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 neasurement of bulk density, and Fot §E{ 2004
particularly to an apparatus and nethod for neasuring the bulk denS|ty 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 OFEARAYUS AN METIROD FOKR GRIVAAALR XY Oﬂrently,
several nethods are useﬁﬁmkmombmmgmeﬁmk%ﬁ%' cal

sanpl es: di nensi onal anal ysis, the water displacenment t he paraffln
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 une. All nethods quhﬁmﬁkmjﬁhmahnmsnkﬁiumnmﬁmﬁhﬂk&&ﬁy%@idﬂwﬁ: g. to
neasure the mass_o e sa nsi onal I S t hod,. sanple
vol ume is deter Hl Olar thﬁnfﬁ%m?tg%?n&sm%‘\%i gﬁ“&ﬁﬂﬁ% a%ﬁﬂ’ﬁ‘ty asteifent s.
Her e, using gamma radiation. The invention is especially suited for measuring the bulk
5  density of relatively smatl "finite volume" samples, and in 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



many readi ngs of the radius and thickness of the sanple are made using a

vernier 5 caliper. The average values of the radius and t ok are
then used to cal cul ate the sanple volunme. The ot her net hog?uw‘éﬁhgﬁai

Archimedes Principle for determning the sanple volune. These nethods
require a |wogweesnatainer filled wth clean water. The wRCEUSeEIpWer at ur e
shoul d be nonitored and controlled at a specific tenperature, e.g. at 25C
At one stage of the test, the sanple is kept 10 inmersed in water for

approximately 4 éﬂﬁ’”&’ ' ?Em ahile. ed in
water, is recorgg%{.w{ﬂﬁ t é "%ar%},\@}%{%ghgg%reegﬁﬁen% of,g“g%egf&geig’?%ﬁni ng the
dry wei ght of t Igetogaenstize theamadsiohthe saplagindhe gisrea$ibnal andysdgmpéthed] simplecover
the entire surf B - | .. Then.. the sample i s weigh again in
air. Finally, tﬁ’é sarﬁ% ég%gﬁ%%ﬁ{e%mv%ﬁaéﬁi[&hn?%lrgssse@mgﬁbﬁ?%?‘?me?ﬁe%“%ar afi]m
15 covered" net hooyirsdiigyof the rddiustahé thigkaeafof the-sanpleadt maki kg 2 vexgapt t hat
afilmis wused to w t he sanple.. The water djsplacenent test, which is
the fastest if gﬂpa.tﬂfee%veﬂggﬁ%&é‘éheﬁ@% ,th‘?@k‘g?esé e”élsﬁ‘?Wut es. The
singl e oper at or cfle@aie3he¥amplf vohiige. B ®thet oS RRFTRY AFRinies Princih1d 4

g/cnB8 and the paraff,i n-coated nmethod is less than 0.02 g/cnB. "Mre
detail s .can be FCEEHRDE tag sapmple vlumesTheso methngs regpire p largrcopipimsy filleds p| acenent

met hod and . ASTMyifR olehf Svater Th@@a@%ﬁb&hmaﬂa@e%heﬁdm@&&%ﬁ% P asphal t

m x is heterogeneous and granular in nature, there is no  sing ensity
det ermi nati on nEpasHis towperaiues egl 4t 287G Awieghge ofithe tege diesampledskepihi ch
density detegpm aatlopg W e size and
whether it is an open W%%gfglte%pm X %%@?&%ﬁmg}o?&dgg%ﬁp%f or “Mxes usi ng 25
aggregate wi t h ahiomispeided gyweign isseairde. df t@ ."paraffinanodted” method, aftat ent | ess

than about 6% .i.he water displacenent t had provi des reasonahl y. accurate
densities. For SGSEHT j'rqgh ecﬁy%%;gggo ?Wﬁ?aﬁugﬁgé’g?@ﬁdﬁa@gﬁ?ﬂ
gradations, thecwai éfe entifesynifacconanf teahhpll. They, eEsm@RITs weighed 4paghiar t han
the "true" densities. For such . sanples, . the induystry recomends using
par af f i n- coat ed?®r ﬁmﬁg%gﬁefsr ec‘BV&‘Ir%fTFﬁbﬂ "Fﬁ’ra%é&eﬂ%‘? PaiBer ni nati on.
However, pansff cévesqithashodrislsitiedtolthd 'PurafBi GREA" alctholl] XBert 0B IR and
their accuracy of densit%ﬁdeterm' nati on_have been found tao be hia%hly user
dependent . Fur t He4dBMEP g sachplfry The Waterelisplsement fist, vohich iy thedpstsst of

three Archimedes methods, takes about 6 minutes. The single operator precision

of the water displacement method is 0.0124 g/fcm® 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.



di mensi onal anal ysis nmethod overesti mates the volune and yields | ower
density values than the other nmethods. However, literature has %p /
di mensi onal anal ysis provides better estimtes of the den5|t|e2 oﬂﬂgﬁgnﬁigf
per neabl e specimens. Wth nore and nore roads bei ng constructed using m xes
of |arge aggregate sizes and/or open graded m x designs, there is a need

for devel opi ng techniques for determning the density of cylindrical
asphalt sanples. For many decades, gama-ray based nucl ear gauges have been
successfully used to determ ne densities of asphalt pavenents- This type of
gauge provides a non-destructive test nmethod and provi des density

neasur enent s dipsiena) apadysis meghadipverestimages ghe yoluapg a9d yieldydewes densie §1’*1§‘?‘-i§h’¥’or

ganma-r ay bagRausd hicfos HNISS, HERREIhRBAERS thafllfehsifial AniGsid B6GideIRAG
reported in literature and are available comercially. Single system

surface densfFiipate gfihe densitigeaf highlynganagblaspecimen® series Surface

Mbi st ur e- Densi ty Wﬁfﬂ%&ﬁ&ﬁi&e@@iﬁb@ﬁ@@&mﬁ%&&ﬁ hm&:séﬁl%f nee, Troxler
El ectroni c Laboratories, Inc., are désigned e placed on a surface,

such as an asigHEERC Sacemeir oraaraded mﬂaﬁﬁlﬂnﬁéh%ﬁﬁ Repd fudayalaping: \FSRIgESs unes

a sanpl e of ri%}@e&én\ﬁfmhgacﬁgeen% ﬂcﬁiﬂdﬁbatl%spmm%ksl nrelation to the field
of view of the gauge. Such gauges are not designed to reliably neasure the

bul k density of Feemamy destdes, gammp-ray apedinugleqr gpugephave fiegl es, such as

cylindricall ysushapat 3aldetmBhe dea§9&%fgspﬁav¢a@anénze<mk B/p@ eﬁgs'agé Mo¥aed
United States Patent 5,151,601, a systemis describ a nucl ear

asphal t cont eir-dgHigeve tetiatsthed a%arowl@weaﬂm@eu@@wé@p@brdﬁa{ vitkipAttedt
gauge, can qugag to determne the asphalt content of cylindrical sanples
of asphalt pavin . However, currently no conmmercial nuclear gauge is
avail able in theqmpusé%eswfwwqﬁah bergd pusBaceigtgsst JerBrrrelierisnd Fheéliru have

speci mens.  SLMYARYrCl i HierdYYERT Lug\ivéi%%r éiinﬁﬂer&alyo @ﬁlgﬁﬁ%&ﬁp uﬁﬁ& Rh&gent

i nvention provi des an appar atus fo neasuri % ensi t of
cylindri cal | §augha sach @a%ll\éode&éﬁ% Fesneﬁéwf%@e gl@ﬂfﬁ@@&ﬁpﬁ%%%@@h:&m ed by

sai d base ang,nemirfdsshinsdlh3GE HQRbAOULRESabRLs, Bic! abEdesZRA@Pto be placed on a
surface, such as an asphalt pavement surface, and
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



receiving and holding a first surface of the cylindrically shaped sanpl e;

a plate nounted in proximty to said sanple hol-der; at |east téhr I

of gamma radiation located in said plate adjacent said sanplégﬁﬁﬁégﬁfzzgﬁd
sources being positioned in spaced-apart relation fromone another for
emtting ganma radiation fromat |east three spaced-apart |ocations into
sai d sanple, eacb of said sources conprising an isotope having a
characteristic primary energy; a detector |ocated on the opposite side of
the cylindricabdiVinShamering amRt fithéeMhesAidrifally HapUukbgee, the detector
bei ng positioned and arranged so as to receive ganmma radiation that
traversed t hr ough Ri#emeuysd|epraxigiy tosaid saerle haddendependent pat hs of travel
from each of sai Rabadlat .sal e -bei ng
configured to dgattgeg#{hg%m&?a% a;%laon |§{%9%Eﬁg§d%ldg)#a%atgg%ggnmedr gy spectrum
and nmeansnpidpklentdid@uetstbeing postliodal is egaced-dpatk reladbrciidnabéieng t he bul k density
of the 3%5%L§ based upon ga radi ati on counts detected by said detector,

Accor di ng* Fonies atpdadiatiop 8“6W€§HHFBﬁﬁvﬂﬁ??HHwBWB¥Wﬂes a method for
measur i ngy;idinkle AaBSrkid QurcBs GWlphGRY AnG@hdp¥ hARRRRHrg@RIE, Cconpri sing:
providing a cylindrically shaped sanple, positioning a first surface of the
sanpl e ipriparpgierdyty to at | east three sources of gamm radiation, said
sources being posjij i - r e i f t her, and

di recting ganma fg%%%ﬁﬁ%ﬁE?P%%?éﬁﬁaégﬁe?%%%%ﬁ%k§§§8%%§%%§§%§§§& ganmma

radi at i osnidsiirstrsodige,itint detestar tbingpasitidned arglatiangefl se@itdresdurgaamaconpri si ng an

i sot ope havi.n characteristic primary energy; sitioning a detector on
the oppoBitE o uevied fisvuet fe ey R A e Pom sai d 11 r st

sur f ace, trdviiardletaclt bfahid bairdegofamivh iriivtith, a4id dadctoa hgattosfipudsi td O recei ve gamma
radi atiop that traversed through the sanpl e along respective independent
pat hs o‘ﬂTW%WEW”?¥%W?EEBﬁ ?mgﬁﬁﬁmgghﬂgggmbﬁl amma radi ation; and
detecting ganmma s @bpelifink Ritisall RECHEHLNMALLRNEE Wk ERGGLEWET and

cal cul ating the bulk density of the sanple based upon the ganma radi ation
count s bVﬂ§5¢&*ﬂ€?%M¥%W@“ﬁﬁéméﬁﬁﬁbﬁﬁx BEREHRCSpr ovi de a nucl ear density
test instrunent and nethod which is suited for neasuring the bulk density
of relatively smaAdcordidgitdindothey @petifEhe BeBRIBSation provides a method

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,



4 2 7 DEC 2004 and is particularly suited for neasuring the bul k density of
cylindrical specinens, such as cylindrical core sanples or gyratory .
conpact ed speci nens of asphalt paving mx. In one enbodinent,iZHe[HéﬂSQgQ4
gauge may conprise a plurality of sources of ganma radiation positioned in
spaced-apart relation fromone another for emtting gammua radiation froma
plurality of spaced-apart |ocations into a sanple placed nearby and a
detector nounted for receiving ganma radi ati on which has penetrated the
sanpl e. MeansniQypfeulaly Qiled 36k HOQRELA i Wbdshly bPE&IHGIGE{REIER, such as
calculating the bul k density of the sanple based upon the gamma radiation
counts by t hevindisgcor sappieson eyalaysemeestd  each of the sources of gamm
radi ation may,RisieopRbialAvRe BRE.Nt source, and the sources may preferably
be nmounted to a source plate. 'lhe sources may preferably be at | east
three in nunber and are arranged in a common plane. |In another enbodinent,
the gauge may include a sanple holder configured to hold a cylindrically
shaped sanpl e, th& agsmbediment.dee depalygaugesaycenprisg@jphediy of sourses of sawmace
plate to ori efiy SRAGE e | L1 j of

t he cyIindriggff%ﬂgﬁgggnggﬁ%%%. Prefé%%blyF&?%gﬁgg?géFgwgé%?ﬁﬁgmgﬁggnergy
sel ective det®ser arpleaiy jof spasad-apsrtdlecations ingmAramplgdpleneil anarbn apd @r datistoer i ned
energy_spect Mtemrq&eggfg &Y raliidtiod &ﬁilulphésnfen&gmqh@fsam;ﬁé W&QM A hadRy 10 2

MeV. The detector may conprise a scintillation detector, and the System
may i ncl ude arpvidedcgopemtingoviifete defedter fohealoylating the bulkidonsitiof detsemple drsed
detecting ganp®, haghnghd QatidnobfiEb iR b&&tor b SAELALIIAGE LA Bk SREGEUM |N
one specific enmbodrnment, each of the sources is a 137CS gamma-ray source
Wi th a 0. 662 gy rpistien myayeprefegily kene peink soumee ded tersoweds mae prpferahiede r um
measur ed by 46 @aHOLsdRtl LS hdidbdel 6 3 - RIEF
DESCR! PTI ON OF THE DRAW NGS Some of thé‘y?%ge&b?%gé)ﬁn%s% v‘fgﬁfgg‘g"e@%{?“ e

i nventi on hagirgedden camgeriplhed, In wpther embydithent ctbo waugg ppar welndd g gamplpe

detai | ed desgpigh! doffigitbl 6 holad &yifhicaR thabdWiblaCime AEGATRARY v b§9S, in
which: Figure 1 ig a schengtic elevatgg%al V|eh/8 a gaugel?ngg%@%%%ance
WwWith an enbédirseatie saf seune nlatg @rprierfrihe sources at spaced locations opposite a first end of

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
embodiment of the invention; ) _ ‘
Figure 2 is a top plan view of a source plaie for the gauge, shown with five 10

pCurie™’Cs sources;



Figure 2 is a top plan view of "a source plate for the gauge, shown wth
five 10 gCurie 137CS sources; 2 7 DEC 2004 WD 02/ 03055 PCT/ZJ?Oﬁ@@??ﬁ
Figure 3 is a ray diagram showi ng the path of the gama rays f*om-+ Ué
source | ocations through the sanple volune to the detector, with the path
of unscat tweeueigsmma-rays shown in solid |lines and the pettiussf/izmattered
gamma rays shown in dotted lines; 5 Figure 4 is a chart showi ng a
stabilization spectrum Figure 5 is a density calibration curve graph;
Figure 6 is a graph ting the d I t.i es det erqined by t -ray

met hod with densiti efgggg?ési %%H%a%ﬁggomﬁ%ﬁeg?%ﬁfgﬂggméﬂ.arﬁg[}ﬁsgg;%%ﬁ Fi gure
7 is a graph shouwcedocdasiledglahpsanple sqimead thetdetecoradithzhs patnof 10 f act ors

f t al d ks. TAlI LED SCRI.PTI . OF T. I ENTI Th t
nvention now WEFFAHS BT 113 ok e, itk BF ccalieed SRUPETRR e o

t he acconpanyi ngo@hamistfEd links) Whi ch preferred enbodi nents of the invention
are shown. This invention my, however, be enbodied in many 15 different
forms and shoul d notFiflc daiathagshowing a stabilizgtionspeetiBmsnhodi ment s set forth

herein; rather, thegg @k A&REP cAlbRatRh uivAgFpR0 that this disclosure will

be thorough and conr*p ete, and wll fully convey the scope of the invention

to those skilled irFigwe06ata graph pempauivgdhesdengtiesrdetepmined by degpmmagay

t hr oughout . Pr'ﬁ&h@&%ithagnsﬂégoﬂfaﬁl%ﬁ'ﬂ}rtﬁeWﬁEMﬁéﬁ&c%rﬁe&?ﬁﬁ%ﬁﬂo&dt he scattering
0 matter.

and absorption properties gama-rays wt or’ ganma-rays wth
energi es | ess than ZFigmy7 ishemph shamang measdodiasphialt equivale abinmdizateohani sns
wWth matter 0 I Ne ttgegfg. 1 e % ocV energy range, the dom nant nechanismis

i nelastic sICattél?lﬁ ’iIE%tnp%noﬁ attering). For energies less than 0.1 MV,
t he dom nant nechanismis photoelectric absorption. 25 In the 0.1 to 2 MV

energy range, the anount - | ( egradation) is a
function of electronic dﬁT@%%ﬁé@éﬁ%%ﬁﬁﬁMQﬁ f undament al
measur ement property. ThiThe pfSéHt ifvehoPnd W HER deddribed Hitké Rilly Bereinkifiért

with reference to the accompanying drawings, in which preferred embodiments of

the invention are shown. This invention may, however, be embodied in many
15  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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| engt h-mass density. As a consequence, one can see that the actual volune
of a honobgeneous sanple is not as critical as it is in thg. tem

based system This 30 |eads to bul k density neasurenents wﬁi zﬁﬂmm)(so
affected by the surface properties or texture of a sanple. At energies

bel ow 0.1 N¥02/638 phot oel ectric -5 27 DEC~ 2004 WO 02/ 03e6us@mrwsq / 17706
absorption of gamma-rays is sensitive to the atom c nunber of the materi al
and hence to the chem cal (elenmental) conposition of the nmaterial.

Theref ore, when G fRHBR phdha SRS &nSlivodithd &b&é{}tmﬁﬁ’;@f Sl ﬁa{%{i?&ﬁ near a

~material, and an energy ‘selectlive gama-ray ector 1s use I ganma-ray
det ecti on, gammrhencafesthaghemigalielomgreipl) oomppstiomyf Sie material. e Thargforsawhixea count ed

.exclusively., W [ i ' ] r nt .can_be converted
to an absolute ens??@?&ﬂc&%ﬁ%éﬁhﬁé&gyggﬁ% ea galrfﬁrxéat%g%’sangé“he%%g%ount ed
whi ch i s again seléctive garomagdy ddiertoras wsed fitr gaimlakrayl etsdtion, gahmaxorags nginly one
0 662 NV pry by seite el R e e P R YR TE ur coe wi ¢h
di fferent pri macalibesiengiie pavimhsaEeuhticadn®e eopletyEth anSWsdutd densfi) Wish Ghe

exanpl e. Garrrra-h@/s i nf eracti ng with the sgﬂ:“gl,e are detected with_ a
detector, whi cHogcat AIHTAYS G0 R foppted which ds aspn aepeiiongf thegpaterialr ed to

detect gamma rpgkdktias@y. i n a predeterm ned energy spectrum Ganma radiation
detectors nmay be 15 configured in various ways to be selegtive to a desired
energy spectrum ForAceokdiRsfeone specifigagmbpsiiment aftha invertian, ©e| Gegannnerdyer

detector tubgs g@,ﬁ.&@magg@ﬁﬁ%@m%&é&mﬁé& %Vglaﬁ%'k :le&ilter out

| ow energy gamma radiation. i ment shown a scri bed herein,
an energy sel ecttuess satheiifferentipriory dergdewls dosldizemplopdanih od'Cy fa Nal -

crystal nounted REGERa bRl 20 (AMI).. %ggci. i I when
using a 137C s g}%dhrpgeé, gamarawsg@g&{ﬂ%{ge%%%ﬁﬁag&%?rﬁdgw LS P%lef%f’ough t he
sanpl e wi t h enewbichds praferdbly sreavgaryGeRetiveaetciéBcddiifmad 0 daat piredla Si nce .
t hese ganma-rays ,contain ton scattere amma-rays. and, unscattered
gamma-rays, th emglc??fﬂ? oS %gr&mﬂ%l et mgl’%y %’@c‘%‘%ﬁﬁ%ﬁﬂ%ﬁﬁ‘ay g‘? om
I nteracti on$s5 wi tdnfigheed iRt Aidus waysStodegeloivie et exired atkey dpectiit. eFdral  bul k
density.

example, one may use conventional Geiger-Mueller 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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25 The techni que uses 0.25 MeV as the low energy Iimt for selecting the
gamma- rays. This energy selection avoids counting gama-rays wW.th =e;rgi es
whi ch depend on the chem cal conposition of the materi al gﬂerﬁbg QI?JJ@"T
chem cal conposition error is mnimzed. The upper limt of 0.73 MeV is

sel ect ed t ovoiomedostle substantially all of the ganma-rays wCriustingzos
characteristic 0.662 MeV 30 primary energy. As seen from Figure 5, the
gaussi an di-stribution for the 0.662 MV peak has its upper base at

appr oxi mately O se. th ,ni resolutiop of 1h tector.
For gamma-ray sgéglgelg?ég g&? %sérﬁﬁar gfbafﬁgupﬁaegzereﬁef%gﬁsm tln%)r 2004 WO
02/ 03055 PCT/ UspArtitdlarAdobreemseltadedoe sel ected in a simlar nanner based upon

the energy distribution f.or the articyl ar_ source selected. According to
the present inventi o‘ﬁ?c‘?‘%ﬂgEootg?ﬁﬁg@g}?ﬁ?’g{oﬂewgé?‘ﬁc'% He%t i on i s
desi gned to Qi veorfipardios is désighddity ghethd BrbEdedbityesifia®loFd BORAEEnAA I and

granul ar sanple. Since I ni. densitjes.of such sanples show a distribution
of densiti ersT,P ag‘faﬁ?lﬁ’és*’é‘g’#pl émmqﬁ@eg%%oés%sa@ewwegasm@mw the bul k

density.  Si ncedéhshieh, dNebck Sahpls P6E sKulPEPRRN forBsttmbtineQhe btk aldsug! Y smal |
size (or of "finite wvolume"), it is desired that the probing particles,
whi ch are in't hPice asdindrsal spraple ofasphelt mixis pf slasively small wize §or of finiteanpl e t o
the fullest extgnlmRasst ved rﬂg'e?;{.o- L0t ; L. ing a

| arge portion of theqflﬁﬁrﬂeg'aedstﬁéz?e an%ﬁ%bﬁ%@éé}ﬁ]}%l@%ﬁe‘{# ) sg&%lpzlrgfép%ty of
spaced apart po{gamuuparays)-shenid gaversedke samplatodhl fullest extent pokdibls tthaxetsd

enbodi nent, ;&1 v rat. C ne used ang.the re arranged.,on a
plate so as 1@ 0 g‘é%@%ﬁ%%“ﬁ%%@%&%&?’ﬁyp%‘%ﬂ 3@%8%#%@3??%3&8?‘}@1% t he
oyl T i Cal Shaned sophal . 1 s B Y vns a0t ranged such
cylindrical sha S .15 sanpl e, e five soyurces are arranged suc
that the gam-]@ﬁﬁm%@%@é@aﬁmﬁmwﬁgﬁ}d o) 7€ aFEshgn2a | ar ge
portion of the plamzbaswdovsEs vohinégnerally berrespERtRhdoTE SR ik fARkpld rAver sed

by the direct ganmmma_rays, the detector .,counts ganma-rays wth energies
| ess than O. 662%9@?“4’%’%“@%*‘&@‘%5%%@“’&%@ nevlindieal shapgd asphplf i pl e

scattering i thenfie iR Bve Bided\AY Srrdndbsuch thaf thel ARy s GaviABRIERO VoI une.

along several paths through a large portion of the sample volume. To cover 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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Apparatus One enbodinent of the gauge is shown in Figure 1. This

enbodi nent is designed to operate in the direct transm ssi go

gauge is indicated generally by the reference character é %ﬁ EB&dﬂi@
includes a base 12, with a 25 plurality of upright support rods 14

proj ecti ng Wpwansllsy t herefrom A source plate 16 in the Pormsaii7asci rcul ar
disc is supported by the support rods 14. A sanple holder 18, configured
to receive and hold a test sanple 20, is nounted to the support rods 14
j ust above the Al I t est

. SO gogg%gsggnﬁ&m déteE@FZc’é_L SR SoSRrLI

-sampleis forme pavin acte con |gura on of a
- 30 right circul samgley%n‘ﬂms thmhmplﬂ&aﬂmﬂmdhehﬂentﬂmmmyeﬁwﬁdltﬁage of a

“diameter adapted to &% ve and support one of the flat circular ends of
the cylindrical gt 5??{)“” K %Get ect or support plate 22, nmounted to the

support rods 14, susﬂeﬂﬁsseannﬁlgire%@l@%%@&%ﬂ@@fﬁ&n@dﬂﬁ@b Chiid 06

sodi um i odi de sg?ntl | lati on detector 24 just above the upper fl at3 circul ar

end of the 3anplles spyrcesPlocatedn recessss ar wells formeddn thesonkse wlatsn lise® Garmm r ay
‘source and {he Ty BY iHfb Ktirpotis B2l g s tmbilsibd lEATalARe 3. (he

source plate 16 contains five r|e sour ces ocated in
recesses or wel P@fﬂbﬁm ﬂilthl@tusmdwmh@tl@cofm@redlﬁ?mt swomegks may-be in

the form of pell ﬁ& 0 the overall
size of the app‘aA?ta %ﬁéﬂ%\éﬁ %Ifaé}?ﬁégggrg asqtg%lérlﬁy o es" .

Al ternatively, smnemﬂyat ]lagedﬂsfac@irbeﬁrelaﬁabuolmat ma:bssﬂoﬂ[mlﬁfmdshaie t hey
occupy a surface ar. ion to. t Ihl ss
Chor 2 e o e B e S TR i fiihs Rl ey Sy leestiod oS At

any event, the bdegtih@i sofircce pRRiis seﬁ@tﬂﬂ%&chtlﬂaﬁtﬁ@dﬁ@tlpﬁﬁoph @éxﬁnh—‘i’a}sﬁoﬁﬁ ed
such t hat the di.r ect %Hleof a arrma ray from, the sources to the detector

traverses a | ar g&spBeesit Wﬁﬁ%% agge Rogtionsofithg volume of the garpple.d6en fr om

the ray di agramﬂ&&amﬁm?&@%@m& @etﬁe%&hﬂafraﬁd&@mn%mt al
nounted on a photo-multiplier fube e detector systemis held

15 by det ect or - SUPpIReuidana mt@m%pwwmwhmdﬁ%o@ygmmelﬁol der

t ,htaL can ae;@onp,daét@ct& shpporip MR hE ikl sHEWA BisHSafiple HAReF Gt caamP! €

accomodate a 150 mum diameter by 110 mm thick cylindrical sample with the
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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cylinder axis in a vertical direction. The apparatus is designed such that
the distance between the source plate and the detector suppott Pl can
be varied, if necessary. The gauge al so has anot her Cg P@@Qiﬁm
gama-ray source 30 20 nounted near the detector for spectrum

stabili zat iwo.e2@dess Nal / PMI  detector systemis avail abl e ponosnarasly from
Rexon Conponents, Inc., of Beachwood, OChio. A high voltage power supply,

. preanplifier, anplifier, analog-to-digital converter, digital spectrum

stabilizer and Le.C e er which are available from
manuf act urers sﬁé%(jéf ?% %alghn%' r%#(ggf)lé%ﬁﬁ?%‘rﬁl es:thelcﬁglgtf; Wﬂgﬁ‘?gt&?, and EG&G
ORTEC, Oak Ri dgpartidilar ganeweiay enargyl When theserhgteatarc @luatuates, thespeétamglet ect or
parsonal  conput PR I S EReupls Bh i, EPedner S5lefed i copbepaftey ™

St abi li zati on 36ndSg dehickddani antiffelehitahbiict Hofe WS ol findahé BurhRIFRE EahMA £

- fluctuations, In the di g{ gg‘lﬂvs ectrum %roduced by the MCA (see Figure 4),

the x-axis reprBYeHit epgrgie Bgeiod @m@@@%@@nﬁ’m% ener gy
of a ganma ray anftsyobihed FERPEMSEME SndrHBI R Huth W Ha5S BR Stdifticd

particul ar gamma-ray energy Wien the tenperature fluctuates, the spectrum

fluctuates in t /kisuncegainkrisdapto te tempeeptuse sensiuitn Tha digitebspeetrel on one
channel may . en%&mﬂﬂt&ﬁjﬁ ggpgg&aq . f nts to find
the nunber of gamma S rays wt er% I es E%?ﬁc\/\%g‘ﬂ&%%ov\%t?ﬁ anﬁé}%F I pp, ,
because of t hes&8udtiationsinttheoNal detegtor. FToorpemabanpenksiafernsel fosthegpdchem’ nor mal "
spectrum w haye,.l ar ge Ltal:Nt i, es. hi.s .upgertainty is due to the

t enper at ur euéen%l&fl}l%/a?if’g. %N@Y?ﬁqk ’%ﬁ‘éﬁlr”@f‘est "°1°F128¥Iai‘"§i ’%F@”e@eft o
stabilize the spaedsrahd i 0.462 NMEW pbid Ren tHeTM PR Y % Mucesfid te kataEd ONS N
the Nal detector. Two gamma-ray peaks are used for the spectrum 10

stabilization -Plateg. 056 MeV peak froma 1 |liCurie 241Am source placed

near the detector, %Mﬁ4MMﬁ%tﬁJM@&&%ﬁc%ﬁW§%a sources

in the source plate. Ddring a 4 mnute counting col l ects
counts in | -mi Wgrements. Each 1-minute spectrum is then corrected for signal amplitude .

15  fluctuations and stored in a buffer. At the end of counting, the MCA gives two
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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i ncrements. Each 1-mnute spectrumis then corrected for signal anplitude
15 fluctuations and stored in a buffer. At the end of counrikn h

gives two spectra - a normal spectrum which is a spectr[zn?cgmgczgg@A

wi t hout signal anplitude adjustments, and a stabilized spectrum which is
construct edVQAYS5 corrected 1-nminute spectra in the buf PERUSHERFGe 4
shows an exanple of a normal spectrumand a stabilized spectrumfor a
Magnesi um cylinder. Note that the 20 centroid of the 0.056 MeV peak in the
normal Spect I Uikl WARELniRRERAS fofh 56, WRERBIAR i LificlAR) | | zed
spectrumis in c)}hannel nunber 19. In the norrr_g spectrum depending on the
ambi ent t enper a@-2pkto G- T MeYiweri epuntad. Bor  Y0-thinyba covhiathe grecisionelfidensisy .
However, when the didi 0%103”“‘ | ed, . roid will
be al ways br ougﬁt tocg{éehgéﬁﬁszﬁﬁ%%{?lbﬁgr' ? |§fzc%5rs ec ﬁoﬁ%@'&%ﬁ%’ed 25

" across the enti minpmant, atthe B degsity, 48 prision lewtrep ér atodt 0.0045 ghdndll(iid | zer

mai nt ai ned he .cent roi d.0 2 37 eak .wit hin, 075 channel
nunbers (1- %i gﬂﬁ?’%’ gqt?g’la{ﬁ #Zﬁ &Eﬁﬁﬂ%ﬁ%ﬁtﬁéﬁnﬁ!&%@mﬁ ég t he
gauge has to bemebd hasfedd tobetindependent Fih@auimple sritntatioblNSechiotich@iicasi al bul k
densities. Preli mlygéé cal | brati on was perf&;rred usji ng magnesi um and

al unmi num et al & qtion phept 3 yerical axis thiogely the ceuter of thrsappiedwldsn@md pcr) L

S01/17706 cylin acﬁ%@s@x?ﬂé‘bﬁ‘ih@gmﬁﬂﬁBﬁﬁeﬁma&@ﬁi%ﬂﬁ)wﬂam‘ rays with
energies from 0.250 to 0.730 MeV were counted. For a 10-m nute count, the
preci sion of densityfhomangtwashsed todetenning e degsities of soord sagplesyPamples. 35

g/cnB (1-si ) = 1T EMU §mwd£,gﬁ' - eci si on

| owered to a ou?ellgfﬁ(ﬁ)agg%én%%gﬁ% Si aln%-&efl{aﬁg?e t hat ~i dﬁtrﬁff ilga?ﬂ%rPCF) =
0.01602 g/ cnB . verhea! Heepassipg theeughikasdtebyf tht eamplebdidet. Vids cichisaniplep be

I ndependent of e orje 1.qn, h I en igns._are.1).a rotation
about a verti ca%egg?f%%ﬁlreegﬁa ‘?%{gg%agﬁ?%&%ﬁn%?g&sgﬁ%ge sgﬁnaggl,brélr? ’2)

pl aci ng t he .santhkdemity e datamyihel fool Glainuné ¢dunfsqTable p). Fhedmonturentdn® gauge was

used to determ pe the.densities of severgl s S.3Sanples 10 were pl aced
on the hol der ﬁ@‘&i‘ﬁ&?‘?ﬁ F%Fﬁmwﬁ%?“Y@MWnééﬁqgﬁérs near the
15 ' Twelve asphalt cylinders (Table 2, sample numbers 1 to 12) were 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 detemmine 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
CR = (CntSt fgd)
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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vertical line passing through the center of the sanple holder. For each
sanpl e, several neasurenents were made on different days. gsfir@gtqhég[ﬁgalne
calibration, the density was determ ned for 10-m nute count’'s (Table 1).
The neasurenent repeatability for 10-m nute counts was about 0.002 g/cnB
(1-sigm). WOUMRMSTe asphalt cylinders (Table 2, sanple negb®s@/117060 12)
were used to calibrate the prototype gauge. Al sanples were 150 nm

di aneter by 115 mm high cylindrical sanples with North Carolina granite as

t he aggregate type w ] i . ] ) _ nsities of
al | sg?rpl gs_ wer)é_pde\t,\ié m nﬁ%@ﬂe@%&t?@o&é&%& %cerre t(BQE%%IdDS% Fae,g‘, b) .

Hei ghts of the &arpl es were nmeasured 20 using a vernier caliper. The
background radiation fromthe sanple agg,_i s, surroundi ng was neasured by
taki ng counts when the five point 137Cs ¢ -ray sources were not

present in the sourc 0 4‘5@15 @g%] I t: Erlag . i,n the
energy interval fromﬁslg?iég?%e%. %K)Z%/ géﬁs%%%vedgﬁl mcéri%h%hﬂél’gttﬁrtlﬁ(g
gamma-ray cofint date ofthe fatet ect or fromthe five point L37CS sources. Sone

properties 25 of the sanples are given ié)f{,;gabl € 2. The count ratio (CR
for each sanple was determ ned by -RT -B'gﬁ) Std Wiere Cnt =10-m nute

gama-ray count wide B and @ 4k HelRRV@effnbak CAiRMA etk RBesi

=10- mi nute gamma-ray count for Magnesium cylinder mnus Bgd. -10 to ? DEC
2004 WO 02/ 030582vsdhefollopig vakyes for thpdhree noRFAMes t he count ratio (CR
vs. area density (D)4tofemlhl sanples. D = Grbh Here, h is the height of

the cylinder The curve In Figure 5 is the best fit to 5 data of the form
10 B =10.04790 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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CR= Ae-B-C Were A B, and C are the fitting coefficients or
calibration constants. The best fit gave the follow ng vagu?esm;gf Z‘g@
three calibration constants. A = 2.6750 10 B 0.04790 czn2l § |, = 6. 36
E- 10. The coefficient of determnation, R2, for the fit is 0.996. Using the
density calwOozeiosm, bul k densities of twenty-one unknownPCHE§IATO6

cylinders were neasured (Table 2, sanple nunbers 13 to 33). The densities
15 were cal culated using the calibration constants A, B, and C, the

standard count ; LA fﬁ gg ;Q&-%gﬁg . of the
cylinder h, -andé% em%%ﬁ?%%@?gf&%&@%g%enm ?lt; |Iswg| yg{n-cl Cat +C
D=BhLn( A ) Thedensititetofasphalt pguvaldntsddnsisigsfoir optalendrodicsapipiésndtiessy t he wat er
di spl acenent 2 t Fi gt X ar.i so n the
densities of un %ﬂégsnabgébr%ﬂgﬁ? ab?én‘%g‘ge@erggﬁl&rﬁ %nﬁ%%ﬁﬁgﬁgflﬁaec%v\rg&hgtr il slbl acenent
met hod and by tielageasmfece gangeswottimdy usthe line in this figure is the
regression line wt n of. 0,,988. The density _differences for. all
sanples ( listed' i n%ﬁ@%”ffﬂﬂgp&@é‘\l@dm qﬂmﬂszmr@%%cyﬁmﬁ%l e 3.
The density dif&ih eRgieilifeghivalmhabisities iteas ol htreRndefof cOlifibs maleC N8
(I-sigma) wth a mninumdifference of -0.015 g/cnB and a maxi mum

di fference of owiBIsabisghalymixes | asphalt cylinders, cylinders used for
calibration and cylinders used as unknowns, were then used to determ ne
the calibration coefficients for asphalt 30 m xes made with granite-type
aggr egat es (Fi gure 7hablgls BRepentahilityofisampleognyts and ensities DEC 2004 WO

02/ 03055 PCT/USQO1 /17706 calcul ati ons were made of the normalization

factors for copver$imple grayi n@03/08 (en81/@5¥M8s tjo " AHHMAI t ¢quitaNent |
densities for MVAI76aREmTOLK SaBPI €S| [NEHS 1763 1767
1762 1762 1768
1763
_ 1768
Al (2574 kg/nd) 2573 2575 2575 2578
| 2576 B 2574 2578
RT-03-01 2141 2139 2141 2143
(2141 kg/r’) 2143 2145
BAZ-01-01 2463 2463 NA NA
(2487 kg/n')
CAY-09-01 NA NA 2458 2463
(2451 ke/m’) 2461 2458
10

NA --Not Available
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factors are given in Table 4 together with the normalization factors that
Troxl er nuclear surface gauges routinely use. 5 Wen callﬁ-? Q ZUU4
gauge, one can then use three netal or rock cylinders gﬁ;
equi val ent' densities instead of a |arge nunber of cylinders made wth
real asphal WO2R¥S5 Table 1: Repeatability of sanple counPET/HMd/1d®Msi ti es
10 Sanpl e01/03/0001/05/0001/1110001/13/00 My (1762 kg/m) 1761176517631767
176217621768 1763 1768 Al (2574 kg/ m 2573257525752578 257625742578 RT
03-012141213921412143 (2141 kg/ nB) 21432145 BAZ-01- 0124632463NANA (2487

kg/r3) — CAY-09- QLAY
DEC 2004 WO 02/ 83055

A24582463 (2451 kg/ ) 24612458 NA - -

hbt AMallabIe 2 7

M Grtb SizeAC G T"P'eD P i l"‘qul ccf'z(’% (A,@ ?g“
1RT- 01- 015. 9114- F 343D q:m(' “)mggﬁ A8t
1 RT-01-01 5911 4575 2342 2357 RI-295mm 2409
2 RT-01-02 5911 4573 2343 2359 RI-=295mm 6.3 2.409
3 RT-02-01 5913 4549 2234 2259 RI-295mm 6.3 2409
4 RT-02-02 5.906 4550 2238 2261 REL295mm 6.3 2409
5 RT-03-01 5914 455t 2113 2141 RI-295mm 6.3 2409
6 RT-03-02 5916 4544 2115 2.143 RI-295mm 6.3 2409
7 BAZ0101 5808 4496 2454 2487 SP95mm 54 2831
8 BAZ-02-01 5.906 4497 2.357 2401 SP95mm 54 2531
9 BAZ-03-02 5.907 4528 2240 2303 SP95mm 54 2531
10 BAZ-04-01 5930 4486 2146 2218 SP9.5mm 54 2.531
11 H-1 5910 4534 2476 2527 SP125mm 52 2593
12 H-2 5912 4537 2471 2525 SP125mm 52 2593
13 CAY-08-04 5914 4584 2352 2448 CCMO95mm 54 2531
14 CAY-0805 5012 4582 2354 2451 CCMOS5mm 54 2531
15 CAY-08.06 5901 4501 2408 2445 CCM95mm 54 2531
16 CAY-00-01 5913 4546 2445 2504 CCM190mm 45 2597
17 CAY-09-02 N/A 4558 N/A 2502 CCM19.0mm 4.5 2597
18 CAY-09-03 N/A 4576 N/A 2498 CCM19.0mm 45 2597
19 759-05 N/A 4599 NA 2302 RL295mm 6.3 2.409
20 75907 N/A 4606 NA 2292 RI-295mm 6.3 2409
21 759-08 N/A 4583 NA 2303 RI-295mm 63 2409
22 T71-01 N/A 4512 NA 2441 CCM95mm 54 2531
23 771-03 N/A 4490 NA 2445 CCM95mm 54 2531
24 T71-04 N/A 4514 NA 2438 CCMa9s5mm 54 2531
25 F72-01 N/A 4508 N/A 2437 CCMO9.5mm 5.4 2531
26 T72-02 NFA 4489 NA 2444 CCM95mm 54 2531
27 77203 N/A 4503 N/A 2438 CCM95mm 54 2.531
28 22302 N/A 4598 N/A 2396 CCMS5mm 54 2531
29 223-03 N/A 4617 NA 2384 CCM95mm 54 2531
30 22304 N/A 4558 N/A 2409 CCM95mm 54 2531
31 746-01 N/A 4582 NA 2309 RI295mm 63 2400
32 T746-02 6.011 4576 1.762 2309 RI295mm 63 2409
33 74603 N/A 45700 N/A 2310 RI295mm 6.3 2409

NA ... Not Available
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ORT- 01- 025. 9114. 5732. 3432. 359R1-2 9.5 rm®. 32. 409
3RT- 02- 015, 9134. 5492. 2342. 259RI -2 9.5 m®. 32. 409 e

4RT- 02- 025. 9064. 5502. 2382. 261R1-2 9.5 mb. 32. 409 27 DEC 2004
5RT- 03- 015. 9144. 5512. 1132. 141RI -2 9.5 m6. 32. 409 |

6RT- 03- 025. WPP082%> 1152, 143Ri -2 9.5 rmB. 32. 409 PCT/US01/17706
7BAZ- 01- 015. 9084, 4962. 4542. 487SP 9.5 rmb. 42. 531 ~

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

OBAZ- 03- 025. 9074. 5282. 2402. 303SP 9.5 mb. 42. 531

10BAZ- 04'1'%53 Waxﬁgﬁgf D@rﬂsﬁ% ﬂ&%ﬁe@b@nﬁﬁ@n M by the Water Displacement Method

L1H 15, OT8asSt2sizas Ser Py TR T Sk e
4"‘?' '"‘;'f ('0 it 2 (70 i , ,, Puih) O ST gHe)  (kgima)
14CAY- 08-6 2R 014 2 20985 2 4575 4580 O dAD0D: 2 21670980 0720 2358 26

15CAY- 08- 065. 90 1i¢r.ad1 2. 4982 44AHCidhd7 5 i 4216?931"7 0.720 2359 -86

16CAY- 09- 01%. 91340249 2. 44D2 4365 Cidvheh?. Csabd?t. SFrda®’ 0.753

17CAY- 09- 02N A4. isi3ise A% 4592 G| 19646810MYeabod. 5 977abRICA Yo, 29- 03M664 SZﬁIHI A2.498
CCM 19. 0 nm#. 52.#69i8-019 75@+ 03561441598 A200302 1Bis1ss 9. de1oMmb. 328409 27

20759- 07Nl Aél. 606N.08D2 2 9214R| 4840 . 063065 . 3200009 B49E&0- 0B AL. H83NI A23.803 Rl -2
9.5 mMb. 32. 409 BAZF1010 12MBA4 48982 1689044 4 164@CM Q168504a15 . 08 53 12.482 54

23771- 03N A8l. 49 ONI-AP024 FROTCHHY, 5173081 4 54681 2U7340- 04ANM184. 544D A2.-438 CCM
9.5 nmb. 42. %31 BAZ3020 1290\4 2528 NIBAEE84 3 B4GUCN H7E258m D . (4780 5312.284 19.1

26772- 02N A2, 48 SR04 LLIVECIRAES 51939R33 42640091 1pG6P18. 0 INJORY . SBBIN A2. 88 CCM
9.5 mb. 42.1431 282'23 oﬁéﬁm"é@sr\vﬁ/&%%@%\ﬂ g5459 i UBR3 5312528 0.7

29223- 03N A%. 617NI'A2 ,r 1 éé‘*é’é@ 04NiA4 . SH5BRI A2. ?4b9 CCM
9.5 mb. 42. %31 g N7 o@ s e 3. 408
32746-026. ¢114. '8 Q 324 816 0.710 155
748 0.702 2443 1.8
16 CAY 09—01 2 504 1645141 64000 1581 141 0.678 2.481 225

17 CAY-09-02 2502 4558 1650203 64000 1586293  0.680 2459 329
18 CAY-09-03 2498 4.576 1628947 64000 1564947  0.6T1 2484 14.3

19 759-05 2302 4.599 1784293 64000 1720293  0.738 2302 0.1
20 759-07 2292 4606 1788908 64000 -~ 1724908 0740 2294 -1.9
21 759-08 2303 4.583 1787279 64000 1723279 0.739 2307 -4.1
22 77101 2441 4512 1699848 64000 1635848  0.701 2438 28
23 771-03 2445 449 1710575 64000 1646576  0.706 2438 6.8
24 771-04 2438 4.514 1700193 64000 1636193  0.702 2437 1.2
25 772-01 2437 AS508 1709851 64000 1645851 0.706 2429 7.7
26 77202 2444 4489 1709257 64000 1645257  0.705 2440 3.8
27 77203 2438 4503 1709436 64000 1645436  0.706 2432 5.6
28 223-02 2306 4.598 1710967 64000 - 1646967  0.706 2.381 155
29 223-03 2384 4.617 1694632 64000 1830632  0.699 2.388 -1.5
30 223-04 2409 4.558 1716174 64000 1652174 0,708 2396 13.3
31 748-01 2309 4582 1782925 64000 17189256  0.737 2312 -3.1
32 746-02 2308 4576 1781946 64000 WiTe46 0737 2316 -7.2
33 746-03 231 457 1776317 64000 1712317 0.734 2326 -15.1
34 Mg 1.784 4531 2393211 . 61148 2332063 1 1.762 216
35 Lime 22 4541 1877033 59481 1817552  0.779 2229 -20.5
36 Granite 2625 4.56 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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33746- 03N/ A4. 570N A2.310 RI-2 9.5 nmb6. 32. 409 NA - -- Not Avail able 27 DEC
2004 WO 02/ 03055 PCTIUSO /17706 Table 3; Conparison of D&gsibi

Determ ned by the Invention to that by the Water Displ ace }t'ﬁﬁfﬁgﬂpsanple
Sanpl eOrbHei ght Count BgdNet Count Rati oDG b- D Nunber L. D. (gl cc)[%i n) (10 mn) (10
mn) (10 m n)\%qu@@ﬁkm ns) PCT/US01/17706

| R7-01-012. 3554. 57517432806400016792800. 7202. 358-2. 6

2RT- 01- 022. 354. 57317433176400016793170. 7202. 359-8. 6

3RT-02-012. 264. 54918436316400017796310. 7632. 266-6. 2 4R

T-02-022. 2574. 5518408106400017768100. 7622. 269- 11.

5
5RT- 03- 012. 1414. 551 Amphalirguinalens density gormalizatipn factors
6RT- 03- 022. 147 %akfid 9P 366 26400018996 0 Hnatiatcn Hedtbr 3- O

7BAZ- 01- 012.|4874A9616pQ0486400016050480. 6882, 4825 4
8BAZ- 02- 022.|4014. 4971} 38 XIS 67 2441 65F182. 4%4- 0. 7 asphalt”
9BAZ- 03- 022.|3034. 5281B365856400017725WOMHESER. 234 (for M3450 & M4540)
10BAZ- 04- 012. MegisidbB6[19300d86A000186601 8002, Z116. 8 088

11H 12. 5274 |53416309186400035460436-6632_528 0

12+ 22, 5254 |53 18P H56h64000T5295650. 6642-5232. 1
13CAY- 08- 044, 458mit1780172056%8%0001 5658997102, 43414, 4 —
14CAY- 08- 052. Znidluufh/ 4]l /2083955610001 p568T1ds4a’ 102743615 59940

15CAY- 08- 0624454501 1766748640600—-1636+480-7022-4431-8

16CAY- 09- 012: 5044.54616451416400015811410. 6782. 48122. 5

17CAY- 09- 022. 5024. 55R}aH 0R83% 4R bhSHRIINIRARRkET A% Bvention will come to
18CAY- 09- 032. 4984. 57616289476400015649470, 6712. 48414 3

19759- 052. 3024, tpams slaahimdherarhtogaticly thisingmfiompertains having the benefit of

20759- 072. 2924. gRAEILRBIOFEARANA LT AEI0800id Qgsm%%ﬂﬁl} th i -
21759- 082. 3034. 5831787%7@%400017232798‘.’7%92. 7-4?“?j ¢ associated drawings.

22771- 012. 443 4. Thoelon digswigondasned thet the iveniB®@s 8ot to be limited to the
23771-032. 4454. é@&?&%ﬁ%ﬁ&lﬁs@ﬁé@&d@&ﬁoﬁﬁ%@m 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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24771-042A384.51417001936400016361930. 7022. 4371. 2 o -
25772-012. 4374.50817098516400016458510. 7062. 4297.7 - 2 / DC.C 2004
26772-022. 4444, 48917092576400016452570. 7052. 4403. 8
27772-032.4384.50317094366400016454360. 7062. 4325. 6

28223-022. 3964. 59817109676400016469670. 7062. 38115. 5

29223- 032. 3844. 617169@3 Gufid@ehsitP 8f 4 cPlindrically shaped sample,
30223-042. 4094. 55817161746400016521740. 7082.'39613. 3

31746- 012. S09NLi§8217829256400017189250. 7372. 312-3. 1

.32746-022. 3094. 1819466400017179460. 7372. 316-7. 2

33746-032. 314. 5 3176400017123170. 7342. 325-15.1

34MWyl. 7844. 53123&3&3)%&%1@&23&%&&]3&1d7|ﬁﬁéﬂmﬁhaving a surface configured for
35Li ne2. 24.54118770335948118175520. 7792. 229- 29

36Gr ani | 62 GRBLENIES ISEEEBRIEGAC 6SAii5abY sheed sample;

37AI 2. 7134. 5281 ?jﬁ’%g 0r8Ad SafifR ndiddgd - - Background 2 7 DEC
2004 WO 02/ 03053:)@&% %ﬂ% t e u‘?va‘]i genm ty normalization factors
PCTI USOL/ 17706 Sahlepitehier mhmeaahﬁ gamrﬁamﬂmtmhkmatﬁl ih sﬁyllplatdadj&&@sﬁlﬂ
"asphalt" (for 4 (for MB450 NA640 9850 988

Li nest onel! E"Bﬁlfg{‘B T, sa@wqeéfe@ggggt@@ed)m&pgqﬁ% ﬁgoﬁlgg §84Y %949 Many
modi fi cati gpgmangr ehheh ééﬁ*ﬂﬁﬁ'rﬁaiﬂﬁ& bl foab VKRR &b dWiplatt 166 ®ns it Mi Nt O
one skilled in the art T0 which this invention pertains having the benefit

of the teasiiisnyplepeasherisaid sonroeheoriprisiagirmigoidps bavipg asharagiatstihe
associ ated drawi n S Therefore, it is to be understood that the

i nventi on PETEY © %Sg%e limited to the

£ a detector located 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, said detector being configured to
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.

-16-



speci fic enbodi ments disclosed and that nodifications and other enbodi ments
are intended to be included within the scope of the appended glailyE.( 2004
Al t hough specific ternms are enployed herein, they are used in a generic
and 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, conpri gi ng: : b e1al2d6h e @6taPYdRAbA aBtRESFNd
havi-ng a surfacZ“conf‘ﬁ’St%%g‘%afcg?r-aﬁ]:ggcella\%ng aﬁﬂ%‘edi %g a first sﬁrfacﬁ_e of
t he cyl i ndall ofikdig ssuragaibes aopixecedal oinatrecureunt ed in proximty to said
sanpl e hol der; at least three sources of gamma radiation |ocated in said

pl ate adjacent said ,sanple hol der, said.sour.ces  bei positi.oned in -
spaced- apart rePati o#ppg%msc?ﬁ‘éorg%? ﬁ%fmfzof“élcéﬁfﬁlgﬁﬁagglﬁﬁﬁ Gl ar i on from
at | east tBpQauiPRiRz3RPELDbIeA6 3binPAKaleTbPspesatltirTRTRkSd seatilladn sai d
sources conprising an isotope having a characteristic primary energy; a

det ect or | detgetot] on t he opposite side of the cylindrically shaped sanple
from said first surface, the detector being positioned and arranged so as

to receive ga radi at i t - 1r : 3 P62l ong
respective i ndmggénde%\p%%}a‘ﬁ Sacgcfrhmfgrtgégaﬁrﬁ??%@%%%%P@gf% sources of gamma
radi ati on, sqbilgeti@tRaéDd rdfatng soort iof giathatradiatiel kningadmadtaiiiat i on in a

predet erm ned energy spectrum and means cooperating wth sagid detector for
cal cul at i n§URE eNersy '@E‘ﬁ%"iﬂf ﬁoﬁftﬁ%tﬁgsmgéﬁﬁcés %318‘]’08%3&2 SEInet i on
counts det g@érgg Ipe)é id detector. 2. Apparatus according to claima1,

wher ei n sai P of conprises a scintillation detector, and wherein said
means for calculating the bulk density of the sanple includes an anal yzer
connected to sailfl. sciAppatatestaccordibette claim 1f whexbst sadd Fangple haldemisoddi ati on in

a predeternined ) t 3. at ' t | ai wher ei
b pr oo Pl SEUTURiT cht A B Rt e R e TS Rey o 2
MeV. 4. Apeﬁ'i;ﬁfdéguﬁg%w sfp1t CandvitlefRiR saidlBtcBioR iA6ted adiaddht BOAr Ces

g

conprises a 137 amma-ray source with a 0.662 MeV prinmary energy.
generally 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-



5. Apparatus according to claim4, wherein said predeterm ned energy
spectrumfalls within the range of 0.25 to 0.73 MeV. .6. Apparadtgs gogﬂgg}g
‘to claim2, wherein each of said sources has a 1 radiation act'vil:g§ f
~nmore than 20 microcurie. -16 27 DEC20 7. Apparatus according to claim 2,
wherein the total radiation activity of all of said sources does not

d 10 m ;€ 8§ : ' [ Jdi 1] |1
ncrading o ai grasngie PRRTIEHFARE BAbRRAd Sif i EmAtTRRET Y

spectral déduhtshyi daidaddtectsci ntillation detector. 9. - Apparatus according
to claim8, wherein said digital spectrum stabilizer includes a reference

source of gamme_radiation having a charagterjstic . pri eper i fferent
fromthat of sald soﬁr@%@o‘éﬁﬁf’oﬁ‘ﬂ% ffﬁgm&ﬂ _(féa‘?’lberﬁ‘f“éa’élfsé‘?prrlﬂ?g “pagﬂgﬁ]ﬁ( _
spectrum &&sitﬁe&ﬁﬁﬁ#%aﬁﬁﬁaﬁg'tmlﬁledaisﬁymhe W Ehdied dhsh @aFRIend0l der s

of a planar, gene y circurar configuration for receiving a generally
pl anar fi rmstliatiod cofintt hrea predetenuimed ahdrgy sfratrov falingl veithin it rahge ef fromai d

detector i ted adjacent.to a generall | anar, second .end of the
cylindri caﬁ?-|1§(2§k25<b%&m¥5ﬁweYalqet9°“ﬂf>"g’§ﬁa’tﬂg t%%ﬁ%?&?hﬁ ‘?‘8”8 LS B % ¥her i n
sai d plat egedoy ¥ bafifsupded of a circular disc, and said sources of gamma

radi ation arelocated in the disk at |locations selected such that the
direct path of a gamma-ray fromthe respective sources to-the . detector

traverses a |arle poAtmethodpceording i ¢lpn b3, whrseigsmd step of zalcalagipg sy f or
measuri ng densi f |.Lndri.cal ). }g?g l.e, U isddng:
provi di ng QM%E‘FW%‘FI%‘X‘? ?a;‘/“l’gﬁg%“é %3%% (é‘!,d%)%gy |g%‘?%gmﬁalﬁﬁprr§t su#’?ééice of the
sanpl e i N @iePt Petivurhavitin kieashgd SAEEMOUCEMeVof ganma radi ation, said
sources being positioned in spaced-apart relation fromone another, and

directing gamma_radi ation fromsaid at, | east, three spaced-apart ganmma
radi ati on sour ctd i nAgusthpgda pgto @é’é‘h?‘gf“’%ﬁﬁf’é@b&gﬁé‘?ﬂ%ﬁ sing an

I sot ope, h%ﬂ%es a ¥7Cs gamma-ray source with a 0.662 MeV primary energy.

" 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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a characteristic primary energy; positioning a detector on the opposite
side of the cylindrically shaped sanple fromsaid first surfdcg DYhe 2004
~detector being positioned and arranged so as to receive gama radiation
‘that traversed through the sanple al ong respective i ndependent paths of
travel from each of said sources of gamma radiation; and detecting ganma

avel fror d sour ces ecting g
cal cul ati i RS AERELRAE SRR dB8CR} hitgh upOR itk batahon B 11 on

counts by s#Ad gefeehecsomtce. 13. A net hod according to claim 12, wherein said
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
spectrumfalling within the range of from 0.1 MeV to a naxi num val ue
corresponding to the base of the characteristic primary energy of said
sources. 14. A nethod according to claim 13, wherein said step of
calculating the bulk density of the sanple conprises detecting gamm
radiation in a predeterm ned energy spectrumw thin the range of 0.1 MeV
to 2 MeV. 15. A nmethod according to claim 14, wherein each of said sources
conprises a 137Cs "gamm-ray source with a 0.662 MV primary energy. 16. A
nmet hod according to claim15, wherein said predeterm ned energy spectrum
falls within the range of 0.25 to 0.73 MeV. 17. A nethod according to claim
12, wherein each of said sources has a radiation activity of no nore than
20 mcrocurie. 18. A nethod according to claim 12, wherein the total

radi ation activity of all of said sources does not exceed 10 m crocurie.
19. A method according to claim 12, wherein said cylindrically shaped
sanple has flat, generally circular opposite ends, and said step of
directing radiation conprises directing gama radiation into a first
circular end of the cylindrically shaped sanple, and said detecting step
conprises detecting radiation at the opposite
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circular end of said cylindrically shaped sanple. 20. A nethod according to
claim 12, wherein the detector is a scintillation detector, and including
the steps of detecting gamma radiation froma reference source of gamm
radi ation having a characteristic primary energy different fromthat of
sai d sources and outside of said predeterm ned energy spectrum and.
conpensating 27 D E C 2004 for spectral drifts in said scintillation.
det ect or based upon the detected radiation froth said reference source.
ABSTRACT OF THE DI SCLOSURE A n r i est nethod is
provi ded for measuring bul k d%%g?T%%dﬁgg%ttggﬁﬁ§%§{ﬁgﬂ%§Iindrically shaped
sanpl e such as asphalt paving material. The gauge conprises a base; a
sanpl e hol der carri edninledridensiasgauandnd tdsavietdpdds providedefor mizhsuging i or
receiving -and holding a first generally planar end of the cylindrically
shaped sanpl e; 9gn5iWaewerBlinota cyindialy shegedissmpls ek aspspbaltipgyidgr . and” at
| east three so 0 ALl j o o Y I t the
'rﬁﬁ?]&?al. frhgggﬁ%cfeo rfks Q’H»aéeoﬁf%&&ghéaﬂcbé@e?c q’b’qu E9hasH)

sanpl e hol der. e sourc ositroned in apart atiron trom one
anot her f or5 enhhtingg syefavecondiguedd fonrdceningind eading taHirstegenpeatiyplapachd

| ocations 10 intq sai.d one end of the sanple. Each of the sources conprises
an i sotope hav pﬁ&c&y‘llgﬂg@i{gﬁ%ﬁp@{ TR e raopt y PRyt Spid; nt ed
to the base angojdir.RRdiat |aRqrec 3RS gdrhifia MR BB irPdaid Pﬁte adéacent
cylindrically shaped sanple for receiving ganmma radi ation which has

penet r at ed t he tleasapipde holdem sThessoprass inthepbsttomed iaspacgd-aparhreldton fieheotor f or
calculating the bul k.densi.ty of the.s l.e based on the, gammp 15

adi ati on counAROBS R EMHNE gpma ARERER S oIt e nestd-denp foatians,
scintillatign irﬁStsﬁthﬁF:m@@ﬂtﬂe@&mﬁl—’é‘@a&%fﬁ@é&%@%hﬂ@ﬁ&éﬁrﬁ%%pé’ﬁﬂﬁh%gr of

the sanple includes an analyzer connected to the scintillation detec
for detecting gharaeterisith prithary energy. Avdetgetoe ismowdedioghe Pasgpadtis pogitionedc h

preferably fal laaja\cl:mel%t lt1l!1f:no;;pr(])§ittg anPse tgfe c?lir%‘dﬂc'\e{ﬁy sfu?pe% sa'vl%\p/le f(z)lo rezcgiving gamma

radiation which has penetrated the sample. Means is provided cooperating with the

detector for calculating the bulk density of the sample based upon the gamma
15 radiation counts by the detector. Preferably the detector comprises a scintillation
detector, and the means for calculating the bulk density of the sample includes an
analyzer connected to the scintillation detector for detecting gamma radiation in a
predetermined energy spectrum, which preferably falls within the range of 0.1

MeV to 2 MeV.
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