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DENSI TY, AND MJ STURE ANALYZI NG APPARATUS AND METHOD TECHNI CAL LIS

| NVENTI ON The present invention relates generally to a material anal yzing
apparatus and nethod for neasurenment of density, segregation Qe.,

‘non-uniformity), and noisture content of a test material. BACKGROUND OF

THE I NVENTION [1] The invention relates to a material segregation and
density anal yzi ng -apparatus .and nmethod to anal yze density and segregati on
of a material. In particular, the Invention relates to a nmateri.al

segregation and density anal yzi ng apparatus and nethod to analyze at |east

one of densMOP¥AaREA6segr egati on of -asphalt [2] Ni nety- secuvysexmsat of all
paved roads and streets In the United states, alnost two mllion mles,
are surfaced with asphalt Asphalt lsja relatively l'ow cost pavenent

material, especially in conparison to other pavement materials, such as

concrete. pATERIAE'SESRHEGATION, DENSIEY, ANDIMOTBKERE ANASYAIRG APPARATU®NCr et e for
pavenment is its flexibility. Th&[ﬁrﬂl&ih&}ance of asphalt is also typically
| ess expensi ve than maintai ni ng Y (3] It Is the nature of asphalt

pavenent to be non-uniform It Is very difficult to achieve a
non- segregat ed and conpl etel y honogeneous asphalt m x for pavenent - Al so,

t he aspha i i fficult to apply in an essentially uniform
pavenent %Q%M?ﬁ%é%%{g“h@qpavemnt is characterized by neasurenents
In material variations and/or sePr egation. These variations or segregation
are of t enToe present iyantiondeipies eresrely 19 & maledsl andiingerppaiafusiagda very .
subj ecti Venefiod 8¢ ticusitbrher®rdd Chmsityf @bgragtlion igfey Aeh-GdifermitPR\epdrent segregation
amount . Pav H,ent nga%?rfeg%tsl OEE%IS representative of pavenent density. 27
Oct ober 25@% "RASFSF A FOBOBABER US03/ 11938 2 [4] Segregation can be defined
as the se%arati on of coarse and fine aggregate
ACKGROUND OF THE INVENTION
- ] The invention relates to a material segregation and density analyzing apparatus

and method to analyze density and segregafion of a material. In particular, the

invention relates to a material segregation and density analyzing apparatus and method

to analyze at least one of density and segregation of asphait. '

A Ninety-six percent of all paved roads and streels in the United stafes, almost
two million miles, are surfaced with asphalt. Asphalt is a relatively low cost pavement

- material, especlally in comparison fo other pavement materialé, such as concrele,
Another asphailt feature that makes it superior to concrete for pavement is its flexibifity.
The maintenance of asphalt is also typically less expensive than malntaining concrete.

- {31 It is the nature of asphalt pavement to be non-uniform. It is very difffcult fo
achieve a non-segregated and completely homogeneous asphalt mix for pavement,
Also, the asphalt mix s very difficult to apply in an essentially uniform pavement layer.
Therefore, the pavement is characlerized by measurements in material - variations
and/or segregation. These variations or segregation are often visible on the pavement
surface, however, i is a vety subjeclive and difficult process for quantifying the
pavement segregation amount. Pavement segregation is representative of pavement
density. -



particles in the hot m x asphalt m xture. Alternately, segreg n
described as a separation and consolidation of the |arger ag?ﬁﬁ%&dﬁ?ﬂﬁg

asphal t pwadéschsms which | eave the asphalt mass and ri sepig/dsigioss f ace of
the m x. This segregation can occur in the mxed material before it is fed
onto the highway or it may beconme segregated as it is being placed onto
the road surface. Research indicates fhat segregation has a direct i mpact

on the |l ong-term performance of the asphalt pavenent by increasing the air
void cBHt entSegregationngan beiedined asclisi spparaiion o eddrsa andofine aggredele

damage, phARsIiMthe Kdt#sik 'a@ﬁhalﬁﬁrﬁct@ret @Ilt@l'na@élf d%b?@jaﬁbh %8s Beeh BBs@bba@sed road

surface Therefore, it is desirable to erm ne pavenent segregation.
[5] WeB seagiaign ang sersalidation of the laiger aggsegale ﬁatphaltrﬁafhd% iwhich lgayepthge

appl i edaﬁﬁhaltr Ridbd %ﬁhyns%ht%%gdsﬁﬁrcerBthR@rrﬁmerm@%eaﬁegfaﬁ& 2ah f&har W thep! ant.
The check attenpts to verl e alt mx integrity and honogeneity,
and t hugixesl m@tﬂrlﬂbbeforﬁaltwﬁ fechante tber’fmhvgay @it meer keogme segiegatedvas it gppl i ed

and rol }, Sﬁg rPTgl‘FedC&ﬁﬁ @ todd SurfRBN Rk Esdtch M ni‘n thﬁtoéécﬂ%gﬁﬁt%ﬂ ﬁa& 4 eﬁéléntt ant

pavement and segregation when ap Accor _
speci meigpdason ctlmen tongitera petferrraaamemmeeasmalt pavgnemtaby inenessing tlmmalr veid

cal | br abbnt &Find RS HReRgRRY BURMAG Rbklrb ERbOHR, b0l Wher

an asph or conp ct ion
t he asphadita tpjall d[sw\tegationr eil ttteeaftfex:tem goddb ngrfadel y Tbérafd:re, iteie desghbleyto Suc h

| ongevi i [ clude, but are not limted to, density of
bifernhe By Hon Bk skl

the asp onpacted on a road surface and the
honogenei ty and segregation of the asphalt mx. Although the mx of liquid
asphal t [3nd r\&oen payinggaperticuigr digiwayn theagsphadtviaixp senich iselal beaapplied igsphal t

| ant, ' I [ d
DLt FOLERE] chePocP 'R, Rphick I8 58 Yol b, ¥R kil bR e
Pavi ng werify thexasphativeirintegrity and omogensity, and thista coptrel thavitimate desityt  75%
bei ng- r5f e Geheft AR i opitot A8 RABRCHEY enbekBE e, Bohnd hp W Be
;:Ihose t oorrélatedi toaksultzsit lpaderpamedensitytandrqagrﬁgahon d‘é@nmplnladt rmicbrdmghe(rj I ng g
e se enen acti S e, as. cl.ose e desire
conpact PR 3pedi GaB T Gt 64T SRl Podrrd el o8l fetntatep i o
| i m t edot referahting of pavenvdrit dbnsitydndiehtoedededso create defects in the
resulting paved structure. 27 COctober 2006

i6] When an asphalt paver lays a layer of asphalt mix for compaction on a highway,
the asphalt quality will relate to the longevity of the new highway. Such longevity-
influencing factors include, but are not limited fo, density of the asphalt mix as it
becomes compacted on a road surface and the homogeneity and segregation of the
asphalt mix. Although the mix of liquid asphalt and rock aggregate segregation may
have been ideal at the asphalt plant, there is no guaraniee of the mix quality as applied
to the road surface. The lack of homogeneity can be described as segregation. |

[7] Paving material (pavement) is typically laid down by a paver at about 75% of its
desired compaction. During subsequent compagction, for example by being rolled over,
it is very desirable to compact the paving material close to the final desired pavement
compaction degree, without altering the segregétion. The pavement compaction should
be as close to the desired compaction to provide an absence of material variations,
such as, but not limited to, air voids, which are believed to create defects in the resulting
paved structure.



WO 03/102606 PCT/US03/11938 3 [8] The |evel of pavenent conpaction,ca
be readily determ ned without conplicated neasurenents. Thesg?c%%ﬁﬂb%gpgé

pavenment wee@uoswents may not be accurate. In the past, bhgaResPERd i cated
pavenment neasurenents typically involved boring out of a portion of the
roll ed pavenent (hereinafter also referred to as "extractions") and
measuring their density in the lab. "TRi3 process forns a hole in the
pavenent, which of course is not desirable. This hole is not desirable as

t , |
the i ntEgrityTher leveheof peausmant sammactige heannof die readilyqdptergingd dwkBaUt hese
asphal teérﬁﬂg}fbg%_ ReallrefentsY afhedeScdnfilithic8diRBnmhP htbburehBne TRl nBeasuUr enent

systens an evi ces have been proposed and devel oped. For exanple, and in
no way 8¢gwratenginothetpast. thoee creplicaied Pavement mepsamenisHtyrisally nvopved

pr oper t e S DRV B% R \RFERBHEE B YefeHCd @S been
suggest%@ﬁg?’glﬁqﬁnai E%@gﬁ.gft%é;&gﬁgﬁt@ongacgi on level. [1%]e One such known
paveneniextteetiansy) ansuineaswingdbeir density inithe lahs e dihis pregess fpapeatholavi, the

3,784,9 I [ di gl ectric
propert 8 %gé@?'ﬁt‘ﬁ@t&g\%tlb?ué%ggsn t%?%é'aggﬁalﬁ% ﬁ?ﬁ?%ﬁﬁﬁ% ﬁ%ﬁ%ﬁéﬁég&?c

pr oper t ihepaxemenbiglhreacheédt o be representative of a change in pavenent or
asphalt density. The Blackwell device appears to operate at |ow
frequenges WRGkfrith Sagass %se%%pﬁé@reﬁétea?%b\ﬁrﬁfz VRbUSEbAReatdl Bprur © and
tenperatare, and thus can result in errors. I I'e Blackwel |  may 'provide
adequat pavspeerimensaranment selemsandrrisyices hiave Beer RivpPrsediand devalepad. Jeor noved
at extr S A . e i | i@

Genai ty e a M AESHS, RIAT Bt WePDBRE, Mogilitbrk BF poler ant dbRLACY

ext endepropertiespbas dakenoproposed aloi determiner paversert densityt ywhieh ehas eenon,

whi ch a§i§5§§ a':segh ﬁ'gféﬁ@*ﬁﬂ%m%@%ﬁn l?,g#rt her, the Bl ackwel |l device

possesse arge wel ey necessi e large supportive objects
to support and transport the Bl ackwel| device. The Iar&g objects may be

dr agged[18tr os Onensuchiiiprwedayamentaensil indieator davies ip diseloseain .S Ratenig
i sadvanade 5 Se, B GEpeLY; A RELRRGRRE: spbosks, () Rleagirep MiBbHE!
adj ust apiopettiesf o thee appliednand .rofigd @sphatt, tisdwbietthe adiplesirigbproperieasgrebe
gt tri b“B&%ve{i O ﬁ&.éhfe%é%'ﬁ\';e oS LBAGS IRNpvetRnY | d9adpHiRPhLhaRl. MRSUr ement
y changing The heig
Blackwell device appears to operate at low frequencies where its operations are subject
to variations in moisture and temperature, and thus can result in errors. While Blackwell
may provide adequate operations in some instances, the Blackwell device must be
moved at exiremely slow speeds across the material being tested to obtain a density
reading. Thus, it appears that the Blackwell device may need extended time periods of
operation to provide a density determination, which as discussed above is not desirable.
Further, the Blackwell device possesses a large weight, which may necessitate large
supportive objects to support and fransport the Blackwell device. The large objects may
be dragged across the applied pavement surface, thus potentially causing damage to

the often freshly-applied pavement.

[11] Another potential disadvantage of the Blackwell device may be its limited
depth adjustability for measurement. This limited depth adjustability may be attributed
to the Blackwell electrodes only varying a depth of measurement by changing the height
of the electrodes. This electrode configuration is not desirable due to the limited depth
adjustability for measurement.



of the electrodes. This el ectrode configuration is not desi raalr%clug tg ége
limted depth adjustability for neasurenent. 27 October 2006 83fh 9 6
PCT/ USO3/ witPi38o%kos [ 12] Anot her known pavenent indicator deyirGRosPeEy i Ses a
nucl ear source, which is used to determ ne density of a pavenent nmaterial.
Thi s nucl ear-sourced device has a variety of drawbacks. Sone of these

drawbacks in the nucl ear-sourced devi des include that the nuclear-sourced

device requires a |licensed operator, controls, and a radiation shield
(e.g., #3lead Amthesdumown. pasemest ingicatendayice fAERiises sowdeal squisec ¥hithavwbacks
l end to; IS i afgU 4 | - ost of
oper at 5%%*3&?%3@2}%%?‘538&%&P?"%“éﬁ"#ﬁﬁé&e'ﬁfﬂ- e ey the
nucl ear veiely o drawbacks Spmerdthesej diswhasks in e poleansetroed sigvigas ingujsien,
requireg, Ry Phblggr-gcﬁfrcecﬁﬂgvibé réé;fifi %s @@éﬁse@?@e%‘t&r}c E&ttdis, Lehd B Refistieh:

Fur t her nor e, e nuclear-sourced device I1s alSo very expensive, at |east

i n part shield {eg.t kelead dnslosuradt eOf gburse, these mucleansodreed cedicdcdrpwbacks

Addi tiogal |y, C | devi.cas d. C ;
cor el oty ot BER R br e flgdar O GRS el bFBbodton,
nucl ear agdijerend staedersFhirsd with nuelear inaterialso ldudthbe thionaciéar-soprasd deivicker ent

ix th ' . t . A -
Comsum 15/ OrlRluRER R bV g Bt By PSR ihe B dnd BveliPleawy | o
Anot her andnalifficult doaMapaumTen;Fmthaglr_hmrxe, ilt_lmaiihmmtea{-sdm'edﬁdévjs}cesiﬂ _Igismr véryi tn us
Patent No. 5.900, 736 to, Tran . [ .System
oo R ot B5 P B, ot AREHE A S e JBRaLb RS BRI
nmeasur i mtgldﬁienhlqe.th%s'ﬁﬁaudleand?mb Mesf A dmmvm@ftctodellaatly pggafdtsdatoocoréevi ce
appears 0 .pe ase elL ec I C | e I capacl tance. cently,

e ot daBelies BE ie Wkert G fhel sAme ftafon PRDRSS hABSS: ohddrh 15t "rhié1

?Epl i ed tcbnel_h?E@m@l?csqld bgaione faﬁem&t ; Sﬁﬁthﬁﬁﬁmﬁmmt fedl. dptesse mp:dt thar?d in )
e as 1S, I nne venent . reauce, e anpun ave n a can e

s eh ' Phieopige ioholy TR, Bt CongUirgy, dind, Bus ghake bes of Joedl” G adyis

her ei nafjhgédirabccordi ngly, a need exists for a reliable, convenient
pavenent density, conpaction, and segregation degree determ ning device,

n whi chhe dedies LIMEhIST pivbelf Sehsty hakdldrSadbal €6 4R HBs
Patent No. 5,900,736 assigned to TransTech Systems. The TransTech System
pavement density indicator device is a non-nuclear, asphalt density measuring device.
The TransTech System pavement density indicator device appears to be based on

electric field or capacitance.

[14] Recently, current developments in paving technology have allowed pavement
to be applied in thinner layers, as compared to the pavement layers applied in the past.
This thinner pavement reduces the amount of pavement that can be bored from rolled
pavement, for example for a test core {described hereinafter). Accordingly, a need
exists for a reliable, convenient pavement density, compaction, and segregation degree
determining device, in which the device functions with desired results in which the top
area of the pavement does not adversely influence the operation of an apparatus and
method to analyze density and segregation of a material, especially if used on
pavement, which is applied in thick or thin layers.

[15] Further, the application of pavement may vary dependent on the pavement's
underlying base structure, thus resulting in differing depths, areas, shapes, and volumes




area of the pavenent does not adversely influence the operati f, an
apparatus and nethod to analyze density and segregation of aagg‘étf’gsr?“ﬁ

especi al | wo d3/iesel on pavenent, which is applied in thiclcryshiifazg ayers.
[ 15] Further, the application of pavenent may vary dependent on the
pavenent's underlying base structure, thus resulting in differing depths,
areas, shapes, and vol umes 27 Cctober 32006 WD 03/ 102606 PCT/ US03/11938 5
of the pavenent. O course, it is desirable to determne the density,
conpact pbie pavemenbgQfcpaurasy itde glesisalie te delerpigdhe flensith costmgeiion, jand; s

desi rabé@glfegaﬂnodéggqge Bf BaPHRMmerf® Thérbiore SPIIRRRILAR to PANIGLHpERhERN
degree determning device that 1Is capable of pavenent "density measurenent
at di f f density, cepphstorarants segrgplien degree datenmiBingf device thadJe eepable[af6)

Furt her opr ' |

roasur e PRy RnRRE s o SEBERS 087he A1BEE Trithel, B PUriCRbRS |

of ten spaveragid. requires conplicated operations for appropriate device
functionality. This lack of speed is often adverse to the determ nation of

avenen ensi 0 | O A5 ' action,
gnd segpeﬁgat [ oﬁllmgggﬁ%%’ 'S yéglgﬂ(;:baﬂ &;}}bzlv?ﬁet@?'gts an @é@é a'{v\én?@ (F)}E){t wpfrnggéégrpg t hat

sl ows d&wn denhsityu| compacionaaadesagregation cdadres Fppavaemestt.is piioslovhgngd, a
need exi ' ' agl eni ent
pavenon{Siisk BoMbRAEE oBEBOR R oBRARARNeEGhEeraRg, TR ot of GRRUZD

t hat cais oftarcadvense toathendstermioation of pavementidersity ansk eoropaviieni dus,pihecess
than th u : .4 . . an . ' Iee tage of
the cont e Enal SR, Jhftealliat o SherdEuch BLiee 1AL PUSaE Rl 30

i nabi | i dyawreouiopmcess vihal slowvse dofvingtheaultiorede pavement applicatioapeperatiorar ea.

sens! no SrerdBR o G4t Sl 16 rdvRR' of Seihi [RRBHRAL e AR 17
densi t y comginismit pavelagnicderisily, onipaction, tamddstgesgation ?ﬁgﬁzg?tg?mi[ﬁng alepizet i on.
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SUMVARY clirerftiilavalRI T ON
[17] Yet another potential disadvantage of the conventional pavement density
indicator devices may be found in an inability to move to various configurations, such as
in shape and area. The conventional devices often do not permit movement or
alteration of the sensing area, and are not configured to readily permit the pavement
density indicator device to be moved to determine density and compaction.
Accordingly, a need exists for a pavement density indicator device that can determine
pavement density in particular configurations of pavement.

SUMMARY OF THE INVENTION

18] The invention is directed fo an apparatus to analyze density and
segregation of a material. The material analyzing apparatus comprises an
analyzer body that comprises a generally insulative material casing; a material
analyzing circuitry that includes a transmitter, a receiver, and a control; an
antenna system that comprises a transmitting antenna, a receiving antenna, and
a ground layer; a coupling structure that couples the antenna system to the
material analyzing circuitry. The transmitter of the material analyzing circuitry




[18] The invention is directed to an apparatus to anal yze dengiLty and
segregation of a material. The material anal yzi ng apparat us cé:;pq?t?ggrgﬂoe

anal yzer Wods/1odses conprises a generally insulative materipglhgasitog a
material analyzing circuitry that includes a transmtter, a receiver, and

a control; an antenna systemthat conprises a transmtting antenna,- a
recei ving antenna, and a ground |ayeP;-a coupling structure that couples
the antenna systemto the material analyzing circuitry. The transmtter of

t he mat generptesrmViiE elgctromagnetieware sigied Bt i edaptedy bg/seobbythe

PCT/ USO - : ; | | that is
adapt edﬁéﬁgﬁgeanr&e%%e@ﬁ{amﬁ%ﬁg%? ﬁ]ﬁggﬂﬁ g'%ﬁ?ﬁ gwge%‘.’??‘g?j% Rﬁ% o the
mat er i abBnteond eecriving 20y retlimedrsignal fromgthe anateriglandesent Jo the ®agiveet ur ned

si gnal t i a h ' cpntrol. The
control L@‘ﬁg‘]ﬁ tg e Ergf. aﬁlgeyg%tﬁﬁgﬁesqt %P\%I f?Of %ﬁaﬁ%ﬁ/g‘? §’Fd?‘g'!:trffgr 'tgcg:%g%?st ics. [19]
Fur t her charheteristiosnt i on sets forth a material anal yzi ng apparatus. The

mat eri al anal yzi ng apparatus conprises an anal yzer body that conprises a

gener al |1 NS\ by ek alrigh LRSI @ MudlBhadrdlyARPbygiGsC i L1y L hat

i ncl ude conprisiig a ransmtter, a receiver, a control; an antenna
syst em ttatarial cnafyzinge epparatusn somplisasgaamnalyzgr kodyethel vdompriaes éhna, and a

O Ours bBYGaly BeuBAE A LG bRl SRUPIAT b i iRgudes | om | © 1 he

mat eri aF ana Circui ransm t material anal yzi ng
ci rcui t cympusieg & denamifieF, aecteselvern reaginat cantrelivan sintgraia systemitbabdapted to

be sent A r A t A ' i nt ial to be
anal yze&&*ﬁ%%réé%mﬁtgﬁgﬁéer@% g?@@%‘?@gnﬁ*t@ﬁg"{ re du$ r@?}’sr{safgggrlt’ romthe
mat er i akouplidgssinicture thhe cogples e antedna systame te dhe modteridlhanatyairtg ol t hen

abl e to_anal the si | for | r I ST T terial
char act D) otnd WerSafy o e MEeRe Bhaly i LY .SRreFRee o 4
segr egatleotnombg@iaticTvave nsigmudli that iss adapiedt #odbe oseand ap e dtansmittinganal yze
density _and segregatipn,of. a material. Th terial analyzing apparatus
conpri Sgﬁtegﬂa a&ﬂafﬁ%fi‘?ﬂow&@‘% WEFG’@LM‘F ?@?E@g‘ge?\f a'ieﬁ'v‘nﬁs?ﬂt‘:dﬂle\/e mat eri al
casi ng; reveiirigeamateturned signal from the material and sent to the receiver and to

the control. The control then able to analyze the signal for material

characteristics. The material characteristics including at least one of density and

material segregation.

[20] The invention is directed to an apparatus to analyze density and
segregation of a material. The material analyzing apparatus comprises an
analyzer body that comprises a generally insulative material casing; a material
analyzing circuitry that includes comprising a fransmitter, a receiver, and a
control; an antenna system that comprises a transmitting antenna, a receiving
antenna, and a ground layer; a coupling siructure that couples the antenna
system {o the material analyzing circuitry. The transmitter of the material
analyzing circuitry generates a VHF eleciromagnetic wave signal that is adapted
to be sent by the transmitting antenna and directed into the material to be
analyzed. The receiving antenna receiving any returned signal from the material
and sent to the receiver and to the control. The control then able to analyze the
signal for material characteristics. Density of the material can be linearly related
to a refurned signal. The control can determine density D being generally equal



analyzing circuitry that includes conprising a transmtter, ﬁlt’?e(ﬁ er 2038d
a control; an antenna systemthat conprises a transmtting a

recei vi ngwoosiemoa, and a ground | ayer; a coupling struct lptq«f[tshmlggg)upl es
the antenna systemto the material analyzing circuitry. The transmtter of
the material analyzing circuitry generat es a VHF el ectromagneti c wave
signal that is adapted to be sent By’the transnitting antenna and directed
into the material -.to be analyzed. The receiving antenna % i Vi ng any
retur ne® %rr@aéureﬂrr@mm%m%a&ervé!mesawaors%@ﬂt slepe; rﬁeppgcaéqgéﬁe Enﬁl" to the
control gechigareeifi®! then able to analyze the signal for material
characteristics. Density of the material can be linearly related to a
returned signal The control can determ ne density D being generally equal
27 Oct oB&MX0¥6* bvD 03/ 102606 PCT/ US03/ 11938 7 to a measured ret urned
voltage V tinmes a constant slope m plus an offset b, in accordance wth:
D=nxV +[21] [ 21]Théhrventientis areceddio @nt appdratusntoampalyaé uderisity saral yze density

and regatj on f a nateri The, mat eri al anal i Nng appar at us corrprlses
an ana sregation 9 t%éﬁa@ﬂﬂ'prﬁheeg’ag r&’én@@%'}ﬂlaﬁgﬁ{% 3’8“‘%@?%%% casing; a
nateri aénalwluoay NHaCEdmpliddsya ighaéraily iHsultive andtendlsalisinge b, materigcei ver, and
a control; ant enna syste that co ri ses a.trans tt| nﬁglantenna a

recei wﬁ@aﬁr‘l‘i‘%rﬁfﬁu'“an@'at én I era & BeRiYehg 288 (] t4at coupl es

t he ant gRBans ¥pdtem that édlﬁpnsrée,tﬁarﬁskmﬁiﬁglamdm & iré&8Wihg ¥ntefhs, dridansmi tter of
the material analyzing circuitry g}aterat es tgﬁVHF el ectromaﬁ)n tic wave

si gnal @rgEeunds layegkpa cepupling stryetire tqeeiPies, s sFRtepnd, §Ysirie and directed

into thﬁtafﬂiira?%héftyzh@ a&uﬁﬂalmeﬁansm&err srcmé/rrmenaarﬁr@n&ﬁqgrafc@it ng any
returned signal omthe raterial and sent to the receiver to the

control genﬁﬁ@teg Y5 elesteainagyielic wave signp) that ipadanipdto be rseﬂta'ﬂémeal
char act ggAsphittin anfeﬂﬁ]acam nﬂxF&ctéd’iﬁfb e |n?atéﬁ’aﬁ@% Eéﬁﬁlgﬁél? ?hé)fb%bwfrfy mat eri al

characteristic materi al segregation of
antenna receiving any returned signal from the matenal and sent to the receiver
and to the control. The control then able to analyze the signal for material
characteristics, The control then able to analyze the signal for material

characteristics, the material segregation of

s2

SL=k pl s
s1

where Kk is a constant, p is pavement density and s is distance across a surface.

[22] A further aspect of the invention provides a method for analyzing a
material. The method comprises providing an analyzer body, the analyzer body
comprising a generally insulative material casing; providing material analyzing
circuifry, the material analyzing circuitry comprising a transmitter, a receiver, and
a control; providing an antenna system, the antenna system comprising a
transmitting antenna, a receiving antenna, and a ground layer; coupling antenna
system to the material analyzing circuitry; and generating a VHF electromagnetic
wave signal; transmitting the VHF electromagnetic wave signal by the
transmitting antenna; directing the signal tc be analyzed; receiving any returned




sl where k is a constant, p is pavenent density and s is distapce .agro
surface. [22] A further aspect of the invention provides a ng?ﬁﬁa°56r33°€

anal yzi ngw® osnmeigesi al . The net hod conprises providing an pgghégsioppdy, the
anal yzer body conprising a generally insulative material casing; providing

material analyzing circuitry, the material analyzing circuitry conprising
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w]here 8D is the standard deviation of measurements.

[24] A further aspect of the invention provides a method for analyzing a
material. The method comprises providing an analyzer body, the analyzer body
comprising a generally insulative material casing; providing material analyzing
circuitry, the material analyzing circuitry comprising a fransmitter, a receiver, and
a control; providing an antenna system, the antenna system comprising a
transmitting antenna, a receiving antenna, and a ground layer; coupling antenna
system to the material analyzing circuitry; and generating a VHF electromagnetic
wave signal; transmitting the VHF electromagnetic wave signal by the
transmitting antenna; directing the signal to be analyzed; receiving any returned
signal from the material; sending the returned signal to the receiver and control;
and analyzing the signal for material characteristics. The step of analyzing the
signal for material segregation characteristics can be determined by
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material. The nethod conprises providing an anal yzer body,
body conprising a generally insulative material casing; provﬁé%ﬂ§°ﬁﬁf899§|
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transmtter, a receiver, and a control; providing an antenna system the
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an offset b, in accordance with:
D=mxV +h.

[26] A further aspect of the invention provides a material analyzing
apparatus for measuring material segregation. The apparatus comprises an
analyzer body that comprises a generally insulative material casing; material
analyzing circuitry that comprises a transmitter, a receiver, and a control; an
antenna system, in which the antenna system comprises a transmitting antenna,
a _receiving antenna, and a ground layer; a coupling structure that couples the
antenna system to the material analyzing circuitry. The transmitter of the material
analyzing circuitry generates a VHF electromagnetic wave signal. The VHF
electromagnetic wave signal being adapted to be sent by the transmitting
antenna, and is directed into the maierial fo be analyzed. The receiving antenna
receiving any returned signal from the material and then sending same to the
receiver and to the control. The control is then able to analyze the signal for
material characteristics. The material segregation (Seg) being determined by
Seg = constant x SD  + offset, where SD is the standard deviation of
measurements.
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si gnal %gﬁeré[) fgﬁssﬁqqia?ﬂge\aﬁp@#gne%ﬁurﬁ%q Trg the signal togbe anal yzed;
receiving any returned signal fromthe material; sending the returned

si gnal BRIEFMPESSRIPTION ORTTHEORAWING8nd anal yzing the signal for naterial
segregation characteristics. The determ ning material segregation (Seg) is

by Seg [_28f0nStF?é1}reX1 %) a+sc%én§5t¥c’ illustration of a material segregation and density
analyzing apparatus, as embodied by the invention;

[29] Figure 2 is a schematic illustration of the circuitry for the material segregation
and density analyzing apparatus, as embodied by the invention;

[30] Figure 3 Is a schematic illustration of the antenna for the material segregation
and density analyzing apparatus, as embodied by the invention; |

[31] Figure 4 a graph of non-averaged density versus pavement locations;
[32] Figure 5 a second graph of non-averaged density versus pavement locations;
[33] Figure 6 is a schematic illustration of the antenna for a material characteristics

analyzing apparatus, as embodied by the invention; and

[34] Figure 7 is a schematic illustration of the circuitry for a moisture content
analyzing apparatus, as embodied by the invention.

DESCRIPTION OF THE INVENTION



where SD is the standard devi ation of neasurenents. BRI EF DES |(5> g\l %06
THE DRAW NGS [28] Figure 1 is a schematic illustration of a er
segregat i wn ®nd2a@ensi ty anal yzi ng apparatus, as enbodi edpbynishsidosyenti on;
[29] Figure 2 is a schematic illustration of the circuitry for the materi al
segregation and density anal yzing apfaratus as enbodi ed by the invention;
[30] Figure 3 is a schematic illustFatton of the antenna for the naterial
segregation and density anal yzing apparatus, as enbodied by the invention;

[31] Fitdle 4 Ehegrnyention eAPASES: Zgdtpiaaslssegregaiiay anshoneit aneb&indons:
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| ocati ons Fi gure {3 is a schematic il'lustration of the antenna for a
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oyent | Shayand apidienfs Bt fbatufify And BORMAIN ti6as o8 de AenBly, ERRoEld 11

ntent anal g appar at as enb e I nvention.
DESCRI Pandsegregatien ofageialt.okhe asgisltonay bemnﬂmm@dmbetﬁ PCT/ US03/ 11938 -
11 [35] The invention conprises a naterial segregation and density
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apparatus™) to analyze density and %re gation of a material. For exanple,

t he i nventtalia naiesal |a§ahr2|agr¢@pafat@ﬁ Thenery DorgblgAsdised ia tisconteddneansy and

det er m gy 5 tch b%%ﬁ%ﬂf Ved '&dstéfcﬁﬁ 838 rafR ofin
asphal t. #%@@Efﬁﬁf nérﬁﬁnggé ‘?%gtgﬁt I)r/I appli e&iﬁoaspﬁ? 6Sf Qér rrgt erel al
anal yzi ﬁgat@rm&analurasg aagar@tnsom eperagonstas dasedhad geinconpri ses a  portabl e
mat eri al anal yzi ng apparatus. The term portable as used in this context

nmeans {4yt t%é%ﬁﬁ'arﬁfﬁﬁd&hﬁ?a@ﬂﬁara%t Embeaied Dsy A9 iihventiB,e8arPbhed
standi ng operator of the naterial analyzing apparatus, in op eratlons as
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measure density of the asphalt. The measurement may be taken in any appropriate
units, such as, but not limited to, in pounds per cubic foot.

[38] The material analyzing apparatus 1 (Fig. 1), as embodied by the invention, is
relatively light-weight (such as approximately % - 1 pound) with a relative perimeter size
body and base (also known as a “foot”) of about 5§ inches by about 5 inches. These
configurations and weights are merely exemplary of the size, shape and weights of the
material analyzing apparatus as embodied by the invention, and are not intended to limit
the invention in any manner. The material analyzing apparatus may comprise any
configurations and weights as long as the functionality and operations of the material
analyzing apparatus are maintained.

[39] The material analyzing apparatus 1, as embodied by the invention, comprises
a ‘relative” reading device. The term relative reading device as used in this
specification means that the material analyzing apparatus should be calibrated to a
known density material. This calibration or referencing of the material analyzing
apparatus typically occurs prior to use at a paving location.
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schematically illustrated in Flgures 1-3. The matenal analyzing apparatus 1 in Flg 1
comprises an analyzer body 10 and a handle 12. The handle 12 can be used to
maneuver and manipulate the material analyzing apparatus 1 for pavement analysis, as
described herein. The handle 12 comprises at least a portion thereof that is non-
conductive or insulating. For example, and in no way limiting of the invention, the
handle 12 can comprise insulating material for the first portion, for example the first 12
inches of the handle, and the remaining portion may be formed of any material. The
above is merely an example and the scope of the invention includes any other structure
and configuration of the handle. The analyzer body 10 can comprise the configuration
as described above.

[42] The analyzer body 10 comprises a generally insulative material casing 14 in
which the material analyzing apparatus 1 circuitry 50, as described hereinafter, is
disposed. The analyzer body 10 comprises a base or bottom surface 16 that is formed
of a non-metallic material. The bottom surface 16 of the analyzer body 10 is formed of
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linmit the invention in any manner. The followi ng descripti onzgn%?togéf@bﬁ)@o

t he VHF elweaisniomegneti ¢ wave frequencies. [41] The nat er palpngeiiid Ng
apparatus, as enbodied by the invention, is schematically illustrated in
Figures 1-3. The material analyzing apparatus 1 in Fig. | conprises an
anal yzer body 10 and a handle 12. Thethandl e 12 can be used to rraneuver
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by the material analyzing apparatus 1. The nethod of providing results for
the mat dlal Theahsteriakpnatyzinganpsaraius 3 asyembedied by ithe/ingentiany careingiudei ded as

the sol 8 g@ctomgyoéata transmitter to send signals generated by the material analyzing
apparatus 1. The signals generated and sent by the material analyzing apparatus 1
may be received by any appropriate receiver, such as but not limited to, a computer, for
example via a modem or wireless modem. These are merely exemplary and not
intended to limit the invention in any manner. The receiver may be located in close
proximity to the pavement being analyzed by the material analyzing apparatus 1. If the
transmitter systems (not illusirated) of the material analyzing apparatus 1 is of sufficient
power, the receiver need not be located in close proximity to the pavement being
analyzed by the material analyzing apparatus'1. Regardless of the location of the
receiver to the pavement being analyzed by the material analyzing apparatus 1, the
material analyzing apparatus 1 can send signals generated by the material analyzing
apparatus 1 t'o a receiver that is remote from the material analyzing apparatus 1.

[45] The insulating handle 12 of the material analyzing apparatus 1 comprises a
structure that can allow a user or operator of the material analyzing apparatus 1 fo
easily maneuver the material analyzing apparatus 1 for use. The insulating handle 12
can be used to move the material analyzing apparatus 1 for determination of at least
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about 50 MHz.

[48] The material analyzing apparatus 1, as embodied by the invention, can include
a bottom member (not illustrated for ease of illustration purposes). The boitom member
comprises a structure that protects the bottom structure of the material analyzing
apparatus 1. The bottom member protects the material analyzing apparatus 1 from
abrasion during use, for example as the material analyzing apparatus 1 is moved across
pavement in operation of the maferial analyzing apparatus 1, as embodied by the
invention. The bottom member can comprise any non-conductive and non-interfering
material, such as but not limited to, rubber, synthetic materials (LEXAN), and other such
materials. The bottom member can comprise a flexible member that is attached to the
material analyzing apparatus 1 analyzer body 10, for example attached by VELCRO or
other such attaching member. The bottom member should be sufficiently thin to not
interfere with generation and refurn of signals. For example, and in no way limiting of
the invention, the botiom member can be about 10mil thick.
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materi al woakuaicng apparatus 1, as enbodied by the invenpromsodAdls The
mat eri al anal yzi ng apparatus 1, as enbodied by the invention, conprises a
circuitry 50 that is used for determination of at |east one of pavenent
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i || ustr éHeawceigerbd.s of the circuitry 50. The circuitry 50 conprises a
transmtter 52 and a receiver 54. The sinple continuous wave at about 50
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transm a mcro-power transmtter 52
and t heanddsitween 3he repeivingcantenna $4 gad the repeiven 8édcan be dong by anvt uned

di ode deLeabAkte HaGnt, 86 L iflstrated® Wilh % 'RBRING SrBéutB5. The coupling

structure 65 between transmitting antenna 62 and the transmitter 52 and between the
receiving antenna 64 and the receiver 54 can comprise straight hard line wiring as
illustrated. The coupling structure 65 wiring for the transmitting antenna 62 and the
transmitter 52 and between the receiving antenna 64 and the receiver 54 may also
include various electrical components, such as a capagcitor and inductor (as illustrated).
The illustrated configuration and those described herein are merely illustrative of the
material analyzing apparatus 1, as embodied by the invention, and are not intended to
be limiting of the invention. Other features of the invention are within the scope if the

invention.

[52] The antenna system 60 of the circuitry 50 in the material analyzing apparatus
1, (Fig. 1) as embodied by the invention, can emit a radio frequency, electro-magnetic
wave (E x H), where E is the electric field and H is the magnetic field. Furiher,
permativity (dielectric) and permeability of the material under test affect the propagation
of both E and H field components, respectively. The radio frequency, electro-magnetic
wave (as used herein as “signal”) is emitted into the info the pavement 5 from the
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The recéplipmgugaceiBa 64 can picks up or receives the signal as it return
fromthe pavenent 5.

[55] Noting the configuration of the antenna system 60 on the base or bottom
surface 16, the 2-conductor transmission line portion of the antenna system 60 is
intended to lie flat on pavement 5. The transmitting antenna 62 and the receiving
antenna 64 are disposed in a generally parallel relationship to each other. The strength
of the signal, which is generated by the transmitting antenna 62 and received by the
receiving antenna 64 is directly proportional to the pavement density.

[56] The antenna system 60, as embodied by the invention, further comprises a
ground layer 68. The ground layer 68 is disposed further the transmitting antenna 62
and the receiving antenna 64 in a generally parallel orientation between the transmitting
antenna 62 and the receiving antenna 64. The ground layer 68 is the “middie” of the Z,
in which the transmitting antenna 62 and the receiving antenna 64 form the outer sides
of the Z, in a manner to sandwich the ground layer 68 therebetween.

[67] The ground layer 68 is also positioned on the base or bottom surface 16 of the
body 14 of the material analyzing apparatus 1, as illustrated in Fig. 1. The ground layer
68 extended from the base or bottom surface 18 a first distance and the fransmitting
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diameter test cores, which are extracted from highways. Additionally, such cores can
be made in the lab from a pavement mix to determine the maximum theoretical density
of a particular mix. The cores are used fo provide standardized readings for least one
of density, compaction and segregation of pavement. For example, when paving a
road, the asphalt mix is checked daily at the asphalt plant, as this check may be a
contractual requirement. Hence these cores or specimens are available for density
(and compaction and segregation) for the material -analyzing apparatus 1 calibration.

The material analyzing apparatus 1, as embodied by the invention is small enough in
size to calibrate the industry standard 6-inch diameter test cores. Prior devices are not
believed to be small enough to be able fo calibrate the industry standard 6-inch

diameter test cores.

159] The material analyzing apparatus 1, as embodied by the invention, further has
a reference feature, which can allow a user or operator to calibrate the material
analyzing apparatus 1 to a reference standard prior to each field measurement. This
calibration or reference feature is included in the circuitry 50, and can be controlled by
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conducted by at least two methods. A first calibration method, as embodied by the
invention, comprises taking highway data using the material analyzing apparatus, as
embodied by the invention and also taking cores from the pavement. Next, in a
laboratory, the cores are analyzed for at least one of density, compaction and
segregation. Thereafter, a gauge of the material analyzing apparatus, as embodied by
the invention, can be set to read correcily based on this core data.

[63] A second calibration method comprises using the material analyzing
apparatus, as embodied by the invention, to evaluate and analyze test cores prepared
in a laboratory, in which the cores are prepared using a vibratory compaction of asphait
from an earlier asphalt mix, which can be sampled from the asphalt plant. The material
analyzing apparatus, as embodied by the invention, be placed directly over the
laboratory cores. Thus, the material analyzing apparatus can be used to calibrate in
rapid or approximate real-time, to the asphalt mix being put down as pavement.
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enbodi edsuabiitsh BYSIENRAL udifiy HeAta@nal &RfiyZing S)RFatu89 can be achieved by
placing the material analyzing apparatus 1 on a pavement surface, actuating the
circuitry 50 of the material analyzing apparatus 1, sending and receiving a signal,
analyzing the signal, and displaying a pavement segregation measurement value for
the operator.

[66] The density-measuring function of the material analyzing apparatus 1 can
include using the material analyzing apparatus 1, as embodied by the invention, to
make at least one pavement density measurement. To use the material analyzing
apparatus 1 to determine a cross-sectional analysis of pavement, multiple
measurements of pavement density can be taken and averaged. This averaging is
desirable because the pavement, regardless of how carefully it is applied is non-

uniform.

[67] The measurements are generally taken by moving, such as by rotating or
fraversing the material analyzing apparatus 1 about pavement. The number of
measurements will vary, for example, in a range from about 4 density measurements fo
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exemplary operations of the invention, and are not intended to limit the invention in any
manner. As will be evident, other operations are within the scope of the invention.

[70] In; operafion to determine segregation levels of pavement, the material
analyzing apparatus 1, as embodied by the invention provides for analysis by the
control 70 of the material analyzing apparatus 1 of the generated pavement density
signals. The segregation is proportional to the standard deviation of density values.
Accordingly,

[71] Segregation level = k x density Standard Deviation,
where K is a constant.

[72] An example of the use and operation of the material analyzing apparatus 1, as
embodied by the invention, comprises making multiple density measurements at a
number of test locations. A spreadsheet software program with math functionality (such
as EXCEL) can then be used to calculate standard deviations. In a first step, multiple
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Oper ati ons the material analyzing apparatus 1, as enbodi ed by t
i nvent i dfabotid-8%ow be described. The operation will describe operat i on for
the material segregation and density anal yzi ng apparatus and nethod, as

enbodi ed78y t hRext, a\p%me Was thikerPanrbisZsavefitnt, téﬁgﬁﬁﬂb\%@@l 6S8atWIed irength.
material. In particular, the operation. wl| describe operation for the

mat er i al Th&eBa ABAIVZRg ﬁﬂ’@ﬁ%ﬁ“ﬂ%ﬁlaﬁ%d%"ﬁ& LIy Hieatnyentiont resrsgerh multiple

enbodi edyiity RalueBYaNtLBH |ﬂc@erﬂéﬁby2?oﬂ%@§ht?’roﬁﬁdofsﬁ\%@&%' euhsﬁ'fesp%ermnt
The foll ow ng description of the operation o he invention is intended to

merely oré%r&qar%éew@t&%ﬁna@e@@@r%ﬁnsshwem calgalatad and ploted dmdigiFe Snothe

| nt endedyrhghd strath R grb4aBA 18V i) oA e 1EFRIBRERl A¥s ‘é(hh'dé?l@ltfﬁh C{ﬁé'tnghpt her
operations are within“the scope of the invention. [70] In operatio

det er ni riXiSegregation | evel s of pavenent, the material anal yzi ng apparatus
1, as enbodied by the invention provides for analysis by the control 70 of

the nat E{'?J}[]f]l apalnytbral HPBREMEUappatust hﬁeQﬁﬁ&héﬁﬁ%y@%\‘ﬂ?”ﬁﬁﬂ 8850iated
signal s e segregation is proportional to the standard devi ation of

densi ty QPEFRIE8. USI%%@?‘?@'?&/GNQW@TQ apparalyst T @8 erabedied-by the ipuertiany Wilt andar d
Devi at i (bw be further described. The measurement system and associated operation using

the material analyzing apparatus 1 comprises at least 2, and in other embodiments at
least one 4, material analyzing apparatus 1 units. The material analyzing apparatus 1
can be arranged in an appropriate configuration. This configuration can be is placed
over a pavement area of unknown segregation. Multiple measurements, such as, but
not limited to, four measurements of density can be made. The measurements may be
made simultaneously. These measurements are used to determine at least one of a
standard deviation and average value of density.

[75] The determination can be calcuiated by the control 70 of the circuitry 50 of the
material analyzing apparatus 1, as embodied by the invention. From these value
determinations, a density standard deviation can be calculated by the control 70, and
the density standard deviation can be displayed on the display 51 of the insulative
material casing 14. Each material analyzing apparatus 1 of the set of material analyzing
apparatus 1, as described above, can be rapidly moved from pavement location to
pavement focation. This movement can provide a readout of both segregation and
average density. By this methodology, the separate material analyzing apparatus 1



where k is a constant. [72] An exanple of the use and operatlgg,c(g he
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maki ng Mo Bheqdensi ty nmeasurements at a nunber of test pb@gRbi/PRgs A
spreadsheet software programw th math functionality (such as EXCEL) can
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operation using mat er’| anal yzing apparatus | conprises at |east 2,
and in %It‘her eg‘godl nents at . |east one 4, material anal yzing apparatus 1

units. THE mat dhisanalagprosessinaiiae majerial analyzingapparalig s embgedied by
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operator to switch between segregation and density modes

[78] The material analyzing apparatus 1, as embodied by the invention, is not
adversely influenced by moisture and temperature, in direct contradiction of some
known devices in the prior art. The material analyzing apparatus 1 and its operation is
not adversely influenced because the signals are generated by the material analyzing
apparatus 1 af very high frequencies or VHF electromagnetic wave. An exemplary
frequency is about 50 Mhz. At this general frequency, the signal or field created by the
material analyzing apparatus 1, as embodied by the invention, is actually an
electromagnetic field. The material analyzing apparatus 1 transmits a signal into one
side of the antenna system 60, while the received/returned signal is received by the
opposite side of the antenna system 60. The received signal is detected by the
receiver, whose output is a direct current signal, which is directly proportional to asphalt
density.

[79] Further, the antenna system 60, in the Z-shape is a uniform configuration. The
antenna system 60 does not have a dead zone in its center due to the configuration. A
dead zone, which is exhibited in prior art analyzing devices circular arrays tend to ignore




[ 75] The determ nation can be cal cul ated by the control 70 of %Rﬁ‘é t’ #b&gy
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di spl ayed on the display 51 of the 'nELél ative material casing 14. Each
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t he mvenjﬂw can produce a generated signal that Is proportlonal
segregatP sThe generated signal that is proportional to segregatlon
woul d be displayed for the user. A toggle switch, which can be associ at ed
wi th thdstict uaDeyrmxwWu+@ al |l ow t he user or operator to switch between
segregation and density nodes. [78] The material anal yzing apparat us 1 as
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i nfluenced because the signals are generated by the material analyzing
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generates VHF electromagnetic wave energy, which has capability to measure the

material segregation of a test surface, in particular asphalt pavement. A segregation
measurement method where the material segregation level (Seg of Segregation Level)
can be determined suing a statistical standard deviation (SD) of approximately 7 or
more density measurements about a test location. Thus the segregation level equals a
constant times the standard deviation plus some offset, as follows: -~

SL = const. x SD + offset.

[84] Further, material analyzing apparatus 1, as embodied by the invention, that
generates VHF electromagnetic wave energy, has capability fo measure the material
segregation of a material, such as but not Iimited to, pavement and asphalt. A further
segregation measurement method, as embodied by the invention, can determine
segregation level (SL) (also known as material segregation) as follows:



frequency is about 50 Mhz. At this general frequency, the sig fi
created by the material analyzing apparatus 1, as enbodi ed b§?§H§ bergbgﬁ
inventionwoSnaseslal |y an el ectromagnetic field. The nmat ¢pirglses¥838/Zi ng
apparatus 1 transmts a signal into one side of the antenna system 60,
whil e the received/returned signal is received by the opposite side of the
antenna system 60. The received signal““is detected by the receiver, whose
output is a direct current signal, which is directly proportional to
asphalt density. [79] Further, the antenna system 60, in the Z-shape is a
uni form configuration. The antenna system 60 does not have a dead zone in
its center due to the configuration. A dead zone, which is exhibited in
prior art analyzing devices circular arrays tend to ignore 27 Qctober 2006
WO 03/ 10i88b6 PCT/ US03/ 11938 - 23 an inportant pavenment area. The

el ectromagnetic field, which is also generated by the material analyzing
apparatus 1, as enbodied by the invention and di scussed above, is governed
by both Maxwel|'s ang Poynting' s equations, where a propagating wave is

af fected by both me@fum pernmittivity (dielectric) and perneability. [80]

For exanpl e, nﬁterlal agal yzi ng apparatus 1, as enbodied by the

i nventi on, can et efqm enS|ty of the naterlals such as but not limted
to pavenent, by generatlng a VHF el ectromagnetic wave field. The field is
passed through the naterial to neasure its density. The density is
linearly related to a neasured return/returned signal that is nmeasured as
a voltage. The density D can be determ ned as being equal to the neasured
voltage V tines a constant slope m plus an offset b, as follows: [81]
D=nxV +3ﬁh§2} dlscussed above, noisture and tenperature do not influence

the mat re X Fyafopateat. e 19 payementrdensit and &1 is fisteyes B6rasspr at us
1, as ermfycsd :rbxstﬁehwawgr_t;s%ualtthaé cor&fagﬁruﬁrre%%néﬂa'ﬁ gs%fﬁ@w% o VAVE

energy, which has capability to neasure materla egregation of a test
surf ace, ST ﬂnfbé?tqfdm a%bsglgﬁsh\ealtﬂe phacshange inm deagjtyeppitshange m@ neeentheret hod

wher et hayambe dndbe Si§ UceBRblished! BY Fhoving? thed ISt SRl bepdthtus 1, as
embodied by the invention. The movement would be in at least one of a rotation or in
straight line. In this methodology, the acquired signal would be a density level pius
density variation (DC +AC) as the unit moves.

[87] First, the signal would be AC coupled to provide only a density variation, then
this signal would be full-wave rectified and filtered to produce a DC level, which is
proportional to density variation. This processing, which can be analog, will produce a
signal that is proportional to segregation. This number can displayed for the user by the
material analyzing apparatus 1.

[88] The material analyzing apparatus 1, as embodied by the invention, can further
calculate a segregation level by rapidly measuring small variations in spatial density
across a pavement surface. Signals can be reported o an operator in real time or near-
real time values.

[89] Figure 6 is a schematic illustration of the antenna for a material characteristics
analyzing apparatus, as embodied by the invention. Figure 8 comprises the 3-3 cross-

sectional cut denoted in Figure 2. Figure 6 also shows the bottom surface 16 of the
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which is proportional to density variation. This processing, which can be
anal og, ShPWwn ippadasanexploidgd aiev siiah that the spasesi shonin hepweerythedaliawing Thi s
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[ 88] Thdayess existior glasiyyof iprepentsiien dubierelnot presenbiodhe dappgratuseotithespresenin, can
further calculate a segregation |level by rapidly neasuring snmall
vari at i dmentiansieiveen theqrayement dend she enpavablediotiogumepber 269, dgefiveercan be

reported to an operator in real time or near-
the layer 72 and the insulation layer 203, and between the insulation layer 203 and the

structural top member 204.

[90] Figure 7 is a schematic illustration of the circuitry for a moisture content
analyzing apparatus, as embodied by the invention. Fi(;]ure 7 is similar to Figure 2,
discussed supra, with the primary exception that Figure 7 shows a phase block 220 for
determining of moisture content and a moisture display 221 for displaying the moisture
content so defermined.

The present invention generally measures material properties of a surface under test.
One such material property that is measured is material moisture content. As shown in
Figure 7, the fransmitted signal from the transmitting antenna 62 is passed through the
material being tested and received by the receiving antenna 64. Moisture present in
the material, which may be caused by ambient moisture, will effect the phase

relationship between the transmitted and received signals. Dry insulation has a



real time values. [89] Figure 6 is a schematic illustration of,.t nt
for a material characteristics analyzing apparatus, as enbodizgaa‘g&?ﬁeﬁg%g
i nvent i onwoFisdgigdas 6 conprises the 3-3 cross- sectional culpcgRiRgl/edsd N
Figure 2. Figure 6 also shows the bottom surface 16 of the 27 Oct ober 2006
WO 03/102606 PCT/US03/11938 - 25 analyzer body 10 (see Fig. 1). Figure 6
additionally shows a renovabl e bottom“tenber 200 which resi des between the

bottom surface 16.and the surface under .anal ysi,s 202.. A groupd |ayer 68
whth st r AP RBATe BE S 80 o1 B1p Ufer e dearennafalsinedi il bgdh ™,

The next | ayer .72 above |ayer 71 conprises the a ittin ntenna 62,

i nsul at i PSSt sigy quﬁle‘! W%Bé'ﬂ@)? %&eg%ﬁéﬁﬁa “Gwafér{?efng]%ﬂfeﬁ%ﬁﬁl bove | ayer
72 is a continuqQus insulati | ayer 203. An electrjcally conductive

st r uct ur BOISHYR: Yhaiin itie Bhsse sreived slopahis sauRaEsand ¢RieHI#teAPY ayer 203 and
is also electrically connected to ground. Note that Figure 6 is_ shown in
part as SHMREMYGHEETENeRsignalHranm ie Fansmiltr 2do dhp Mieageeadeseivamksigndl| owi ng

| ayers exist for clarity of presentation but are not present in the

appar at uorBithe Freelyeesd ahd the,iesHitand phasr diffeence ieconyeend i@ aselaive t he

renmovabl e bottom nmenber 200, between the |ayer 72 and the insulation |ayer
203, andmBistyesanteRk Thesehage difereagais detsmined hhibe phese blogk 220 @ag thienber
204. [90] Figure 7 is a schematic illustration of the circuitry for a

noi st ur emeishire genteahefi the megerigh paingtiested isscalowiriad éronbtyletde&ermin@inha@ﬁ. Fi gure
7 is simlar to Figure 2, discussed supra, with the primary exception that
Fi gur e 7shifkobe galpilated moistike comterionay be displayed og te meisteeudisplay2@ient and a
moi sture display 221 for displaying the noisture content so deternined.
The pr esEiedeaterfiontof meisjuiedising epsesant swentione may commisedetestiondf a sur f ace
under test. One such material property that is nmeasured is materi al

moi st ur emoistirein insidatisp ommaterial (eFg.ginratecirical ingulatiom sigeherhtaristptat bars)oon t he
transmtting antenna 62 is passed through the material being tested and

r ecei vednigjharmeatedal dinsilating ot sombisoldting)tsiush as cogfingswaterialor théremahat eri al |

whi ch may be caused by anbient noisture, will effect the phase relationship
bet ween indiglatioransni tted and received signals. Dry insulation has a 27
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[91] The signal transmitted by the trénsmitting antenna 62 in Figure 7, as well as in all
other Figures 1-3 and 6, is generally an electromagnetic wave signail such as, infer
alia, a VHF signal (e.g., about 50 MHz), a signal in a frequency range of 1 kHz to 50

MHz, etc.

[92] While the embodiments have been described herein, it will be appreciated from
the specification that various combinations of elements, variations or improvements
therein may be made by those skilled in the art that are within the scope of the
invention.




WD 03/ 102606 PCTI US03/11938 - 26 relatively |ow phase shift - q. . .0f
order of 2 degrees). Mist insulation will show a phase shi fgﬁ(gctoberzto%
si gni fi cawg as/10®oe t han 2 degrees and upward to 20 degreepciAlsodi@hk

noi sture. Thus the phase of the received signal is sensed and cal cul ated by
conparing a reference signal fromthe 2t7ra_nsm'tter 52 to the neasured
received signal fromthe receiver 54 “adnd the resultant phase difference is
converte@l tag. a,relative noisture content. The phase difference is

determn c§1 S;cth@e Nise bl ock 220 and the noisture content of the materi al
being tested is calculated fromthe determ ned phase shift. The cal cul ated
noi sture content may be di splayed on the noisture display 221. The
detection of noisture using the present invention may conprise detection of

etect ion of misture using n my_ compri
gencr at of 0 SR QrRhel Ehodonisl Sineritly En°HHAIEER olf W dleePbedy o ng)

such as inelwflingy material or thermal insulation. [91] The signal
transmtted by the transmtting antenna 62 in Figure 7, as well as in all
ot her Figures; datr@ehdng:i S generally an el ectromagneti c wave signal such
as, inter alia, a VHF signal (e.g., about 50 MHz), a signal in a frequency
range of 1 kHz tqo 50 MHz, etc., [92I1' Wi | e the enbodi ments have been

descri bed herB@gnal @ngyzing, Sirgwiy.e dineyt Bateriab AnalyFings wirevifry c SoMBHiSiAg @

various gardifial beBseiwdr, Sh&HRBAGol, Vari ations or inprovenents therein may
be made by those skilled in the art that are within the scope of the

invention. 27 Cctober 2006 MO 03/102606 PCTI US03/11938 - 27 - What is
clainmed is: P7 aDRERR SysEm 486 \Penpa-sysiam CouIPrishgA irensmiting anignga.c2 body,

the anal yeningestenria)ahddigiGunciaysr gid al casing; material anal yzing
circuitry, the material analyzing circuitry conprising a transmtter, a

recei ver, and a c%

a coup % rs?rlut:tuna that couples the antenna system to the material analyzing

circuitry,

wherein the transmitter of the material analyzing circuitry generates an
electromagnetic wave signal, the electromagnetic wave signal being adapted to be sent
by the transmitiing antenna into a material to be analyzed, the receiving antenna
receiving a returned signal from the material, the returned signal then sent io the
receiver and to the control, the control then able to analyze the returned signal for
material characteristics of the material,

wherein the transmitting antenna and the recelving antenna of the antenna
system and the ground layer comprise a configuration of a two conductor transmission
line with in-between ground layer, and

wherein the antenna system provides a uniform coverage and does not present
dead zones and provides field shaping that results in retum signals being less effected
by material surface properties, characteristics, and configurations of a material surface
of the material.




an antenna system the antenna systemconprising a transmitti tenn
receiving antenna, and a ground |ayer; and a coupling structuag C%igﬁergmg

coupl es t{ye @Nb/oHa systemto the material anal yzing cir ggigigsynofer ein
the transmtter of the material analyzing circuitry generates an

el ectromagneti c wave signal, the el (a_ctzraoqagneti c wave signal being adapted
to be sent by the transmtting antenna into a naterial to be anal yzed, the

recei vi _receivi ur.n si,gnal _f.r th terial, .the
retur ne?sﬁ%ﬁm%ﬁ% nﬁ?mdigpﬁé&%r‘gcgg%ﬂ‘ &ﬁ&r%'%qg]ﬁé“%ﬁﬁ%r Aragieristics nt r of
t hen abl eonpisera lgest ohé ef derisity,eedreziagion, arfdonoistoné eonteht. char act eri stics of
the material, wherein the transmtting antenna and the receiving antenna of
the antenna system and the ground |ayer conprise a configuration of a two
conductor transmssion line with in-between ground |ayer, and wherein the
antenna system provides a uniform coverage and does not present dead zones
and prow-ddbematptalsanglyzing apraratie of claimia whereinihe irgnsmittingeantgniaesad
effecte b [ r rti C efLSt.lC .
cont | gure  oeehin Plerhd’ bf i BB e 4RI P bictit SBved Bmerise s vo
03/ 10260®nfigumatisnef 1838 - 28 2. The material anal yzi ng apparatus of claim
1, wherein the material characteristics conprise at |east one of density,
segregation, and noisture content. 3. The material anal yzi ng apparatus of
claim1l, wherein the transmtting antenna and the receiving antenna of the
antenna system and the ground | ayer conprise a _configuration of a "Z". 4.
A mat er i ‘bl Aamglefial AalNEPa cRPaRRtySHIor MmaRsUHNG gensityseh § neterialiheanparatus he
appar at Usomififigf | si ng: an anal yzer body, the” anal yzer body conprising a
material casing; material analyzing circuitry, the material anal yzing

, .a receiver, and a control; an antenna

circuitry conprisin transmtte : C
system the taéﬁlvgggﬁgqvem%mﬁwg AY EPRRTSHE Materpl SR%IRGina, a
material analyzing circuitry, the material analyzing circuitry comprising a
transmitter, a receiver, and a control; '

an antenna system, the antenna system comprising a transmitting antenna, a
recelving antenna, and a ground layer;

a coupling structure that couples the antenna system to the material analyzing
circuitry;

wherein the transmitter of the material analyzing circuitry generates an
electromagnetic wave signal, the electromagnetic wave signal being adapted to be
sent by the transmitting antenna into a material to be analyzed, the receiving antenna
receiving a returned 'signal from the material, the returned signal then sent to the
receiver and to the control, the control then able to analyze the returned signal for
material characteristics of the material, the density of the material being linearly related
to a returned signal, and the control is adapted to determine a density D being
generally equal fo a measured retumed voltage V on the antenna times a constant
slope m, plus an offset b, in accordance with:

D=mxV +b, and




receiving antenna, and a ground |layer; a coupling structure t'g t. coupl
the antenna systemto the material analyzing circuitry; wher ?rp?tﬂggrgaos

transm t twio @fiotdoe material anal yzing circuitry generates pgh/usos/11938
el ectromagneti c wave signal, the el ectromagneti c wave signal being adapted

to be sent by the transmtting ante,nn% into a material to be analyzed, the
receiving antenna receiving a returned signal fromthe material, the
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| ayer cohpmaterial sudiate.gurati on of a two conductor transmission line with
i n-between ground | ayer, wherein the antenna system provides a uniform
coverage and does not present dead zones and provides field shaping that
results in return signals being |ess effected by material surface
properties, characteristics, and configurations of the material surface.
5. The natEre matediehepalyaigo appareiesof oeine Mawierssin dhe trensmitting antensarand i ng

ant enna g@gd [V N f a n qround
ayer cans recehing Zhinfrior B Sl syiien 3 B, S 1R5E g
mat er i alconfigeraien Bba "Eonpri si ng: provi ding an anal yzer body, the anal yzer
body conprising a material casing;, providing material analyzing circuitry,
the material analyzing circuitry conprising a transmtter, a receiver, and
a control; providing an antenna system the antenna system conprising a

transm tyfi nt enna, recei ving antenna, and a ground | ayer,
é. Rgnetﬁoé l%r analy%ng a material?the method comprising:g Y

providing an analyzer body, the analyzer body comprising a material casing;

providing material analyzing circuitry, the material analyzing circuitry comprising
a transmitter, a receiver, and a control;

providing an anienna system, the antenna system comprising a fransmitting
antenna, a receiving antenna, and a ground layer;

coupling the antenna system to the material analyzing circuitry;
generating an electromagnetic wave signal;

transmitting the electromagnetic wave signal by the transmitting antenna;
directing the signal to be analyzed into the material; -

receiving a returned signal from the material;

sending the returned signal to the receiver and control; and

analyzing the returned signal for material characteristics of the material,




coupling the antenna systemto the material analyzing circuit
generating an el ectromagneti c wave signal; transmtting the e?ZQ?tSHﬁQRQ{’Pc

wave si gnao dyioidoe transmtting antenna; directing the sipgialsod/Probe
anal yzed into the material; receiving a returned signal fromthe material;

sending the returned signal to the recgjver and control; and analyzing the
returned signal for material characteristics of the material, . ...........
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properti char eristics n configurations of teri surface.
B e, HEMB TS RS SrreRBH byl WR\arih iteed Pregetiese Riregiiotase and
recei vi ngorfiguetions of thetiaterdliserfage.syst em and the ground | ayer conprise a
configuration of a "Zr'. 8. The nethod of claim®6, wherein the materi al
characteristics of the material include noisture content of the material.
9. The nethod of claim8, wherein analyzing the returned signal conprises

measuring a phase shift caused by the noisture content of the material.
10. A nel.hidw methodmd ciain Bgwheneirt theitensittingreatenna and teneceiyingfantenmatodr i al |
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material analyzing circuitry conprising a transmtter, a receiver, and a
control; providing an antenna system the antenna system conprising a
transmtting antenna, a receiving antenna, and a ground | ayer; coupling

the ant einpheShialifil bOCIhE 6RhEFdiR the? Raltetdl REaaklefistids’ o thdHaterial include

moisture content of the material,

9. The method of claim 8, wherein analyzing the returned signal comprises measuring a
phase shift caused by the moisture content of the material.

10. A method for analyzing a material for measuring density of a material, the method
comprising:

providing an analyzer body, the analyzer body comprising a material casing;

providing material analyzing circuitry, the material analyzing circuitry comprising
a transmitter, a receiver, and a control;

providing an antenna system, the antenna system comprising a transmitting
antenna, a receiving antenna, and a ground layer;

coupling the antenna system to the material analyzing circuitry; and

generating an electromagnetic wave signal;




generating an el ectromagnetic wave signal; { 27 Cctober 2006 - 0@10%@88
PCT/ US03/ 11938 - 31 transmtting the el ectronagneti c wave si

transm t t wagosamteegna; directing the signal to be anal yzeci»drmg@ygﬁgs
material; receiving any returned signal fromthe material; sending the
returned signal to the receiver and _CEQt[oI; and anal yzing the signal for
material density characteristics of the material; the density of the

material bel ggaéég@ggglefﬂ@@%g b RalE LA (L ARk dler i i ng

density D be y equa ure urne age’'Vvtines a

constant slope m plus an offset b, |n accor dance w th: D=nxV +b. wherein
the transm tﬁlrﬁ@lr@r’fh%ﬁﬁaabtﬁcbetammzédmfwhﬁgmétﬂ'@hna of the antenna system
and the ground |ayer conprise a configuration of a two conductor

transm ssi Onrede'i\}’k‘ig mﬁ@tdrﬁe@ghy\gﬁfbrgﬁwmténguer wherein the antenna system
provi des a uniform coverage and does not pr esent dead zones and provides

field shapin results,in rn sjgna | ess effected by
mat eri al surgﬁ'ﬁ‘ﬂ %m?d'@ %TF%%S'QBMPEI& g;@gdsccgﬁr@?%@ Gnfigurations of the
material surface. 11. The nethod of claim 10, wherein the transmtting

ant enna and thalyriag thevsiogal ot ragiefial dénsity eharattenstivs o tHeamatendl; t he ground
| ayer conprise a configuration of a '2".

the density of the material being linearly related to a returned signal, and
determining density D being generally equal to a measured returned voltage V times a
constant slope m, plus an offset b, in accordance with:

D=mxV +h.

wherein the transmitting anfenna and the receiving antenna of the antenna
system and the ground layer comprise a configuration of a two conductor transmission
line with in-between ground layer, wherein the antenna system brovides a uniform
coverage and does not present dead zones and provides field shaping that results in
return signals being less effected by material surface properties, characteristics, and
configurations of the material surface.

11. The method of claim 10, wherein the transmitting antenna and the receiving antenna
of the antenna system and the ground layer comprise a configuration of a "Z".




