2 7 DEC 2004 WO 02/ 03055 PCTIUSO1 /17706 APPARATUS AND METHOD FOR GAMVA RAY
DETERM NATI ON OF BULK DENSI TY OF SAMPLES FI ELD OF THE | NVENTI ON _Thi s
invention relates to the measurenent of bulk density, and Fatd&}E{ 2004
particularly to an apparatus and method for measuring the bulk density of a
sanpl e usi WP Qamsd radi ati on. The invention is especial | yCIaiserd7dg60r
nmeasuring the bulk 5 density of relatively small "finite volune" sanples,
and in particular, cylindrically shaped sanples such as core sanples or
gyratory conpacted speci nens of asphalt paving material. BACKGROUND OF THE
| N\VENTI ON I'n the asphalt pavenent construction industry, the cylinder is a
common 10 sanple geonetry. In |laboratories, cylindrical sanples are
prepared, typically with a gyratory conpactor, and various nateri al
properties are studied to determ ne the best mx design for a pavenent. In
the field, cylindrical sanples are cored from test strips, newy
constructed roads, or existing roads. The material properties of these
sanpl es are then used to evaluate whether the test strip or the new
pavenment 15 nmeets the design criteria and whether the existing road is in
good operating condition or in need ofrepairs. Among the materi al
properties studied in the cylindrical asphalt sanples, material bulk
density or bul k specific APEARAYUBANID METEROD FOR GRMMAHXY Currently,
several nethods are usefEfPRMIRAIIONTIF BOEKISBRSIY OF 'ﬂ%éica' 20

[ met hod,

sanpl es: di nmensional analysis, the water displacenent the paraffin
coated nethod, and the para-filmcovered nethod. In each case, the bulk

density of a sanple is derivesmf%§{§§ ggﬁggﬁq%ggkﬂ;tion, dividing the dry
sanpl e nmass by the 7 DEC 2004 0 B / 17706 estimated sanpl e
vol ume. All nethods Thigirivestion relates frctbe wicsdoremeneoltivlk ddnkiyy,@fidflode g. to
neasure the nmass_of .the sanple.. In th j rensi onal ,an i S t hod,. sanple
vol ume is deter Hla%g(l]lar Yo gtﬁ%ar?tg%?n& smeglf\‘gi ﬁ?&ﬁ*ﬂﬁ%t“f’ ﬁﬁ%ﬁf’ﬁ‘w astigent s.
Here, many readsinggauha tadintivadThsinesmion b oprsly saifed fbemeatiheha belknade
using a vernier . 5,caliper.. The erage val ues of e radjus and the
t hi c E ness ar g t fegsity, gt{TPagﬁely smatl %{e v%ﬁxmeg samples, an& xyxll particular, cylindrically

shaped samples such as core samples or gyratory compacted specimens of asphalt

paving material.

BACKGROUND OF THE INVENTION
In the asphalt pavement construction indusiry, the cylinder is a commeon
10 sample geometry. In laboratories, cylindrical samples are prepared, typically with
a gyratory compactor, and various material properties are studied to determine the
best mix design for a pavement. In the field, cylindrical samples are cored from
test strips, newly constructed roads, or existing roads. The material properties of
these samples are then used to evaluate whether the test strip or the new pavement
15 meets the design criteria and whether the existing road is in good operating
condition or in need of repairs. Among the material properties studied in the
cylindrical asphalt samples, material bulk density or bulk specific gravity is an
important property.
Carrently, several methods are used for measuring the density of cylindrical
26  samples: dimensional analysis, the water displacement method, the paraffin coated
method, and the para-film-covered method. In each case, the bulk density of a
sample is derived by, as in the definition, dividing the dry sample mass by the



cal cul ate the sanple volune. The other nethods use the Archi nedes Principle
for determning the sanple volune. These nethods require zgl ﬁgﬁeéﬁahal ner
filled with clean water. The water tenperature should be Ni.tig d
controlled at a specific tenperature, e.g. at 25C. At one stage of the
test, the sWHIl2@34s§ kept 10 inmmersed in water for approxPGBESBAWITHEN Nnut es
and the weight of the sanple, while suspended in water, is recorded. In the
"paraffin coated" nmethod, after determning the dry weight of the sanple,
a thin coating : Pl Fldie 4 Phi ir . area of
t he sanpl e. The%m?%% sa 1 %‘ﬁ?lgamglgﬁg%%bﬁﬁee{#ﬁ%%ﬁS?\%%&%’%? ﬁei sanpl e
is wei ghed whil & formeaseredhd masgmf the sariple. In'thadiafeniiond ndysiemeabdd, satplod i s

simlar to the " ff 0= y t t that filmis ed to
wrap the sanpl e.VB e lmg%}er .‘@% %@En@‘ﬁ&?@?ﬁ%ﬁ% ikl Eleﬁsém’fnéeﬁseifer%f al |
t hr ee Ar chi nedesmangrdadihgs of thk exlishad thitknsisod e Samplearsmad \Ring RAGAL&T

precision of the.wat di spl acene met.hod i . 0124 cnB and the

par af f i n-coa%edcﬁbq oﬁﬂe?‘?“ﬁ%‘éé’ “?S}?rélﬁpe(f?‘%ﬂs@déﬁ%&c AHBEISFL O an be found
I n standards ASEAbidaid t@bsatrple Wiurid) eTHRAIRK ndihdRd RSN RtchiRidbOs Rde A8TM D
1188 for the paraffin-coated nethod. Because an asphalt mx is

het er ogeneous afeeBRRng thy sampleeitinee Thessapethods reqyire 3 langg contrines fillgd
det erm nation ”%tilhl%ah@va%ﬁ.\/ €he Whier t@hg%ﬁﬁ&ldﬁﬂﬁld b;gﬁxﬁmﬂgféh $h@PbnBBiledMtiaCh

density determination nmethod to use ends on e aggregate size and
whether it is afpespiafompereiugs ed. #i2R°C odt ane stagoof thg tash the sample imlispes usi ng 25

aggregate wggh ) - Sl . L . a vald copntent |ess
than about- 6% ﬁ%’%&%ﬁﬂ‘?‘%ﬁéﬁ@@%’n’%ﬁ%@#ﬁ“ﬁ%ﬁg’ prov‘?ﬁ%ﬁ"e@?ﬁ%ﬁ%ﬁy accurate
densities. For whiesuspertiddn waiee &s re¢drded. dr ther'pagifinagatedsmathod, afiar ser

gradations, the r. Qi splac net hod pr.ovi ges gens' i.es hi gher than
the "true" densfi\#%}é%e]?n ore%(%ﬁ?g%ggﬁ}ﬁ?%agfp?%ﬁhﬁ © P?’E@[Smgggﬁsi ng

par af f i n- coat edcover thpamtiref sutfacccasasdt dtk saBplee The shd fplitp Sledeledigbirii nat i on.
However, paraffin-coated and Para-fjl et hods are tine consym ng and
their accuracy 8f ﬁg’ﬁtﬁ TP ‘%wﬁ’ékl?‘g]wweﬁ?éﬁnw@%n@q B4 BE ghly user

dependent . [E§irt bevepdl" enethicdris SHiilir 18ithe 'YaBHENSoatdi N Prethdd Zexéept B2 fith is
di mrensi onal anal ysji s net hod overestinates_the vol une _and yiel ds | ower

: 1d Yy
density val ues RS Wrasthe smaple-nbherier disbsespent tesh, ivehishas tiedastrstofallown t hat
di mensi onal anaksd ArcBinesRsthba) 1a8Es ab6d MBLRS. Phe {ile I5Rabl 658 hi ghly
perneabl e specimens. Wth nore and nore roads hei n?h construct'ed using m xes
of large of the water displacement method is 0.0124 g/cm” and the paraffin-coated method
is less than 0.02 g/cm’. More details can be found in standards ASTM D 2726 for

20  the water displacement method and ASTM D 1188 for the paraffin-coated method.

Because an asphalt mix is heterogeneous and granular in nature, there is no
single density determination method to cover all mix designs. The decision on
which density determination method to use depends on the aggregate size and
whether it is an open or closed mix design. For example, for mixes using

25  aggregate with a nominal aggregate size of 9.5 mm and a void content less than
about 6%, the water displacement method provides reasonably accurate densities.
For open-graded mixes with larger aggregates and coarser gradations, the water
displacement method provides densities higher than the “true” densities. For such
samples, the industry recommends using paraffin-coated or para-film covered

30  methods for density determination. However, paraffin-coated and para-film
methods are fime consuming and their accuracy of density determination have been

found to be highly user dependent. Furthermore, for many mix designs, the

2.



aggregate sizes and/or open graded m x designs, there is a need for

devel opi ng techniques for determning the density of cylindrical I
sanpl es. For many decades, gamma-ray based nucl ear gauges have ﬁé%ﬂjﬁﬂfliog#

successfully used to determ ne densities of asphalt pavenents- This type of
gauge provides a non-destructive test nethod and provi des density
nmeasurenents rapidly (e.g. within 1 to 4 mnutes). Various designs for
gama-ray based surface gauges, depth probes, and the |i ke have been
reported in literature and are available comercially. Single system
surface density gauges, such as the Mydel 3400 series Surface

Mbi st ur e- Dengittepsigagl g@évsmtwm‘f@reﬂmﬁﬁs thenysltumpeand vields dasyey density yaluse|than

El ectroni c LaRoiRt HetiRs. HoWever, RERnASRIsIAS Ha AR cRIRTEHQEs Broviaty fA&e,
such as an asphalt pavenment surface, and the density detefm nation assumes

a sanpl e of PEIRIFY the dengiicon! beghlymermesblo GRSCIRRES: in relation to the field

of view of the gaﬁﬂﬁmo@éﬁ@nﬁ?&gﬁﬁ.béh &Q&uc@&%ﬂ@%e&@fl&%le' ably neasure the
bulk density of relatively small, inite volume" sanples, such _as

cyli ndri cal | \PEeTE}e sizeszmgon gpreradsd praflesigpavharryism seed fos devsiapism tehaikesd

United Stat estP@ett&mml%tﬂlggeng%fc Hﬁ)ﬁgatlg&phhlgs ribed by which a nucl ear
asphalt content g}uge such e Troxler 3200 series asphalt content
@

gauge, can be us fﬁ@mﬂﬁFﬁkﬁﬂﬁﬁnﬁﬁﬁyQﬂﬁﬂﬂ&ﬁ@“@@#@éhﬁfbﬁmcyl|ndrlcal sanpl es

of asphal t pas%bd%@sﬁﬂlﬁ:sed’i@‘ﬁ@t\é&ﬁme d“ekl&ﬁérgfbéfahﬂppa%@;ﬁaﬁsr %@kyp@!dﬁéa%@é prgau&% is
available in the market for determ ning the density of cglln rical

speci mens. SUNRERrUCEVETEE mefhgr g pyqleéScdwaryrrgeaﬁwe@% Bridde-g vitkindrtadent

i nvention pquhg@ an apparatus for nmeasuring bulk density of a
cylindrically sha ed sanpl e, conprising: a base; a sanple holder carried by
sai d base and haWaigusedesigns faceemuempy heredsrrfer e, dpth oos apédsilike Agreand

hol ding a fi p&h repdifcase h%frat&rg%n&)ﬂe' Mﬁdbf@édﬂné&ﬁﬁe@lr%%t%m suffadd! hé

t
mounted in pr oxim ty to said n@}j er at | east three sources Ofy gamra
radi ati on | o&®ewd spéh anthg 1\69@! é4 fe@@%ﬁmf@aulﬂom@@rﬁﬂn@tmaua@r avagdaghile) fregur ces

bei ng posi ti gn@dar 1 SRACE AR HeciBhi L aBSatbfiQTERN GrARRUES 1ol M pIfEH bhiaNg
gamma radiation fromat |east three spaced- apart | ocations |nto sai d

sanpl e, eachswface guch as gy pspbat nayeAnt 8i9ee, affl | sot ope having a characteristic

the density determination assumes a sample of relative large or "infinite volume" in relation
to the field of view of the gauge. Such gauges are not designed to reliably measure the bulk
density of relatively small, "finite vohume" samples, such as cylindrically shaped samples of
asphalt paving mix.

In commonly owned United States Patent 5,151,601, a system is described
by which a nuclear asphalt content gauge, such as the Troxler 3200 series asphalt content
gauge, can be used to determine the asphalt content of cylindrical samples
of asphalt paving mix. However, currently no commercial nuclear gauge is

available in the market for determining the density of cylindrical specimens.
SUMMARY OF THE INVENTION

According to one aspect, the present invention provides an apparatus for measuring

bulk density of a cylindrically shaped sample, comprising:

a base;

a sample holder carried by said base and having a surface configured for



primary energy; a detector |ocated on the opposite side of the

cylindrically shaped sanple from said first surface, the detegtpr |
positioned and arranged so as to receive gamma radiation that tﬁﬂ/gﬁs%[]lf

t hrough the sanpl e al ong respective i ndependent paths of travel from each
of said sources of gamma radi ation, said detector being configured to
detect gamma radiation in a predeterm ned energy spectrum and neans
cooperating with said detector for calculating the bulk density of the

sanpl e based HRGRnPANKBIAMAHiEat dPhccP R CHidBas tiBpedd¥mal d det ector,
Accordi ng to another aspect, the present invention provides a nethod for

measuring bul k deriitepoutedan prprimiiqsgidisagplabldssd sanpl e, conpri si ng:
providing a cyli .rhqfebs?ﬂﬁée%q?%gst " r%aﬁml%@a?édtiﬂgﬁ' Dk Riabdof 8lq SUrface of the

sanple in proximty to at ee sources o anma radiation, said

sour ces baiphthofiles sdid ommeek being psitivad!-ia gatdd-sak glaianfdnt @@ one anot her, and

directin a radi ation fromsaid at_ | east three spaced-apart gama
Shofliar IpE ot i paced- apart g

radiatio Butting, gagnnaapdiation famatleastiher spapedapartoBons 4 conpri si ng an

i sot ope Bavd.RPleAaNFEAE iRfcbSlohiprifihd HBENYopE BR iR chiRR3drkficOni ng a detector on
the opposite side of the cylindrically shaped sanple fromsaid first
sur f ace, prithaey eletayct or bei ng positioned and arranged so as to recei ve gamm

radi ati on that t ra}}é%&&eigmkgél?ﬁggm}agg Sﬁggﬂh@gﬁk{g&%}éﬁa%g%cé%%%ohndependent

paths of travel From eac sour ces ron; and
det ect i ngidyasmerface,alh detectonbeing pasifioned aetdanabged cb Bneregyvespaedar un  and

cal cul at] .t ul k nsity of the sanple based on.t gamma radi ation
count s bﬂ?&g% ngﬁ?ﬁg?‘é? .°“%§eé%ﬁ?@gé%§§rwﬁ?§nd§&&€% a nucl ear density
t est i nstravdlemi eadlnel shig dedds ofamb ridiaticn) isdi¢ detdctri bdiasufignRg té he bul k density
of rel at'v%gagﬁ?rgtal .. finite valume" samples, 4 2 7 DEC 2004 and is

2
parti cul tiog i 3REde PHEY W HEKsi ty of cylindrical

speci mens, such aseansdbbperfing &ith satie@ctoPIPtR 1Bk tBYHuRt Rhdityeompact ed
speci nens of _asphalt paving mx. In one enbodi nent, the density gauge may

conpr i sesaPlsibated Ppangagina gdistiencoups deectsrhly s3ddftsionon positioned in
spaced-apart relation fromone another for emtting gamm radiation froma
plurality of spacg&eofRid anoliREApED it prévk@ idvetiPrRides Aeethosear by and a

detector for measuring bulk density of a cylindrically shaped sample,
COMpIising:
providing a cylindrically shaped sample,
positioning a first surface of the sample in proximity to at least three sources
of gamma radiation, said sources being positioned in spaced-apart relation from one another, and
directing gamma radiation from said at least three spaced-apart gamma radiation sources into said
sample, each of said sources comprising an isotope having a characte_ristic primary energy;
positioning a detector on the opposite side of the cylindrically shaped sample
from said first surface, the detector being positioned and arranged so as to receive
gamma radiation that traversed through the sample along respective independent paths
of travel from each of said sources of gamma radiation; and detecting gamma
radiation in a predetermined energy spectrum; and
caleulating the bulk density of the sample based upon the gamma radiation

counts by said detector.

The example embodiments provide a nuclear density test instroment and method

which is suited for measuring the bulk density of relatively small, "finite volume" samples,



mounted for receiving ganma radiati on which has penetrated the sanple

Means nay be provided cooperating with the detector for calculatin ﬁg
bul k density of the sanple based upon the gamra radiation co@b (1 94
detector. In one enbodi nent, each of the sources of gamm radlatlon may
preferably be a point source, and the sources may preferably be nounted to
a source plate. 'Ihe sources may preferably be at |east three in nunber
and are arranged in a conmon plane. |In another enbodi nent, the gauge may
include a sanph @ pRRLARY saeaffbrgﬂéaaqmtg%@ahﬂ dénsfty bl Bhisal L@écﬁieesoa%hsa@rrpl e,

t he sanpl e hol der being nounted adjacent to sald source plate to orli ent

t he sources éU"§bﬁ@éﬂ“ﬁ@@§ﬁvﬁﬂ@aﬁﬁ@@§WW%“h first end of the cylindrically
shaped sanpl gpecRh&k 6F APhafypalilg nfet €ctor may be an energy sel ective detector
configured to detect gammm radiation in a predetermnm ned energy spectrum
which desirably is within the range of from0.1 MeV to 2 MeV. The
detector may conprise a scintillation detector, and the system nay include
an anal yzer conne&t@d embodiment.dkd density|zausearaydempise iplurality efsowses of gaganma

radiation i E‘acﬁ:ﬂi%n?@s‘%ﬁdh&ﬂm%&@%%l@ﬁ& (305 b andRECHF EHfktin ?%m‘ﬁﬂﬁ r hfic

enbodi nent, each of the sources Is a CS ganma-ray source wt 0 662
MeV primary d&9ay gypluraliiy of hEaCC%FI@ﬁebeﬁﬂﬁFmé@ erfemgly Hared tnedrhy mgud@@toby t he
gauge falls widfhin férf}@ce{ a 2didfort Phith KR e%‘t}éted R OGR! B1) O

THE DRAW NGS Sone of the eatures and advantages of the |nvent|on aV|n
been descri b@pvidedconpemsting vith the defatiordphenlanlating the plk lenstiz o e sample Sesed pt| on
whi ch fol | oWy ARE gdntrf Talififon cﬂ&;ﬁ?ﬁ%ﬂ@&ét&ﬂor%%ﬂé ﬂﬂﬁydnﬁéﬂt \QEHhQthe sb %fl I's a
schemati c eIevatlona Vi ew of gauge 1 n accordance |nent of
t he inventi ogammp gagdigion may ﬁeﬁe@blyplveam Poink ppunde, ard the oatsespinay @rert‘qsatblx he

gauge, shown b fd A/souﬁcg 1&%& Sor CL% 2 4 03055
PCT/ US01/ 17706 Figure p a ray d ur gﬁfsﬁgﬁﬁﬁ%’? ggﬁgﬁgﬂgggéﬁgg%gﬁéa rays
fromthe fivemanggsdiza cp@@atlméms Innmn@ cmbpdimebphe gouge unay mouddha saalect or,

with the patlj,@f, couﬁg&attb%ﬂda SRR P WSp lel e $8hhd nbib@8Rin g%uhéa@ pat h

of scattered ganna rays hown “i n dotte I ne Figure 4 is chart
-showi ng a st adrteptigispd ﬁo@f?eé?lt? @mﬂeﬂtﬁhfgW@eMmBacad Ivestons gpposiei bliratdandef cur ve
gr aph; the cylindrically shaped sample.

Preferably, the detector may be an energy selective detector configured to detect
gamma radiation in a predetermined energy spectrum, which desirably is within the range of
from 0.1 MeV to 2 MeV. The detector may comprise a scintiliation detectoi', and the system
may include an analyzer connected to the scintillation detector for detecting gamma radiation
in the desired predetermined energy spectrum. In one specific embodiment, each of the
sources is a 'Cs gamma-ray source with a 0.662 MeV primary energy, and the
predetermined energy spectrum measured by the gauge falls within the range of 0.25 to 0.73

- MeV.
BRIEF DESCRIPTION OF THE DRAWINGS
Some of the features and advantages of the invention having been described,
others will become apparent from the detailed description which follows, and from the
accompanying drawings, in which:
Figure 1 is a schematic elevational view of a gauge in accordance with an
cmbodiment of the invention; - ‘
Figure 2 is a top plan view of a source plate for the gauge, shown with five 10

pCunemCs SOUICes;



Figure 6 is a graph conparing the densities determ ned by the ganma-ray
nmethod with densities obtained by the water displacenent net h?? @'@QF'Pngre
7 is a graph showi ng neasured asphalt equival ent normalizatio 16 $act- é’
for metal and rocks. DETAI LED DESCRI PTI ON OF THE | NVENTI ON The present

I nventi on neooue3ess be described nore fully hereinafter wettiusmfienence to

t he acconpanyi ng drawi ngs, in which preferred enbodi nents of the invention
are shown. This invention nmay, however, be enbodied in many 15 different
forms and shoul d notg. nsi.rued limted t e enbodi tS..S forth
herein; rather, thesFéglgtﬁggsa%}%ﬁagﬁghoﬁmdéﬁagﬁtﬁs‘%%ﬁﬁ A %qugitgﬁre will
be thorough angureig@atdme thrangh thelshmplevbinmeaothe detebior, Svithahe pdth bhe | nventi on
to those skilled in the art. Like nu s ref to | Lke el ements

thr oughout - pr i eI EaviRESa SRt fit s Stht R SR PREGERE ¢ or i ng
and absorpti on gpoepds détkd lined; ganmma-rays with matter. For gamma-rays with
energies less than 2 _MV, .there _are two donm nant interacting nechani sns

with matter.® I n the Hgure s choghshawms stabilization speio i nant mechani sm i s

i nel astic scatteri nriffe T Pdend gm@g)cmg@fa?h:ener gies less than 0.1 MV,
t he dom nant nechani smis _ photoel ectric absorption. 25 In the 0.1 to 2 MV

energy range, the arfigiie 64dfa giapihecmpaying thn depsitiesyleteamined by thécgmaa®yon) is a

function of el L ({I' g ﬁi%lﬂbtl%neﬁlﬂ R lﬁj’;f]ﬁgﬁ f undanent al

measur ement pr g‘%et?fgy. Ihlgﬂsg reesu ts iﬁ a nagécljl ear a ?Agnua§|a%ndper uni t

| engt h- mass densi t y.Figwe 3 icograplyshendng measered asphak equibalent nbenadicationl  vol une

of a hono eous, s le is,not, as critical as it is in the volunetric
S i

based syste tI%CkSUI k density measurenments which are not so
affected by the surface properties or texture of a sanple. At energies

bel ow 0.1 MeV, the photo LG, - = 5 PCTIUSA /17706
absorption of gam-rays%@fmp%éﬁm&gﬁéﬁm of the materi al
and hence to the chem cahe pfkaitmieation SWRABHd deSitibell nioRefulfh hereingfer
Therefore, when a gamua-ray source of sufficient energy is placed near a

material, and aWitrrdeare to e seqompenying deming, Bathichpsptepred eabadiments ofama- r ay

detection, ganTggs iR¥RidMBOESwA. TRASHOANBE med HIWR RerSAlhdidddn fafly be counted
excl usi vel yI.5 Wth proper

different forms and should not be construed as limited to the embodiments set forth
herein; rather, these embodiments are provided so that this disclosure wili be

thorough and complete, and will fully convey the scope of the invention to those
skilled in the art. Like numbers refer to like elements throughout. -
Principle
20 The present invention is based on the scattering and absorption properties
of gamma-rays with matter. For gamma-rays with energies less than 2 MeV, there
are two dominant interacting mechanisms with matter. In the 0.1 to 2 MeV energy
range, the dominant mechanism is inelastic scattering (Compton scattering). For
energies less than 0.1 MeV, the dominant mechanism is photoelectric absorption.
25  Inthe 0.1 to 2 MeV energy range, the amount of gamma-ray scattering (energy
degradation) is a function of electronic density of the material and hence a
fundamental measurement property. This results in a nuclear attenuation per unit
length-mass density. As a consequence, one can see that the actual volume of a
homogeneous sample is not as critical as it is in the volumetric based system. This
30 leads fo bulk density measurements which are not so affected by the surface
- properties or texture of a sample. At energies below 0.1 MeV, the photoelectric
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calibration, the gamma ray count can be converted to an absolute density.

Al so, the wunscattered ganmma rays can be counted which is ﬁggﬁg@f I on
of the material bulk density. According to one specific eab t t he
i nvention, a 137Cs ganma-ray 10 source with a 0.662 MV primary energy is
used. HowewsEP 02/30bfer gamma-ray sources with different prPERU§OIAAW6QY

| evel s coul d be enpl oyed, such as 60Co for exanple. Gamma-rays
interacting with the sanple are detected with a detector, which is
preferabl y an eagifion 8k gahinifaAH &alifle GIR hobilcifhndsdr dohEfibic AR
‘radiation in a predeternned eriergy spectrum mra. radi at1 on detectors may
be 15 conf i gur eHeica ta/the chemiceldslemenal) compessioniof Grctmaterialle Tharefdreowbewy

. spectrum For ] : ' I | ger |l er detector
Tlbes wth an  SSABs: sl TR GOy VA Ry ik Sian Hian Shert? | o
energy gamma r asiletive gamina-ray dectmrbokiedfntzasimvmy detectidasganiiethyhmiaiiln, an
ener gy sel ec%ivgn&(r:i %ibln%tti on .detector is %ised specifically a Nal
crystal mount ed S E I sPEPIOH PeattE e ran g SaumeT Cxalurvly SHEBIPROPEL| |y when
using a 137C s edlibeation, thagammaayscout @ndecomgried fom@bsolRs d&isity. A6 anoh t he
sanple with eneé&jges in the ran%e 0. 25 ttpg g{}éS MeV are . counted. Since

t hese gamma-ray FAOEIATAYS Frnshefoprted whish s againg metion of thegeajenial ed
game-rays, thep@Rdaisityecei ved by a gamma ray detector resulting from
interactions with the material is a good indicator of the terial bulk

density. 25 The techfi*epuing ieanegpeaifiqmmbodiment ef theimventiongy | Crgammaray
sel ect i ng the OB willed 8,667 NieY RARLY LS8 SSLAO HANOLISHEOUM g 0a M- [ ays
e chem Cal conp ne

wi th energies which depend on t ositréon o terial.
Hence, the chenbauges wilbrdiberentippimary ensrgy levels ol heethpldbled, sugpsr®°Co firt  of -

0.73 MV is selgﬁﬁﬁ t L0 tantiall |1 .of the.gamm-rays wth
the characteristic gé'6%%%%%@%@%%@%%@9%dgﬁtﬁgwtgﬁ%gﬁeﬁlﬁf’e 5, the
gaussi an di st r i hichdnpreferablhen Gefy2elcdibld dereator badigided tugpar phase at :
approximately 0,73 .MeV becayse.of, the finjte esol ution of the detector.
For gamma-ray sSureglimg ?fg‘?e Fpiped ef??&?wm' ﬁ%ﬁ’é'?"‘rf“&‘ﬁ‘i‘?n ‘i)%ecﬁ’mimﬁ)ﬁ 2004 WO
02/ 03055 PCT% US%ﬂgﬁﬁ%vmhdra?ﬂo&elsel%tB}dtéﬂd@ir&dl&iér%fspﬁaﬂﬂﬁ@&ased upon
the energy distribution for the |.ar source selected. According to

artic
the present i nvERSHODE MaY U3, Peverlinng) Geigaduglisy detector tubes with an
appropriate filter, such as cadmium, to filter out low energy gammma radiation. In

the embodiment shown and described herein, an energy selective scintillation
detector is used, specifically a Nal crystal mounted on a photo-muttiplier tube

20 (PMT). Specifically, when using a **'Cs source, gamma-rays interacting with or
passing through the sample with energies in the range 0.25 to 0.73 MeV are
counted. Since these gamma-rays contain Compton scattered gamma-rays and
unscattered gamma-rays, the count received by a gamma-ray detector resulting
from interactions with the material is a good indicator of the material bulk density.

25  The technique uses 0.25 MeV as the low energy limit for selecting the gamma-
rays. This energy selection avoids counting gamma-rays with energies which
depend on the chemical composition of the maierial. Hence, the chemical
composition error is minimized. The upper limit of 0.73 MeV is selected to
include substantially all of the gamma-rays with the characteristic 0.662 MeV

30 primary energy. As seen from Figure 5, the gaussian distribution for the 0.662
MgV peak has its upper base at approximately 0.73 MeV because of the finite
resolution of the detector. For gamma-ray sources other than *’Cs, the upper limit
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configuration is designed to give the best density estimate of a

het er ogeneous and 5 granul ar sanple. Since point densities of_ such.sganples
show a distribution of densities, a large sanple vol une shpyl dlb for
estimating the bulk density. Since a cylindrical sanple of asphalt mx is
of relativewgoygpmbi size (or of "finite volune"), it is sesusadtdsat the
probing particles, which are in this case photons (gamma-rays) should
traverse the sanple to the fullest extent possible, thereby 10 interacting
wi-th and sanpli- |.ar ril f.1h g t size s le. To..this
end, a pIuraIit&go b?%g%§39§ﬁ§% Borh ?§§%%ghFﬁgm%%ﬁF%E@gg?gmﬁg%a?e|n t he
i1l ustrated enbpasttiodatsoufce velededpar at e sources are used and they are

arranged on a plate,so as to,cover _a valu ener al | orresponding to the
size of the sanple. 1&mr@ﬂ%*%%ﬂ&?%ﬂ’tw’gjr%ﬁ?g‘@\ﬂ?e&ﬁ‘“ﬂg&gﬁg‘?ﬁned to neasure
a cylindrical sbapdrationialesigldd 6 giRltiee beshdenbity/@tifiaieof @ heRfdpeddobanged such
that the garrﬂa-ra s, trav rrsn%ndi rect]y..algng several paths through a |arge
portion of the %ﬁﬂﬁ%saﬂﬂi% .°WW%?“?SH’§S“¢&%PWF%W%%%“W°§rayersed
by the direct gasH¥RicE,a)ange bAfple9SIBME MoutPbiMsSd FGRETBathiMRe Wik BeRAET 91 €5

| ess than 0.662 MeV. These energy gammma-rays are the result of ltiple

scattering in tficeapyindricglsamplgpasphalsmiy i oéwlativelysmall sige ferpfBniz0 vol une.
Apparatus One ¢HRREYWRM qelfeddif ﬂ%fgﬁﬁ%ﬁaﬁ&% 0 b BULS cdue pﬁ%‘!&és The

enbodi ment is designéd to operate I'nt Ireét transm sSion
gauge is i ndi cafgsathmayaygshoyld tramerseliee sapmiply to tloefolies extedtqosdifle, tHdrebygauge

I ncl udes a se: ' l.urality of. upgight . ort ro 4

proj ecti ng %m}nﬁ?ﬁﬁﬁwtgﬁn é?ﬁtgp&% §§L}?I§(\é/p?)r}38{‘ gfﬁ%%%H?’%%SW%dg?'éﬁ circul ar
di sc i s support emt, bphirility sfyppasdtapae feinflghmmia-gnPpuRes tebshdl Idfhe confi gured
to receive and | d.a test.sanple 20, is nounted to the support rods 14
just above the ﬁﬁ'ﬁ?@%‘l?}Pe%ﬁdém%ﬂvleﬁeﬂ%e?QWWS%%FBW%‘ﬁ?’{gE@H’éa t est
sanple is formﬂa&fsoaswwv&rw&ﬂ@gdﬁ%fﬂl?@m biing 10 the \BzCoTifid Gipal itlgn of a
30 right circulg{? cylinder and the saml e holder has a circular flange of a

di aneter adapt ofigieat shewa sl i5sissigncd ie mepsurpgoylingricl shaped asphalids of

the cylindrisal sanfAdMhSaveotiRbomt hkpﬂﬁhtthd?hﬂ:t_g%m%?au FOURCRE diretiyne
support rods 14, suspends a -7 27 DEC 2004 WO O /0305%l PCT/ USOL /17706

sodi um i odi de s@lPRg saveral pashs thopge brseporionsaf theywple vedurag pEy coverthe ci r cul ar

end of the

remaining volume not traversed by the direct gamma-rays, the detector counts
gamma-rays with energies less than 0.662 MeV. These enei‘gy gamma-rays are the
result of multiple scattering in the sample; and have thus filled the entire sample
20  volume.
Apparatus
One embodiment of the gauge is shown in Figure 1. This embodiment is
designed to operate in the direct transmission mode. The gauge is indicated
generally by the reference character 10. The gauge includes a base 12, with a
25  plurality of upright support rods 14 projecting upwardly therefrom. A source plate
16 in the form of a circular disc is supported by the support rods 14, A sample
holder 18, configured to receive and hold a test sample 20, is mounted o the
support rods 14 just above the source plate 16. .In the illustrated embodiment, the
test sample is formed of asphalt paving mix compacted in the configuration of a
30  right circular cylinder and the sample holder has a circular flange of a diameter
adapted to receive and support one of the flat circular ends of the cylindrical
sample. A deiector suppori plate 22, mounted to the support rods 14, suspends a
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sanpl e 20. Thus, the sanple 20 is | ocated between the ganma ray source and
the gammma-ray detector. As best seen in Figures 2 and 3, the )fate
16 contains five 1 OCurie 5 137Cs sources 26 located in dé&gésfmﬁ)
wells formed in the source plate. The 137Cs sources rray-be in the form of
pell ets of weloapsosely small size in relation to the overattuseiziersf the
apparatus, and may thus be considered as "point sources". Alternatively,
it may be desirable to fabricate the sources so that they occupy a
sonmewhat | arger r hej.r e ther eby
~increase the 105%{%?@% %%ﬁag%fld%e%wg utspab%ve{hf“£' g(g%]%p aﬁenq ﬂg

- event, the locasantpie Ttma,cthesm:pkl(bxsllmcaieﬂéeﬁtﬁﬂﬂﬁﬁ:gﬁhﬁiﬂaﬁmﬁﬁéﬁﬂttbd such
"that the direct _path anma- r ay from ‘the sources to the detector

2 de?e
traverses a |ar§e poreiSieor the volume of the sanple, as may be seen from

the ray di agram of FAgwseseaanMgmgams e FALRPIAE 16 SonaiHive I @Pmﬁhel
mount ed on a_phgto- nul t%fl ler tube (PMT) 28. The detector sys Is held

15 by det ectdr - sUppHREeHG] @t@mW%%WM%@HMFOMQPW%%I eChoI der
-that can acconpgdale nybeth Ak Eﬁéts Qﬁ/relliﬁpel%%lﬂbﬁé(mcﬁﬁaﬁ&p{o'tﬁ@l sanpl e

with the cylinder aX|s In a verti direction e apparatus 1s designed
such that the qvﬁsalhﬁ%@flﬁqumﬂlsmdmﬁhlsh@lcan%dqedh&'helnﬂms'br support

plate can be vank %@Eyg ther 1 pCurie 2
41Am gamma-r ay sogr(ra%té‘}e Olt nmount e le}ggarbgﬁ%%gﬁlcfa%o Fp ggltq?y
st abi | i zat i on. E'dmw’liatlh@bﬂ'surﬁectaeaimrrehgtmbnhélsthmka&,ablﬂier@ﬁmeasbaiel y from

ot oampl i 11 10 aRBEPEPT 8 RARBa T8 By SRle npand SrontdhoEalencheedy um

stabilizer and sotdetin thelsambeplarriasdlctasid sﬁmtm&\hﬁ@hpﬁﬁef@gmhM@Mom
manuf acturers sych as 25 nberra | ndustries, .Inc Meri d CT, and EGRG

ORTEC, Cak Ri dgiesqces to the L{eYopeR e lsge RoRionyg dﬁ%‘f@mﬂ?%ﬁlﬁ?@lﬂé@éctor
system The Wﬂmhﬁbaseeﬂmﬂmémy@ﬁg%ﬂwmgﬁe@ % lgBRihnlrh PaotQiords & REHI ar

personal corrput er runm a M crosoft operati ngg \ﬁltem Spectrum
it

St abi | i zati on 3¢Fysialmeuotadanjadhoteapaliipligr dube (BMERR %éetﬁﬁoﬁséﬁ‘?@rlah@lde

he x-axis Fepr es%??gf?h%ﬁ@m%g‘v’v“%%%“&”‘{%ﬂE?@%‘%%E"%%#‘E’%&%@WB%W =

accomodate a 150 mm dlameter by 110 mum thick cylindrical sample with the

O

cylinder axis in a vertical direction. The apparatus is designed such that the
distance between the source plate and the detector support plate can be varied, if
necessary. The gauge also has another 1 uCurie 2'Am gamma-ray source 30

20  mounted near the detector for spectrum stabilization.

The Nal/PMT detector system is available commercially from Rexon

Components, Inc., of Beachwood, Ohio. A high voltage power supply,
preamplifier, émpﬁﬁer, analog-to-digital converter, digital spectrum stabilizer and
multi-channel analyzer (MCA), which are available from manufacturers such as

25  Canberra Industries, Inc., Meriden, CT, and EG&G ORTEC, Qak Ridge, TN,
receive and process the signals from the detector system. The MCA is a computer -
card that can be installed on a regular personal computer running a Microsoft
operating system.

Spectrum Stabilization
30 Scintillation detectors are sensitive to temperature fluctuations. In the

digital spectrum produced by the MCA (see Figure 4), the x-axis represents the
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energy of a ganma ray and y-axis represents the counts corresponding to a
particul ar ganma-ray energy Wen the tenperature fluctuat: %}th%bzﬁ trum
fluctuates in the x -direction. Therefore, a peak once cehtiered e
channel may end up centered on a different channel. If one wants to find
the nunber wbogasenn S rays with energi es between El owe ,.perrdsdinibiop,
because of these fluctuations, the counts obtained fromusing the "normal"
. spectrumw || have large uncertainties. This uncertainty is due to the

t enperature sengjtiyi e di_ghtal- L stabilizer is used to
stabilize the S%%e%@%lf@’%“ $f%a9fagasgl%%‘lls§%’?%%tgn CSTPET SYEPROMMIE R Auat i ons i n
t?eb!\li'i! ;:Igat ectpmﬁgﬂgm{)gggmasmyenfg%emnmfﬁmmcﬁlm,&mﬁm 1? |
stabilization - a0, pe m i Curie m soyrce, pl ace
near the detech ?m%t%sdntﬂheex’glgﬁgﬂn'l\t%rﬁtgﬁekaP?%W?%@né‘ﬁ%@meégmﬁlﬁ sour ces
in the source  phduipscentdrsdiong différeid dhttiRl. CHohé Wil fo fifkl thé R@nDedr S@hheCt S
-counts in | zmnute, increnents. Each ém nute spectrumis then corrected

for signal atpl FAYE&Hh paereies PEtEe Bovs: 20 Furper SFYSS of thesp Hpetaationgythe he end of

counting, the Medme obBinddHom SHEEHE BnormAl PEIRIn WRBEVE Wige WREEIdE, 2
spectrum col |l ected wi t hout signal anplitude adjustnents; and a stabilized

spect rum whi chThis upessiainty js duejto B¢ femperabire esmsitivity. Thi digitel spegierra in t he

buffer. Figure éﬁﬂ%&@dﬁg@@kﬂetﬂ; e¥ep: 1) C ﬁgg stabilized
spectrum for a Magnesium cylinder. I\%{g%ﬂt?hat ﬁ%ﬁ%:)ﬁéﬁeiﬁr [ d&rgf the 0. 056
MeV peak in t heflneivatiohs inghe Neldetectori Twolzammatraypeskeare28ed fanthetspestramme i n

dependi ng. okt nETAEERT AR ARET P FRE L HEP o) AP SRHeAPRPR AFERE channel
to channel . Hovastedtor 4 etie 0.662 MEW bk frsiR @fet50Y0usie ABCS bdiBles iSthd $Gfee t NE

centroid will be always brought to channel nunber 19. This correction is
applied 25 acr oBl&tet he entire spectrum During a 48 hour test period, the

stabi l'i zer mai nt ai,negdyitd s mSibd Hudaid 4 GOM@E ki wi thin

0. 075 channel nunbers (g?si gm%%'%‘?%ﬁon Zﬁoyg‘%fs%%ﬁvzsﬁ?%ﬂ%@%tgr nucl ear

gauges, the gauberemenist Hathel-panitdspgeiaein isdheaowmected f3Giggalmmplitely counts to

mat eri al bu dgishd P by, na cal .k bration ) rmed. usi ng

magnesi um a#(d aﬁum ngﬁéanlgtsgqq Ja(%:y alqir; ef‘sﬂatrﬁ e%&n(’fg:g%rhv%lgtth-g 3@%“’5\%@“’2004
spectra — a normal spectrum, which is a spectrum collected without signal

amplitude adjustments, and a stabilized spectrum, which is constructed using
corrected 1-minute spectra in the buffer. Figure 4 shows an example of a normal
spectruni and a stabilized spectrum for a Magnesium cylinder. Note that the
20  ceniroid of the 0.056 MeV peak in the normal spectrum is in channel number 23
and the same in the stabilized spectrum is in channel number 19, In the normal
spectrum, depending on the ambient temperature, the centroid can drift from
channel to channel. However, when the digital spectrum stabilizer is used, the
centroid will be always brought to channel number 19. This cosrection is applied
25  across the entire spectrum. During a 48 hour test period, the stabilizer maintained
| the centroid of the 0.662 MeV *’Cs peak within + 0.075 channel numbers -
sigma).
Calibration Method
As with otber nuclear ganges, the gauge has to be calibrated to convert
30  gamma-ray counts to material bulk densities. Preliminary calibration was

performed using magnesium and aluminum metal cylinders and an asphalt
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WD 02103055 PCTIL S01/17706 cylinder. \Wen obtaining counts from spectra,
gamma-rays with energies from 0.250 to 0.730 MeV were co??emﬁogﬂgé
10-m nute count, the precision of density nmeasurenment wa

0.0015 g/cnB at 2.35 g/cnB (1-sigma). For a 4- mnute count, at the sane
density, th&O#RBWSion | owered to about 0.0045 g/cnB (1 BCEUMHU]706 Not e
that i |b/ft3 (PCF) = 0.01602 g/cn8 . The density determ ned by the

nmet hod was found to be independent of the sanple ori ent ation Such

-orientations bt fﬂé%bs’i%%a center of
t he sanpl e hol g%)?m&r ?ﬁ%& amﬁaﬁt hﬁe‘ﬁ'}sg‘ﬁ%dé on the sarrp er with
face up or down0-25the (gw@éewmed.oma&mmm the pudcisionof dénsiggver al
sampl es. 2l geac bl Gadloff @@b%fbéoffsfﬁ)eﬁiﬁp%ﬁgcﬁ ﬁggﬁamsm ation with

t he cylinder aX| S near ical assin he center of the
" sanpl e hol der. ﬁmuteeramht,slathpkamedesataeﬂmlprmlowatedt@ahmﬂeomwr(l—

10-m nute cotmi S5PaTe Bt I BLkET Puh ek /oo i an b e RRrE RO nute
counts was abouinefio@93ds Hhadth Kelinddpenideht ofe Me/&mwbﬁl Sudh\okiemgigdns ( Tabl e

2, sanple nunbers were used I brate the pr ot gt ype gauge. All
sanpl es were 15@3%5%*%@@?“ Weﬁf’fsl%tbwath{?ﬁqmlﬂ??aﬁm? Y‘g @Bth North

Carolina granltglﬁ&lﬁg‘qﬁeggﬂ;@g@gﬁs 8 h¥ldb Wit aes fpbr fwaes 9.5 min and 12.5
mm Densities of all sanples were determ ned by the water displacenent

method (G, ,b). Heugcm@umwwe%@rﬁﬂwm@@%awféav%swlﬂ@ Sawoplasni er
cal i per. Thg, bagkgr Woﬁﬂl BldkO af w@g\%dcflﬁéeraﬁgﬁé&%d' ng was
lve OI nt a

measured by taking counts en t e nma-ray sources
wer e not presenverfigal hh@p@&ug d)emigblthheqentemf the egrgeholdéry Fapfeadhisempleck gr ound

in the energy i S to&%t nethetrue
gamma-ray count &é{?m%% % \%ér %%a%g?%éd%? H(S)'i ﬁ?ﬁglt_}?f gsaghl})rr%eg. Some
properties .25 the deﬂx&ymaﬁbtesmmﬂogmcﬂmutmﬁahlwalﬂe DIMhecmaanirernaiti o ( CR)
for each sarrple vva tfe ned b “égﬁé t-(g Sja \Where Cnt =10-m nute
gamma-ray count®® Fratpevh GnH-4g8% . and Std
=10-mi nute gamMma-r aymawispﬁﬂf cﬂﬁhgﬁe(smmz; ¥anhpél Bkmibar U fo mdiere used to

calibrate the prototype gange. All samples were 150 mm diameter by 115 mm

high cylindrical samples with North Carolina granite as the aggregate type with

nominal sizes 9.5 mm and 12.5 mm. Densities of all samples were determined by

the water displacement method (Gy). Heighits of the samples were measured

20 using a vemier caliper. The background radiation from the sample and its

surrounding was measured by taking counts when the five point *’Cs gamma-ray

sources were not present in the source holder. An average value of the background

in the energy interval from 0.25 to 0.73 MeV was used to detennine the true

gamma-ray count at the detector from the five point 1*’Cs sources. Some properties

25  of the samples are given in Table 2. The count ratio (CR) for each sample was

determined by
' _ (Cnt—Bgd)
R="—gu
Where
Cnt = 10-minute gamma-ray count,
30 Bgd = 10-minute average background count, and

Std = 10-minute gamma-ray count for Magnesium cylinder minus Bgd.
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-10 to ? DEC 2004 WO 02/ 03055 Here, PCT/USOLl 17706 Figure 5 shows the

count ratio (CR) vs. area density (D) for all sanples. D = Gn‘q ? lh S
t he height of the cylinder The curve in Figure 5 is the best i Eﬁ@ﬂdata

of the formCR = Ae-B -C Were A B, and C are the fitting coefficients
or cali bratWo2@ist ants. The best fit gave the foll ow ngCvalsaaszosor t he
three calibration constants. A = 2.6750 10 B 0.04790 czn2lg , and C = 6.36
E- 10. The coefficient of determnation, R2, for the fit is 0.996. Using the

density calibration, bt . - g&s _%Sﬁhg
cylinders were neasu?@%k%¥%§PEH%FS§%%%FQm%Q%%é@%ﬁi gﬁgg?f e %%nsities
15 were cal cul aBleéte,usi ng the calibration constants A, B, and C, the

standard count Std, the average backgrﬁén_d cgunt Bgd, the height of the
cylinder h, and the count ratio CR T Hem ity Dis given by --1 Cat +C

O et 50" ot ReAoPR b RgRbr Bl by RAED AR dlen AELE/ AR vat o

di spl acenent 20 ne gure WS a conparison between the
densities of3unRueefthadmlt sanpl es determ ned by the water displacenent
nmet hod and by the gamma-ray nethod. heJJLgp in this figure is the
regression line with an R2 of 0.988. € edeﬁ??ty di fferences for al

sampl es (| i st efiefe ANB, HOICLID HeHIALberHeHs or CMibRN LoV HeBest | € 3.
The density difference for asphalt sanples_were -0.006 0.011 g/cnB

(1-sigma) with Zaveithe feliawing thedhree paliprationgpesi@tsand a maxi num
difference of 0.033 9(6ldkd Al asphalt cylinders, cylinders used for

calibration and cylinders used_as
10 B =0.04790 cm*/g, and

C=16.36 E-10.
The coefficient of determination, R, for the fit is 0.996.
Using the density calibration, bulk densities of twenty-one unknown
~asphalt cylinders were measured (Table 2, sample numbers 13 to 33). The densities
15  were calcnlated using the calibration constants 4, B, and C, the standard count Sid,
the average background count Bgd, the height of the cylinder 4, and the count ratio
CR. The density D is given by '

Dol CRC
Bh A

Then, the densities of all samples were determined by the water displacement
20  method (Gpa).
' Figure 6 shows a comparison between the densities of unknown asphalt

)

samples determined by the water'displacement method and by the gamama-ray
method. The line in this figure is the regression line with an R? of 0.988. The
density differences for all samples (listed in the column labeled Gmp — D) are

25 shownin Table 3. The density difference for asphalt samples were -0.006 + 0.011
gem’ (1-sigma) with a minimum difference of —0.015 g/em? and a maximum
difference of 0.033 gfocm’.

All asphalt cylinders, cylinders used for calibration and cylinders used as

unknowns, were then used to determine the calibration coefficients for asphalt

30 . mixes made with granite-type aggregates (Figure 7). Based on this best curve,
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unknowns,
asphal t

this best curve,

were then used to determne the calibration coefficients for
30 m xes nmade with granite-type aggregates (Figur
-11 2 7 DEC 2004 WO 02/ 03055 PCT/ US01 /17

O‘Zs)@gﬁzmlﬁgns

were made of the normalization factors for converting gravinetric

densities twWo'ozg¥bml t equi val ent” densities for
factors are given in Table 4 together with the nornalization factors
nuclear surface gauges routinely use.

These
that Troxl er
gauge, one can

equi val ent"’
r eal

10 Sanpl e01/ 03
176217621768 1

kg/r3)
DEC 2004 WD

10

9- 01NAI
2/ 03055

den5|t|es |nste
asphal t mi dessitiesTtalShsphalt eqiyadent’ mmyfootnewnmdmckmni@ Thekedensi ti es

G‘f’{h@ H:]oﬂﬁal{z%

arge nu

net al

ety

andre¢IGI018209| es.

5 When calibrating the

al t

mde wth

AR R Gt o ARl b e e o

03- 01214121392Lﬂ&&ﬁﬁﬁnﬁ@égﬂgﬁgmﬁﬂmﬂﬁﬂﬂﬂ2145 BAZ- 01- 0124632463NANA (2487

BESAROR0 D £ #50eeTai gan Sk Riee Tatalor e

Ahgalable 2 7

with ‘asphalt equivalent’ densities instead of a large number of cylinders made

with real asphalt mixes.

Table 1: Repeatability of sample counts and densities

Sample 01/03/00 01/05/00 01/11/00 01/13/00

Mg (1762 kgfmr’) 1761 1765 1763 1767
1762 1762 1768

1763

_ 1768

Al (2574 kg/m’) 2573 2575 2575 2578
2576 2574 2578

RT-03-01 2141 2139 2141 2143
(2141 kg/r’) 2143 2145
BAZ-01-01 2463 2463 NA NA

(2487 kg/m’)

CAY-09-01 NA NA “2458 2463
(2451 kg/m®) 2461 2458

NA --Not Available
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Sampl e D aneter Height MN Gib  Si zeAC Grm Nunber | . D. (i n) (i (gicc)

(glce) (% (g'cc) 1RT-01-015.9114.5752.3422. 357RI-2 9. n‘?B-? ﬁ-m 2004
2RT-01- 025. 9114. 5732. 3432. 359R1-2 9.5 mm®b. 32. 409 £l

3RT- 02- 015. 9134. 5492. 2342. 259RI -2 9.5 6. 32. 409

ART- 02- 025. WOa2AH592. 2382. 261R1-2 9.5 nm6. 32. 409 PCT/US01/17706

5RT- 03- 015. 9144. 5512. 1132. 141RI -2 9.5 6. 32. 409

6RT- 03- 025. 9164. 5442. 1152. 143Ri -2 9.5 mm®b. 32. 409

7BAZ- 01- 015. 9084. 4962. 4542. 487SP 9.5 nmb. 42. 531

8BAZ- 02- 015. 9064, 4972. 3572 401SP 9.5 mb. 42 531

9BAZ- 03- 025. 90742558 531 _

10BAZ- 04- 015. 93@RMA%; 8‘2 o @%“’9 g M B Sze  AG Gmm

11H 15. 9104. 5342PES = 9 £dged. °’51: 9124 537248 Agcto55p 12 5
mvb. 22. 593 13 R0 583Y 35 W-’R Ripfed-ypms 263 2409
14CAY- 08- 055. 9124.%582Rkt Mi&ﬁmﬂ%ﬂi A22.850) RI29.5mm 63 2409

15CAY- 08- 065. 90@%&4&%.4 Qd-B49,, 4234 52.258) RI29.5mm 6.3 2409

16CAY- 09- 015. 9134. %5462 2 502298 165% &-31381:%23307*?"295mm 6.3 2409

17CAY- 09- 02N/ Ad_5EBN_BTEHS NP9t o 480 511802140 AR HmmanG- 242408\ A2. 498
CCM 19. 0 mu. 52MMI\V i:ﬁm;qq‘h% %195 B4 205 mm 353 49409

20759- 07Nl A4. 60 WMMsos Rl -2
IRPON > 4497 I 2401 SP RS mm 1 54 2.531 :

9.5 mmb. 32. 409
23771- 03N/ Ad. 490N v_-i°7rm134§2§ l?’@ﬂo?% 89 Bio Jpm R’I?Z\II ?%438 CCM

9.5 mb. 42. 531 2 1, 2 48P GHP 2215, 5P 45 mon !
26772- 02N A4. 48%%@%5&%&%&@4@%&&2438 CCM
9.5 mMmb. 42. 531 28323 0224 sosRi2ho 48H A4 282530 b mm 52 2.593

29223- 03N/ Ad. 61ZNIR2_SAX-0BOk) 95814y,54.58 22 2448 CCMO5Smm 54 2.531
14  CAY-08-05 65912 4582 2354 2451 CCM95mm 54 2531

15 CAY-08-06 5.901 4.501 2408 2445 CCM95mm 54 2531
16 CAY-09-01 5913 4.546 2445 2504 CCM19.0mm 4.5 2.597
17 CAY-09-02 N/A 4558 N/A 2502 CCM190mm 4.5 2597
18  CAY-09-03 N/A 4576 N/A 2498 CCM190mm 4.5 2597
19 759-06 N/A 4599 N/A 2302 RH295mm 6.3 2.409
20 759-07 N/A 4606 NA 2292 RI-295mm 63 2409
21 759-08 N/A 4.583 NA 2303 RI295mm 63 2409
22 771-01 N/A 4512 N/A 2441 CCM95mm 54 2531
23 771-03 N/A 4490 NA 2445 CCM95mm 54 253
24 771-04 N/A 4.514 N/A 2438 CCM95mm 54 2531
25 772-01 N/A 4.508 NA 2437 CCM9.5mm 54 2531
208 772-02 N/A 4489 NA 2444 CCM95mm 54 2531
27 77203 N/A 4503 NA 2438 CCM95mm 54 2531
28 223-02 N/A 4598 N/A 239 CCM95mm 54 2531
29 223-03 N/A 4.617 NA 2384 CCM95Smm 54 2531
30 223-04 N/A 4558 N/A 2409 CCM95mm 54 2531
31 746-01 N/A 4.582 NA 2309 RI295mm 863 2409
32 746-02 6.011 4.576 1.762 2309 RI295mm 63 2409
33 746-03 N/A 4570 N/A 2310 RI-295mm 863 2409

NA ... Not Available
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30223- 04Nl A4. 558N A2. 409 CCM 9.5 mmb. 42. 531 31746- 01N A4. 582N|A2 309 RI-2
9.5 mMm®b. 32. 409 32746-026.0114.5761. 7622. 309 RI-2 9.5 m®b. E}

33746- 03N/ A4. 570N/ A2. 310 RI-2 9.5 nmb. 32. 409 NA - -- Not Avalliabl 208% pDec
2004 WO 02/0Q3055 PCTIUSO /17706 Table 3; Conparison of Densities

Det er ni ned WY ¥f¥F nvention to that by the Water Di spl aceREHUSNE{HEd Sanpl e
Sanpl eOnbHei ght Count BgdNet Count Rati oDG b-D NunberL.D. (glcc) (in)(10 mn) (10
mn) (10 mn)(glcc)(kgl nB)

| R7- 01 012. 3554.57517432806400016792800. 7202. 358-2. 6

3RT-02-0 2 : erp i &
T-02-022: do ,'. T ) % :--ﬂ f M ) ,ﬂln’lin (gice) (kglm3)
SRT- 03- 0241455597 S8 645 2358 56
6RT- 03- 022.4474. Mk963§&264@991$;&9ﬁ62054&1952 1%%9%173 60720 2.359 8.6
7BAZ- 01- 0123 4874916699436 4800 1 6a5d34 8(546M82. 48RS 4 0763  2.265 6.2
8BAZ- 02- 0224 4014rvaf2:63 7 344 164800180544 4 1600001 82174k fer 2. 0/762  2.269 115
9BAZ- 03- 0225 303R15R91 83653856400 01573125 85200660 20R8861 9. dlg1g  2.138 27
10BAZ- 04- 01@. 218403851 9380 1 36400 0b865 0 16300080 0iBog@d21 6. 815 2.151 .36
11H 12. 52747 534 B62-000 364800 13%6 9168346 6 FA0H2 8- 1805048  0.688 2482 54
12H 22. 52548 537 B62-6585 24000 #3905 F38146 6 A20W2 3 1674441 0718 2404 27
13CAY- 08- 042. 448AZ-83731 7220% 896200 0 1BB685 5 390007 1 (728854 1 L0.760 - 2.284 19.
14CAY- 08- 059, 45BAZ-9011 2208 1 6680 01PB0P18 8 1930007 1 (19660196 1 30890 2211 8.8
15CAY- 08- 06’2 4454Hﬁonﬁéﬂéﬁ%otﬁ”%s@?%o 7848913, 4 668 2528 0.7

16CAY- 09- 012, 5044 461@&3&41-8%0&%%14&4_@90678‘2493@1220ﬁ§4 2523 24
17CAY- 09- 027, 50247+ 565%993? go ;:g; ;‘5‘;
18CAY- 09- 032. 49 9 67 41@%2 Py o
19759- 052. 3¢24. o 0678 o481 2os
20759- 072. 2§24. dol 0- odr O 0580 2450 329
21759- 082. 3@34. BR3delid’ 20 4Q0RL 743490 o4 1 0671 2484 143
22771- 012. 4414. 5321399 5b654 0 66b1 6605430. 6362)1;2 413&3938 0738 2302 0.1
20 759-07 2292 4606 1788908 64000 - 1724908 G.740 2294 -1.9
21 759-08 2303 4.583 1787279 64000 1723279 0.739 2.307 -39
22 77101 2441 4512 1699848 64000 1635848 0.701 2438 238
23 771-03 2445 449 1710575 64000 1646575 0.706 2.438 6.8
24 771-04 2438 4514 1700193 64000 1636193 0.702 2437 1.2
25 77201 2437 A508 1709851 64000 1645851 0.706 2429 7.7
26 77202 2444 4489 1709257 64000 1645257 0.705 2.440 3.8
27 772-03 2438 4503 1709436 64000 1645436 0.706 2432 5.6
28 223-02 2396 4598 1710967 64000 - 1646967 0.706 2.381 15.5
29 223-03 2384 4617 1604632 64000 1630632 0.699 2.388 -41.5
30 223-04 2409 4558 1716174 64000 1652174 0.708 2.396 13.3
31 746-01 2309 4582 1782925 64000 1718925 0.737 2.312 -3.1
32 746-02 2308 4576 1781946 64000 1717946 0.737 2316 -7.2
33 746-03 2.31 457 1776317 64000 1712317 0.734 2.325 -1541
34 Mg 1.784 4531 2393211 . 61148 2332063 1 1.762 216
35 Lime 2.2 4541 1877033 59481 1817552 0.779 2229 -29.5
36 Granite 2625 456 1536033 81564 1454469 0.624 2.639 -14.5

37 Al 2713 4.528 1536514 58580 1477934  0.634 2.628 85.2

Bgd - Background
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23771-032. 4454. 4917105756400016465750. 7062. 4386. 8

24771-042A384.51417001936400016361930. 7022. 4371. 2

25772- 012.
26772- 022.
27772- 032.
28223- 022.
29223- 032.
30223- 042,
31746- 012.
32746- 022.
33746- 032.

34Myl. 7844.
35Li ne2. 24.
36Granite2.

37Al 2. 7134.
2004 WO 02
PCTIUSC&/l
"asphal t”

Li nest onel.
nodi ficati

27 DEC 2004

4374.50817098516400016458510. 7062. 4297. 7

4444 . 48917092576400016452570. 7052. 4403. 8

4992193038 7094366400016454360. 7062. 4325. 6 PCT/US01/17706
3964. 59817109676400016469670. 7062. 38115. 5
3844.61716946326400016306320. 6992. 388-4. 5
4094.55817161746400016521740. 7082. 39613. 3

3094. 58217829256400017189250. 7372. 312- 3.

3094. 5763 mm#wymh@@n factors

314, Sduhpld 63 7b4UUUl/lédl]U}wﬁﬂﬁﬂﬁ&mh“h

5312393211:l14000000RQ1 " 75:’)’)1 =

1111077033 RTINS [ 7705 598 g 5§ asphalt”

4254. 56153 50338156414544&69@'@@%39 1 4fo5M3450 & M4640)

32 8feb2Gld 4p85800 931 9340 6342 .¢888385. 2| Bgd - -ofckground 2 7 DEC
/(““rrﬁgﬂblz 4—Asphat-t e1u.vaH{uL denstty—norrali-zatign factors
71Q eNormal1 zatj on} Factor "Asphalt Cylinder"" Soifl "
(forQﬂ%ﬁoo (forl908150 & MA640999Vagne$i unD. 99310. 9850.{988

12umifhdr - | G ang.deed. 00ZP0. 990051 UNT HUND. 9650H3. 9640. 949 Many
ons—and—ether—enbodirent5—of—+he—tnvedtionr—wll—come—to mnd to

one skilled in the art to which this invention pertains having the benefit

of
associ at ed

dr awi ng

S Theref ore,

it

the teachi ngs pr®maphRMificiidnEand BhEIMBVrRECIr R ihRXSio Rl E&iﬁe to
is to be understood that the

i nvention i s nofdiomwe skified b i tohich s inycatienpeinsdayieg dedeneffed and
that nodificati gRseifhePhletinica T AliHRPSiA: 8¢sEriptions and the associated drawings.

5

.Therefore, it is to be understood that the invention is not to be limited to the

specific embodiments disclosed and that modifications and other embodiments are
mmtended to be included within the scope of the appended claims. Although specific

terms are employed herein, they are used in a generic and descriptive sense only

*and not for purposes of limitation.
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intended to be included within the scope of the appended claigﬁh @gteo?§ﬁ4
specific terns are enployed herein, they are used in a generi { abid
.descriptive sense only and not for purposes of limtation. 2 7 DEC 2004 1.
Apparatus for measuring bulk density of a cylindrically shaped sanpl e,
conprising: a base; a sanple holder carried by said base and having a
surface configuned f QppaffEeioy nitgsiding Hallt dérdBy of b cylsddrivully sieped barhple,
cylindrically shaped sanpl é; a plate nounted in proximty to said sanple
hol der; at ¢PBRAB#NEhr ee sources of gamma radiation |located in said plate

.adj acent said .e hol der, said sources being positioned in spaced-apart
relation fromone dnother for emtting ganma radi ation fromat |east three
spaced- apart | oaatm@lshdlddraarriedity saiplse andeholingd swéicd configiored furonpri si ng
an i sotope having a characteristjc rimary, eneragy; detector | ocated on

t he opposi F‘%Ceé‘il’é%alb*h@?ﬂ@gé‘ﬂrﬁtrﬁﬂ'ﬁaﬁeﬁf@egﬁ aﬁ&%%gﬁ%ﬂ%ﬁ said first
surface, the de i I £k Foxel f d so as to receive gamm
radi ati on that Eaﬁjg%}g?%@%@%P@g‘g’ﬁﬁ‘%‘ﬁg‘?gaéﬁgq’éﬁ%|hg%%ﬁr espective i ndependent

pat hs of travelat feasitheacburoés shiachnsoradztion ddcatpainmuaidgdita bilipognt saidd _
detector bein onfigured to  detect..ga radi,ati on in a_.predeterm ned
ener gy speé"t‘lflg]ﬁ] Ogi‘?& W@éb&&gwﬁiﬁgﬂ%ﬁpﬁﬁdﬁp&’éﬁfeﬁ% ﬁgglrml?al cul ati ng
the bul k degpsmhbyroPbmidifs cRARR 1BARAGEFoMRR TeaSPiTER shackidadpafnociehs mtslet ect ed
by said detector. 2. Apparatus according to claim 1, wherein said detector
conpri ses aaidseinple edchtafsaiddotrses crmprigi uhispwpa hewng aharasterighic cal cul ati ng
the bul k density of the sanple includes an anal yzer connected to said
scintillat PBH‘aBi?IéC@%r for detecting gamma radiation in a predeternined
energy s pect r umy RBtecip Pedatdduish @6 6??61:&6 gide@f €hcAdyilindricalliashepddl saipde from
pr-edet erm ned energ spectrum falls within the range of 0.1 MeV to 2 MeV.
4. Appar at ssiddusieurfeery theodet¢ciorhedig pisiioapd ardanmanged s g tosgERik@ 82M@8NDr | ses

a i37Cs ganmpg:r Qurce.,wth . i . rat us
accordi ng f%foé]iatﬁ?t ,av\fﬁggﬁr%u@gﬁh Spré&e"vi?(}e{lrg% %ﬁeég{%enlglrﬁ & &Q&g%t (?ttﬁr%t}"?naf alls
Wi t hin t.he tfadélgeorh badh xaldsolrcés o Mednm6 raditum, 84id de@cwo beinpgonfgurbditon 2,

wherei n each of said sources has . a .
detect gamma radiation in a predetermined energy spectrum; and

means cooperating with said detector for calculating the bulk density of the

sample based upon gamma radiation counts detected by said detector.

2. Apparatus according to claim 1, wherein said detector comprises a
scintillation detector, and wherein said means for calculating the bulk density of the
sample includes an analyzer connected to said scintillation detector for detecting

gamma radiation in a predetermined energy spectrum. '

3. Apparatus according to claim 2, wherein said predetermined energy

spectrum falls within the range of 0.1 MeV to 2 MeV.

4. Apparatus according to claim 3, wherein each of said sources

comprises a ’Cs gamma-ray source with a 0.662 MeV primary energy.

5. Apparatus according to claim 4, wherein said predetermined energy

spectrum falls within the range of 0.25 to 0.73 MeV.

6. Apparatus according to ¢laim 2, wherein each of said sources has a
Y o

radiation activity of no more than 20 microcurie.
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1 radiation activity of no nore than 20 m crocurie. -16 27 DEC20 7.
Appardtus according to claim2, wherein the total radiation acfiji[gl (df2004
all of said sources does not exceed 10 mcrocurie. 8. Apparatus according
to claim?2, additionally including a digital spectrumstabilizer operable
to conpensate for spectral drifts in said scintillation detector. 9. -

Appar at us accor gi ng %g,gg}amsmcgorda B%irggg%%e@irﬂihte%taﬁﬁﬁ&%ﬂ Retivilyt | 1 zer

i ncl.udes a reference urce of g adi ati on having a characteristic
pri mary enaHgysadd tdecentoet notexicbat 1 (migadwliesour ces and out si de of said
predeterm ned energy spectrum 10. Apparatus according to claim1l1, wherein

sai d sanpl e hol der is of | anar, ner.al Ly, .ci rncul ar .confiquration for
receiving a genérall ?‘pﬁj’ : rﬂ%?‘?faglﬁ t%ﬂ%“&fz’ f"hu to iﬂg(il %Pﬁllgﬁlalc{l'ggaiaped sanpl e,
and wher ei gogaiuth SSiRET VperableT® ebnpehsatli EGHREtrAIIrHs ifeMig saintifatiiranar second
end of the cylindrically shaped sanple. It. Apparatus according to claim

10, wherei detsetor plate is in the formof a circular disc, and said sources
of gamma radiation are located in the disk at |ocations selected such that

the direct pat h80f afﬂg)%ﬁg?ﬁsra%%f%r‘élfn%g}tcﬁﬁn%e%%feﬁﬂé’a‘?d %%E%% -the detector

traverses a | argée portron of ume of the sanplé. met hod for
measuri ng lublizecinsiutlys Ofef@etoe sondeiof ghhynashdiptsh kavimg £chargderpticsi ng:

providing a cylindrically shaped sanpl.e, positjoning first surface of the
sanpl e i n prg@rheneyest §ilgtent @a@ttg%t é%‘dquEﬁCE%%nd ?}ftﬂgsﬂﬁﬁl Bgrefe & sai d
sour ces be%H%ﬁg%&% joned i n spaced-apart relation fromone another, and
directing ga adration fromsaid at | east three spaced-apart gama

radi ati on sources into said sanple, each of said sources conprising an

i sotope, havingl0a chgpactwsrdcserdinggo claimyl, whereyysaipemnple bnldagisafdet ect or on
t he’ opposite side of the i ndrically shaped sanpl from.sai d.fjrst

sur f ace, tﬁg‘“a'étg@i‘,“’tr?”y‘ﬂﬁ CBBfgg”ﬂ'?tbq{‘e%ré‘?‘fgﬁfg}graa% @g@l%rnbﬁ%%%g & gamma
radiation E?&%{dﬂcaﬁyﬂ{a%&l sddipIeURR vikteeif s dRtcalor MmbORBE tdjhxat o wlependent

paths of travel fromeach of said sources of gamma radiation; and
det ect i ng gemarslly planar second end of the cylindrically shaped sample.

11.  Apparatus according to claim 10, wherein said plate is in the form of a
circular disc, and said sources of gamma radiation are located in the disk at locations
selected such that the direct path of a gamma-ray from the respective sources to-the

detector traverses a large portion of the volume of the sample.

12. A method for measuring bulk density of a cylindrically shaped sample,
comprising:
N ' providing a cylindrically shaped sample,
positioning a first surface of the sample in proximity to at least three sources
of gamma radiation, said sources being positioned in spaced-apart relation from one
another, and directing gamma radiation from said at least three spaced-apart gamma
'radiatic_)n sources into said sample, each of said sources comprising an isotope having
a charécteristic primary energy; | .
positioning a detector on the opposite side of the cylindrically shaped sample
. from said first surface, the detector being positioned and arranged so as to receive
gamma radiation that traversed through the sample along respective independent paths
of travel from each of said sources of gamma radiation; and detecting gamma

radiation in a predetermined energy spectrum; and

-17-



radiation in a predeterm ned energy spectrum and 04 -17 27 DEC 2004

cal culating the bulk density of the sanple based upon the ga 7rgﬂ_];ﬁt gﬁggﬁ_
~counts by said detector. 13. A nethod according to claim 12, er&imn-s

- step of calculating bulk density conprises calculating the bulk density of
t he sanpl e based upon the gamma radiation counts in a predeterm ned energy
spectrum fal | i ng Wit hi J X i al-ue
correspondi ng t‘g“‘l‘flﬁaéu n%léng%ﬁg?%ﬁﬁpgé@@lfg‘#g’\%¥ﬁrg? ~e§g£rﬂéélﬂoo said -
sources. lépuné Byedaibdeteder ding to claim 13, wherein said step of
calculating the bulk density of the sanple conprises detecting ganma

radiation in a predeternmined energy spectrumwthin the range of 0.1 MV
to 2 MeV. 15. A&ret héd“ﬁ@ﬁ‘gﬁﬁﬁoﬁgngg’ @P‘é‘? ﬁé’l‘%}erWé?’é]i ﬁtFpe%fccﬁ%BP‘l%‘Qﬁibeﬁ%our ces
conpri ses @ené' é&{lgﬂ%@??kﬁ%ﬂé%lﬁﬂ;%ﬁsny%f@l%ﬂ@%s%h the@aRugY. 16. A

met hod accordi m 15, "wherein said predetern ned energy spectrum
falls w thiadiatibe coants én @prefe@inined Onetgy Mpvtrutizfallingmetiio thearangs efi ingmt o cl ai m

12, wherei of said sources has a. radiation.activity .of no _nore than
30’ oy ooubi MY 4% e Aecgranngding b ff s ot ieichbtabbriBie Py
radi-ation gehiwhididour@s! of said sources does not exceed 10 microcurie.

19. A nethod dccording to claim 12, wherein said cylindrically shaped
sanple has flat, generally circular opposite ends,_ and said step of

directing radi al4-on Acoathpd secording taelping | amrmaeingaidsternd cleulpting the st

circul ar f the | i.ndnical . Sai :tiing step
conpri ses. Pk SeptiGptic e ilaprses 2URBH5 IR foai A 1 U Rofelirtited]
cyl i ndri caédeygysdpapeainSthih the rdfige of TEMuitcaMuWdi ng to claim 12, wherein
the detector 1s a scintillation detector, and including the steps of
det‘ecting ganma_radi ation fromag reference source of_ga radi ati on
havi ng a char acl®ri sfigetgpd 18&8?‘39“’5&%%‘?%?@6??16%%%%%@ sai d sources
and outsid - Sai, ds7 %?EE]E[ ' £055Q) ?ﬁf’ﬂ%e“% dn&Qypensating 27 D E
C 2004 forg%nq rtlzsi%?gl g%i ts |%y§§'g—cci g@%‘n%q ation dnel%gc%lor based upon the
detected radiation froth

" 16. A method according to claim 15, wherein said predetermined energy

spectrum falls within the range of 0.25 to 0.73 MeV.

17. A method according to claim 12, wherein each of said sources has a

radiation activity of no more than 20 microcurie.

18. A method according to claim 12, wherein the total radiation activity of

all of said sources does not exceed 10 microcurie.

3 19. A method according to claim 12, wherein said cylindrically shaped
| sample has flat, generally circular opposite ends, and said step of directing radiation
comprises direcfing gamma radiation into a first circular end of the cylindrically
shaped sample, and said detecting step comprises detecting radiation at the opposite

circular end of said cylindrically shaped sample.

20. A method according to claim 12, wherein the detector is a scintillation
detector, and including the steps of detecting gamma radiation from a reference
~ source of gamma radiation having a characteristic primary energy different from that

of said sources and oufside of said predetermined energy spectrum, and compensating
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said reference source. ABSTRACT OF THE DI SCLOSURE A nucl ear density e
and-test method is provided for neasuring bulk density, espedﬁ I[Mfé ?804
'_cyllndrlcally shaped sanpl e such as asphalt paving material. he gauge
‘conprises a base; a sanple holder carried by the base and 5 having a
surface configured for receiving and holding a first generally planar end
of the cyI sai d
campl'e  holhSpteil ptaF iRSE:RTAEn dBicbbPhRdTRGH B dfboRittiihod eb B
sai d pIatem&mhﬁﬁmﬁwesdwh&.sanple hol der. The sources are positioned in
spaced-apart relation fromone another for emtting gammua radiation from
at | east three spaced-apart locations 10 into said one end of the sanple.
Each of the sources conprises an isotope having a characteristic primry
energy. A detector is nounted to the base and is positioned adjacent the
opposite end of the cylindrically shaped sanple for receiving ganma

radi ati on which has penetrated the sanple. Means is provi ded cooperating
with the detector for calculating the bulk density of the sanple based
upon the gamma 15 radi ati on counts by the detector. Preferably the detector
conprises a scintillation detector, and the nmeans for cal cul ating the bulk
density of the sanple includes an analyzer connected to the scintillation
detector for detecting ganma radiation in a predeterm ned energy spectrum
which preferably falls within the range of 0.1 MV to 2 MeV. 20 20
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