09.
This difference could be explained Hye fact that the final condans (gradations, densities,
etc) of specimens in the laboratory are different that the conditions in the field.diffeience
could alsobe attributed to the nature of the construction in which segregations were observed

during spreading of aggregates in the field as noted in Section ZH18. is consistent with
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findings by Ping et al. (2001) that the moduli obtained from FW&Bts werdifferentthan the

moduli from the laboratory.
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Table6.1 Moisture Density Relationships of Anchor Stone Aggregate

. Compaction - 0
Gradation Energy Limit OMC (%) = 4, (pcf)

Modified Standard Lower 4.2 107.6
Upper 4.3 111.4

AASHTO
#57 Modified Lower 15 120.3
Upper 3.9 123.5
Lower 2.1 120.3
OKAA Standard Upper 25 136.9
Type N - Lower 1.9 128.6
Modified Upper 9 113
Lower 1.6 109.5
OKAA Standard Upper '8 134 3
Type K - Lower 1.3 120.3
Modified Upper =7 l388
Modified Standard Lower 3.3 103.1
Upper 3.5 110.1

AASHTO
#67 Modified Lower 3.3 1165
Upper 2.9 121.6
Lower 6.0 132.4
ODOT Standard Upper 6.8 138.1
Type A - Lower 5.0 141.3
Modified Upper P 1o
OKAA Lower 2.2 120.0
Type M Standard Upper e 1300
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Table6.2 Moisture Density Reléionships of Dolese Aggregate

: Compaction - 0

Gradation Energy Limit OMC (%) g4, (pcf)
M-AASHTO Standard Lower 2.3 111.0

#57 Upper 3.7 114.0
OKAA Type Lower 2.7 116.0

M Standard Upper 4.0 127.0
ODOT Type - Lower 5.0 144.0

A Modified Upper 6.2 146.0

Table6.3 Moisture Density Relationships of Martin Marietta Aggregate

Compaction

Gradation Energy Limit OMC (%) a1, (pcf)
M-AASHTO Standard Lower 3.2 103.0

#57 Upper 4.5 109.0
OKAA Type Lower 2.0 112.0

M Standard Upper 5.2 123.0
ODOT Type e Lower 6.0 137.0

A Modified Upper 6.4 136.0

6-20



T12-9

Table6.4 Anchor Stone Lab. Permeabilind Post Compaction Gradation

* Permeability Values at 20e¢eC

**Permeability coefficients close to zero are calculated to higher decimal points. Otherwise, zero values will introdecentore
the regression model.
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