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DETERMINATION OF THE CORRELATION
BETI,'IEEN NUCLEAR I4OISTUBE/DENS ITY

TESTS AND STANDARD TESTS ON

CERTAIN GRAVEL BASES IN SOUTH ARKANSAS

E, lllalter LeFeyre, PE

The contents of this report reflect the views of the author who

is responsible for the facts and accuracy of the data presented
herejn'. The contents do not necessarily reflect the official views
or policies of the ARIGNSAS STATE HIGHTJAY AND TRANSP0RTATI0N DEPARTMENT

of the FEDERAL HIGHWAY ADI'IINISTRATI0N, This report does not constitute
a standard, specificat'ion, or regulation.
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IMPLEI4ENTATION

There is a lack of correlatjon between nuclear dry density and

laboratory dry density. However, linear relationships do exist for

wet density and mojSture cgntent. These can be developed for a

particualr soil by either fjeld or laboratory determ'inations. Using

the corrected vlaues of wet density at a part'icular mo'isture content,

the dry density may be calcualted, There'is no single factor that

can be used to correct dry dens'ity due to the plus and m'inus devi-

ations of nuclear moisture from actual moist'-tre.
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GAINS, FINDINGS. AND CONCLUSIONS

The follow'ing jtems are the primary gains and conclus'ions of

study.

1. 0n certain south Arkansas soijs, the errors in nuclear

mo'isture/dens'ity measurements are significant. fhe wet density

error increases as density increases. Ihe moisture content

error is negative at low values and positive at high values.

2. A s'ignificant linear correlatton exists for both wet density

and mojsture content. it does not extst for dry density. Dry

density must be calculated using the corrected wet dens'ity and

corrected mo'isture content.

3. Fi el d and I aborator-v resul ts 'indicate a probab le source

of error is the soil material being tested. All other errors

have been i nvesti gated. Add'it'ional research wi I I be necessary

to confirm the source of error. For purposes of this proiect,

such research would be bas'ic rather than applied.
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SUMMARY OF iMPLEMENTATION

Pract'ical Appl icat'ion: Use or Procedures to cal'ibrate nuclear device

for part'icular soil type will allow the nuclear m/d device to

be properly used for field control.

Recommended Procedure: A str"a'ight-l 'i ne pl ot or tabl e can be devel oped

by using nuc'lear generated values versus e'ither sand cone or

laboratory derjved values. Dry density can be determined from

corrected moisture content and corrected dry dens'ity. 0o not

attempt to trse a factor to modify dry dens'ity since no cor-

reiat'ion was found to exist.

Benefits.: Savings in time and money are possible by using nuclear

devjce. Valid data can be determ'ined by th'iS method rather.

than the pract'ice of mod'ifying nuclear dry dens'ity data.
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RECOMI4ENDED IMPLEI*IENTATIOT'I OF TRC 7O

As stated in TRC T0 "Determination of the Correlation Between Nuclear
Mo'isture-Dens'ity Tests and Standard Tests on Certain Gravel Bases in South
Arkansas", the moisture-density gauges provide inconsjstent results when
determ'ining the moisture content and the dry density of gravel base courses.
The follovling recommendations are steps that can be taken to minimize the
stated probl ern.

1. Instruct the District l4ateria'ls Superv'isors in proper gauge
operations so that they w'i'l'l be able to provide consistent in-

,struction to regu'lar gauge operators.

2. Prepare an easy to read and understand instruction manual on gauge
operati on.

3. l,lai'ntain daily'logs of standard counts on each gauge in order to
detect gauge deterioration"

4. Reestablish the ca;libration of each of the Department owned gauges
in order to establish a reliable correlation among the gauges.
This will be used to calculate correlatjon factors for the gauges.

5. Select gravels from the commission study on aggregate sources
(two or three sources for each district) Districts 1,2,3,7 & 10.

Select one gauge as the reference gauge. All tests measurements
rvill be made using the reference gauge. The correlation of the
gauges will be made using the test measurements and the gauge
calibration from No. 4.

7. 0bta'in permission from University of Arkansas to use the aggregate
molds from TRC 70.

E. l,lold four or five specimen f.rpm each gravel source at different
moisture contents and densities using procedures outlined in the
TRC 70 report.

9. Calculate the linear regression curve through the data pointsfor each
gravel source for the various depths of the probe for wet density and
also for moisture content.

10. Derive tables for apprropriate gauges f-rom step No. 9 and step I'lo. 4.
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Chapter 1

I NTRODUCT I ON

The Arkansas Hlghway and Transportaflon Department has

utl I Ized for several years the nuclear method (AHTD 127) as

the standard test procedure for defermlnaffon of denslfy

and molsture of foundatlon materlals for h Ighuays.

However, denslty measurements by the nuclear gage (Troxler

3411-B) are compared wlth results from the sand cone test
(AHTD 114) for an addltlonal check on molsture/denslfy

determlnatlon accuracy.

ln Southwest Arkansas (Nashvl I le area) results from

the nuclear fest ol gravel bases do not agree wlth results

from fhe sand.cone test. Denslty readlngs wlth the nuclear

gage rrere conslstently lower than the sand cone test

results, in the range of 5 to 12 pcf . Also, Molsture

resu I ts from both tests d I d not agree. Mo I sture read i ngs

wlth the nuclear gage were general ly hlgher than fhe oven

dry percent of molsture. The maJor facfor confrlbutlng to

these unrel lable nuclear test results was bel leved to be

sol I composltlon.

It ls the obJecflve ol thls study to propose a slmple

procedure for cal lbratlon of the nuclear gage for sol ls

that show sol I composltlon error.

o
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Chapfer 2

THEORY REV I Elf{

NIICLEAB pENS rTY MEASUREMENTS

The determlnatlon of denslty by the nuclear mefhod Is

based upon the attenuatlon of gamma photon by mafter and

the detectlon of fhose attenuafed gamma photons. A gamma

photon has no charge or mass, glvlng It the abi I Ify to

penetrate deeply info mafter. As the phofon travels

through matter, It col t ldes wlth the atoms of the materlal

and ls randomly scattered. The lnferactlon of gamma

photons w I th matter I nvo I ves three processes: ( 1 )

aftenuatlon by palr productlon, (2'l photoelectrl.c

absorptlonr 6rd (l) Compton scafterl.ng.

Attenuatlon by palr productlon occurs when fhe gamma

photon has energy of 1.02 MeV and above. However, up to

approxlmately 2.5 MeV, attenuatlon by pair productlon ls

rarely lnvolved ln the mechanlsm of gamma phofon scatterlng

ln matfer. ln attenuatlon by palr productlon the photon

passes through the orbltlng electron shel I and col I ldes

d I rectl y wlth the nucl eus of the atom. The photon I s

reduced to nofhlng, and a palr of electrons ls produced.

Thls palr wll I conslst of one electron wlth a negatlve

charge and another wlth a posltlve charge, a posltron.

Rad I at I on sources used I n nuc I ear gages have energ I es

below 1.0 MeV. Hence, attenuatlon of gamma photons by palr

product Ion need not be cons I dered I n the ana I ys I s of

n uc I ear gages.

o
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Photoelectrlc absorptlon occurs when a gamma phofon at

energy level of 0.1 MeV or less col I Ides wlth the electron

orbitlng the nucleus of an atom. l{Ith thls col I Islon, the

gamma photon dlsappears, transferrlng al I Its energy to the

elecfron of the afom. As a result the electron is knocked

out of orblt.

Photoelectrlc absorptlon ls the predomlnant mechanlsm

of gamma photon absorpt I on at I ow energy I eve I s, I . e. ,

below 0.1 MeV. There ls no absorptlon of gamma phofons

above 0.3 Mev.

The probabl I lty of photoelectrlc absorptlon of the

gamma photon ls dependent on the chemlcal composltlon of

the materlal (Gardner and Klrkham, 1952). Therefore, to

decrease the effect of materlal type on denslty readlngs by

nuclear gages, low gamma energy sources and detectlon of

gamma photon energy below 0.1 MeV should be avolded.

The Compton scatterlng ls an elastlc scatterlng of fhe

photon upon col I Islon wlth an electron. The electron wll I

galn energy and wll I be knocked ouf of orblt. The gamma

photon wll I conflnue at a fangent to Its orlglnal path,

wlth reduced energy. Compton scatferlng occurs at an

energy level befween 0.55 and 2.5 MeV.

The nuc ! ear method determ I nes so I I dens I fy by

measurlng fhe scaftered gamma phofons emltted Into the sol I

from a gamma photon source at an energy level between 0.35

MeV and 2.5 MeV. As gamma photons fravel through the soll,

some scatter through Compfon effecfr oDd some dlsappear by

a
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photoelectrlc absorptlon. lf a gamma phofon defecfor is

placed at a certaln distance from the source, the number of

photons reachlng the detector may be counted. l{lth a

constanf source, fhe number of photons reachlng the

defector depends only on the geomefry of the lnstrument and

the absorptlon capacl ty of the sol I . }{ith a f lxed geomefry

of an lnsfrument, fhe only variable ls the absorptlon

capaclty of the soll. Thls capaclty Is dependent on the

ratlo of the afomlc number to the atomlc welght and on the

denslty of the soll. ln soll medla, most of the elements

have a ratlo of the atomlc number to the atomlc welght of

approxlmately 1/2. Therefore, there Is a deflned

relatlonshlp between soll denslty and the count taken by

the defector tube (R'alston and Anday, 1963, p. 17).

The two most common type ol radlatlon counters (or

detectors) are the gas fll led counters and fhe

sclntl I latlon counters. The Gelger-Muel ler (GM) counter ls
a gas fll led countlng tube wlth a cyl lndrlcal outer shel I

(cathode) and an axlal wlre elecfrode (anode). The GM

counter defects the presence of cosmlc rays or radloactive

substances by means of lonlzlng parflcles that penetrafe

Its envelope and set up momentary current pulsations In fhe

gas. The sc I nt I I I at I on counfer detects and measures

lonlzlng radlatlon by countlng the llght f lashes

(sclntlllatlons) caused by radlaflon lmplnglng on

phosphors. A sclnflllaflon counter ls composed of

phosphor, photomultlpl Ier tube, ohd assoclated clrcults for

o
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countlng the llght emlsslons produced In the phosphor. An

example of a sclntl I laflon counter Is a thal I lum-acflvated

sodlum crystal optlcal ly coupled to a photomultlpl Ier tube,

used ln conJunctlon wlth a slngle-channel analyzer for
energy d lscr lmlnatlon.

NUCL EAR MO I STU RF MEASUREMENIS

The nuclear method determlnes molsture content of sol l

by measur I ng the s Iow I ng of neutrons em I tted I nto the so I I

from a fast neufron source (l MeV or more). Neutrons are

slowed by elastlc colllslons wlth the nuclel of the atoms

composlng the materlat belng tested. An elastlc cotltslon

lnvolves the transfer of klnetlc energy from the neutron to

fhe nucleus of an atom. As multlple col I lslons take place,

the energy of the neufron ls reduced to the polnt where lt

ls In thermal equi I lbrlum wlth the molecules of thelr

envlronmenf. ln thls sltuatlon, the neufron may galn as

much energy as lt loses from a col I islon. ln fhls

condltlon, the neufron ls deflned as trfhermaln.

Thermat neufrons possess a spectrum of energtes Jusf

llke normal gas molecules. Thelr average energy Is about

0.025 eV and thelr speed Is about 22OO m p€r sec at 20C

(Troxler, 1965). 0nce neufrons reach thermal energles they

then scatter ln accordance wlth theorles of gaseous

d I ffus lons unf I I they are captured

The average energy loss ls much greater In neutron

col I lslons wlth atoms of low atomlc welght than ln

o
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colllslons lnvolvlng heavler atoms. As hydrogen ls the

only element of low atomlc welght ln ordlnary solls ln

appreclable amount, lt slows fast neufrons more effectlvely

than any other common element present ln the sol l. Table

2.1 shows how the number of co I I I s I ons requ I red for

neutron thermal lzatlon ls much less for neutron col I Islons

w I th hydrogen atoms than w I th any other e I emenf common I y

present ln the sol l. Hydrogen ls present ln the sol I

a I most ent I re I y I n the form of tvater. Hence, the meas ure

of the resultant cloud of slow or rrthermalrr neutrons ls a

functlon of the sol I molsture, Hhether ln the form of the

so I I d, I I qu I d, or vapor state.

Table 2.1 Re I at I ve ef fect I veness of e I ements I n
s I ow I ng down fast neutrons
(Troxler,1965, p.32)

I l, rrr, rt
.\r r r.rl,, \rtrrrl'o ,,f
( r,llr-rorrs li,,rurrt rl
l,'r I !rr rrrr.rll. :rtt,,rr

I l, rrrt rrt
\rrr.,r, \urrlr, r rri
( rrllr r,,rr. l(r,llirll
tor Ii!rilrrli,.!rr)n

Ilr'lr,,s, rr

I-itlrrrrt,r
Il, rr llittrrr
I l, ,t , r t r

( :lt lrr'tl
\ il r,',j( tr
( l\\ ((.il

:orlirrrrr
\l:r:rr, -ittrrr
\lrrrrrirrlrr

ts. .1

rilr :l
\\. I

l{[.-t
il,i. I
l:i:t .',

I .,.,1

'l-,I

:t ;l
'l\ \
-.:1 I \
ji: ll
.ilil

:y' ri
.-,1 t

I I l:'\
'llr,ll

:ili,,rtr
I'lrrr-q,lrrrrrr-
>rrlfrrr
( lrl,,r irr,.
I'ot:r --ittrrr .

( :r!r irttrr
'l'il:rrritrr,r
)l rrrrttt, -,'
Jr'rI
( rr,ltrritttrr
l'r,rrrittrrr

The soll molsture content ls measured ln terms of the

number of therma I neutrons counted per un I t of t I me

averaged over a volume of soll. Molsture measuremenf ls

often expressed as a ratlo of the neutron count ln the

medlum of measurement to the'count over the same Perlod of
o
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tlme ln a pr lmary standard. A pr lmary standard woul d be,

for example, a block of polyethylene where the amount of

hydrogen does not vary wlth tlme or wlth change ln the

env I ronment.

Neutrons are not only slowed by col I lslon wlth the

nuc I eus of the atomsr but can a I so be absorbed I n these

col I lslons. Th Is may happen ln the lnel astlc scatterlng

process of the neutron. ln lnelastlc scatterlng the

neutron transfers enough of lts k I netlc energy to the

nucleus of the atom to ralse the nucleus to a hlgher state,

from whlch they eventual ly return, emlttlng gamma photons

(Gardner and Klrkham, l95t). ln the lnelastlc scatterlng

the neutrons are absorbed by the nuclel of the atoms.

The probabl I lty of absorptlon ls exPressed ln the form

of the nuc I ear absorpt I on cross-secf I on. The nuc I ear

absorptlon cross-sectlon ls glven ln terms of barns, whlch
-24 2

have unlts of l0 cm . The absorptlon cross-sectlon ls a

va I ue estab I I shed for fherma I enorg I es and decreases

rapldly wlth an lncrease ln neutron energy. Table 2.2

shows the absorpt I on cross-sect I on I n barns for therma I

neutrons of elements found ln solls.

For accurate molsture measurements by the nuclear

method, neutrons shou I d not be absorbed. E I ements that

absorb neutrons prevent them from funct I on I ng as des I red,

lnval ldatlng the nuclear method.o
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Tab le 2.2 Re I at I ve absorpt I on capab I I I ty of some
elements for thermal neutrons (0.025 eV)
(Troxler, 1963, p.5l)
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0f the maJor neutron absorbers, the on I y ones that

mlght have to be taken lnto conslderatlon ln normal sol l

research and cal lbratlon are boron, I lthlum, chlorlne, and

perhaps cadm I um ( Trox I er, I 963 ) .
o

NUCLEAB GAGE CONEIAUBAII-ON

There are three types of

conf lguratlon used ln nuclear

d I rect-transm I ss I on, (2) the

al r-gap conf lguratlon.

source to detector

gage s. They

backscatter,

are (l) the

and (5) the

ln the dl rect-transmlsslon

source ls lnserted lnto the soll

ln all dlrectlons (Flgure 2.1).

rays counted have trave I ed I n a

f rom the source to the detector.

conf lguratlon

and fransm I ts

The maJor I ty

the radlatlon

gamma

of the

rays

gamma

I Inerelatlvely stralght

Factors that af fect the d I rect-transm I ss I on technlque

of the

J o
are sol I type, dlsturbance of sol I by lnsertlon

t
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i urNruuu 50mm (2 inches)

SOURCE

o Flgure 2.1 D I rect transm lss lon dens I ty geometry

bL

DE TEC ICRS

-I.]FACE

SOTJR CE PHOION PAI}TS

o Flgure 2.2 Backscatter dens I ty geometry
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probe and varlatlon ln the path length befween fhe source

and the detector.

I n the backscatter conf iguraflon the rad I atlon source

is posltloned at the surface of the sol I (FIgure 2.2).

Rays reflected or scattered back by Interacflon wlth the

electrons of the sol I mass are detected and counted.

The prlnclpal crltlclsm of the backscatter technlque

ls that the measured radlatlon ls not dlstrlbuted unlformly

through the compacted layer. Mosf of the radlatlon Is

scattered back from a top thln layer; Surface roughness

and sol I type are maJor facfors affectlng the backscatter

technlque.

The alr-gap technlque conslsts of tak.lng a gage

response ln the usual backscatter posltlon and then ralslng

the gage to a flxed helght above the soll surface vhere a

second response ls taken. A nomograph can be obtalned that

glves denslty Independent of sample composltlon as a

functlon of the normal f I ush response and gap response. A

more detal led explanatlon on fhe alr-gap technlque Is glven

In the next sectlon (Hlstorlcal Development).

The materlal to be tested wl I I frequenfly govern the

type of gage conflguratlon to be preferred. Where It is

reasonably slmple fo drlve or drlll the requlred hole

wlthouf slgniflcant dlsturbance of the materlal around the

hole, the dlrect transmlsslon offers great accuracy and

control of depth of tesf. When denslfy measuremenfs are

less than about 5 lnches In depth or when It ls not

o

I o

I
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practlcable or deslrable fo dlsfurb the test maferlal, the

alr-gap and backscafter methods are used. The alr-gap

method shows a sl lght superlorlty ln accuracy to the

backscatter method.

o

o
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H 1 STOR I CAL DEVELOPMENT

The Inltlal use of gamma rays for soll lnvestigation

rlas appl led In the early l940rs by geologlsts and

geophyslclsts ln petroleum exploratlons. As early as 1941,

a paper by Pontecorvo descrlbed the baslc process used ln

the nuc I ear method today. Eng I neers became I nterested I n

the potentia! of uslng radloactlvlty to measure soll

denslty and molsture shortl y after Worl d War I l.

ln 1950, Belcher, Cuykendalt, and Sack (accordlng to

Smlfh et dl, 1968), at Cornel I Unlverslfy, Inltlafed

research on determlntng sol I molsture and denslfy by a

subsurface-fype neutron and gamma ray scatterlng

I n strument.

ln 1952, Belcher et al (accordlng to Smlth et ol,

I 968) reported on the f I rst surface-type I nsfrument

applylng nuclear methods for measurlng soll molsture and

denslty ln thln layers of solt. At fhe same tlme, Gardner

and Kirkham (1952) stated the prlnclples on whlch neutron

scatter I ng for so I I mo I sfure determ I nat i on rrtas based.

0ne of the earl lest reports by the Highway Research

Board descrlblng fleld measurements of sol I molsture and

denslty was done by HoronJeff and Gol dberg ( 1953). The

report showed that the molsfure and denslfy measuremenfs by

nuclear methods were reproduclble and conslsfenf. However,

the results were In error of as much as 25 percent when

compared to conventlonal methods ln the top 2-3 ft surface

o

o
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I ayer.

The flrst work uslng scintlllatlon detectlon was done

by Bernhard and Chasek ln 1955 (accordlng to Shunl l, 1957).

ln 1953, Nuclear-Chlcago Corporatlon ras asked by fhe

Civll Aeronautlcs Admlnlstratlon to deslgn a portable f leld

elecfronlc unlt fo be compatlble with Cornell Universlty

molsfure and denslty probes. The proJect was never

comp I eted. However, I n 1 955 , the project was rev I ved by

the U,S. Army Corps of Englneersr 0hlo RIver Divlslon.

Thls tlme, Nuclear-Chlcago Corporatlon was asked fo deslgn

a fleld depth denslty and molsture system whlch would be

tested and cal lbrated by fhe Corps.

After completlon of the contract wlth the Corps,

Nuclear-Chlcago Corporatlon contlnued Its devel'opment to

improve the depth system. lt also sfarted a new proJecf,

surface molsture and denslfy measurlng equlpment.

By 1960, Nuclear-Chlcago had a complete

densltylmolsture (d/|f) nuclear gage system commerclat ly

aval lable. The d/M gage system conslsted of an elecfronlc

sca I er or read-out, p I us four separate gages s depth

dens I ty and mo I sture un I tsr 6od surface dens I ty and

molsture gages.

The feaslbillty of nuclear methods of soll molsfure

and denslty analysls was clearly establ lshed by researchers

in the 1950ts. As commerclal nuclear gages reached fhe

market, state hlghway departmenfs began to conslder them

for posslble use ln thelr constructlon testlng. The decade
o
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of the 60rs was the perlod of f leld evaluatlon of the flrst

nuclear gages.

I n 1959, the AASHT0 Road staf f prepared a program that

could be used by any agency for evaluatlon of the nuclear

molsture-denstty testlng equlpment (Carey, Shook, and

Reynolds, 1960).

The lmmedlate obvlous advantages of the nuclear mefhod

were nondestructlveness, measurement speed, and

reproduclblllty. However, ln the early 60rs, when the

nuclear gages were used ln the fleld and comPared to the

exlstlng gravlmetrlc methods, dlscrepancles between results

occurred. The questlon of accuracy of nuclear devlces

a rose .

Carlton, ln 1960, Feported on fleld denslty and

molsture test results wlth the flrst nuclear gage deslgned

by Nuctear-Chlcago CorPoratlon.

carlton used a slngle denslty cal lbratlon curve for

two dl fferent materlal types, lean clay subgrade and a

coarse granu I ar base. Dens I ty test resu I ts I nd I cated a

preclslon of t 2.8 Pcf. Agaln, a slngle molsture

cal lbratlon curve was used for the two dlfferent materlal

fypes. Molsture test results lndlcated a preclslon of

I 0.9 I b of water per cu ft. Car I ton conc I uded that effect

of materlal type had no slgnlflcant lnfluence on the

cal lbratlon of elther the molsture or denslty.

Gnaedlnger (1960) also descrlbed exPerlences wlth the

flrst Nuclear-Chlcago d/14 9age, lncludlng correlatlon data

o
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tvlth the sand cone method.

However, ln contrast wlth Carlton, Gnaedlnger stated

that the cal lbraflon of the d/f4 gage rlas affected by

maferlal type. Gnaedlnger felt thaf the cal Ibratlon curves

furn i shed by the manufacturers yrere not re I I ab I e. Data

showed that nuc I ear methods cons I stent I y gave I ower dens I fy

read I ngs than the sand cone method for granu I ar so I I s, and

hlgher wef denslty readlngs for clay solls.

Gnaed I nger suggested ca I I brat I ng n uc I ear gages for
each sot t type both by flel d comparlsons and by comparisons

on laboratory compacted speclmens In large confainers (2

cu. ft. ). After cal Ibratlon for each sol I type, tor the

0tHare alrf Iel d proJect (Ch Icago), the molsfure probe gave

read.lngs wlthln 2 per cent of the oven dry, and denslty

probes gave readlngs wlthln 5 pcf of the sand cone denslty.

Gnaedlnger felt thatr partlcularly for granular

materials, the nuctear method ylelded more rel lable results

than the sand cone method. He showed that on compacfed

I aboratory samp I es of granu I ar mafer I a I , the sand cone

method gave conslstently hlgher densltles than the

calculated denslfy. Thls, he explalned, could be parflal ly

due to fallure of the sand In the sand cone method to

penetrafe the volds between the coarse partlcles making up

fhe wal ls of the fest hole. Such fal lure would result ln a

smaller volume for fhe hole, consequently a greafer

denslty.

Burn (1960) was the flrst to use artlflclal medla,

o

o
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instead of sol l, to cal lbrate molsture meters. The

advantages of uslng artiflclal materlal for moisfure

cal lbratlon compared to uslng prepared sol I medla ar6

better unlformlty, and better control of both bulk denslfy

and d I str I but I on of hydrogen afoms. Burn po I nted out that

artlf lclal medla used In molsture callbraf Ion should not

contaln neufron absorbers (boron, ironr ond elements of the

halogen group), whlch cause erroneous low readlngs of

therma I neutrons.

Burn used slx dlfferent artlflclal medla to bulld a

molsture cal Ibratlon curve (FIgure 2.31. The Idea of uslng

artlflclal medla for molsture cal lbratlon of nuclear gages

has been accepted and lmproved slnce then. Af the present,

manufacfurers and owners of nuclear gages use blocks made

of d I f ferent th I cknesses of I am I nated sheets of

polyethylene and magneslum to bulld molsfure callbratlon

curves (Troxler Electronlcs Laboratorles, 1980).

ln 1965 feellngs towards the nuclear devlce as applled

In hlghway constructlon trere mlxed. Thls plcture ls well

outllned ln the Hlghway Research Record No. 66 where f leld

testlng wlfh the flrst nuclear gages trere reported by

Ralston and Anday, Worona and Gundermanr dnd Weber.

Ral ston and Anday i fgOfl Invesflgated three nuclear

gages of the early 60ts and reported that none could be

recommended to the Vlrginla Department of Highways.

o
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The maln complalnt was the necessary cal lbratlon of the

dev I ce. The best ca I I brat I on curve for dens i fy was

obtalned from f leld datar dlld even fhen, the varlation of

the nuc I ear dens I t I es from convent I ona I methods tvas not

wlthin tolerable I lmlts. A Ralnhart Vol umeter was used In

measur I ng the vo I ume of the test ho I e for convenf I ona I

denslty test. However, the researchers, stlll glvlng a

vote of conf I dence to the nuc lear gage, sf ated that trg Iven

a chance ln concept of confrol testlng, an emplrlcal

testlng program could develop data that would permlt use

of the dev I ces for compact I on confro I purposes. rr

I{orona and Gunderman ( 1 960) presented favorab I e

results from a study deslgned to evaluate nuclear molsture

denslty gages under actual'f lel d condltlon. The aufhors,

representlng the Pennsylvanla Deparfmenf of Highways, were

in favor of the denslty/nolsture gages and had doubts on

the rel labll Ity of the sand-cone test mefhod for denslty.

!t rlas reported that fhe standard devlaflon of the

measurements faken wlth the denslty/molsture system was

approxlmatel y one-hal f that of measuremenfs taken w lth

sand-cone and speedy molsture apparafus.

Weber (1963), Assoclate Materlals and Research

Englneer of the Cal lfornla Divlslon of Hlghwdys, strongly

felt fhat lf the nuclear gages uere to be used for

constructlon confrol, they should rsfand on thelr own

results.rr Thls meant callbraflng the gage ln the f teld

laboratory and uslng nuclear gages to obtaln the rel atlve

o

o
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denslty dlrecfly wlfhout further checking. lt was also

conc I uded thaf when nuc I ear equ I pment was used for so I I

molsture and denslty measuremenfs, a cal lbratlon curve tras

required for each soll. Generally, more than one

cal Ibraflon curve was requlred for each constructlon

proJect, maklng the use of nuclear devlces as tlme

consum I ng as the use of convenf I ona I fests. Nuc I ear

mo I sture gages I nd I cated reasonab I y accurate mo I sture

counts.

Also In 1963, fhe Arkansas Sfate Hlghway Department

publ Ished a report entltled Cal lbraflon and Evaluatlon of

Nuc I ear Dens I ty and Mo I sture Measur I ng Apparatus. The

report sfated that the nuctear method was not as adapfable

to stone base materlal denslfles as fo sol I determlnatlons.

Also the question of the rel labll lty of the sand cone test,
whlch depends upon several factors, bofh human and

mech an I ca I , uas ra I sed.

Kuhn (1965), Introduced the alr-gap method as a

posslble uay to el Imlnate the effect of soll type In

denslty measurements. The method only appl les to the

backscafter conf lguration of nuclear gages.

ln the alr-gap method a cal lbratlon curve Is bul lt by

plofting the maxlmum ratlo of denslty count wlth the source

etevated from the surface to fhe conventlonal nflushtr counf

versus dens I ty. Kuhn po I nted out that reduct I on I n

sensltlvlty to sol I composltlon ls achleved uslng a

callbratlon curve construcfed as descrlbed above.

O

o



o
-20-

Troxler, ln 1963t teporfed on the effect of neufron

absorbers (cadmlum, chlorlne, boronr 6Ild llthlum) on the

molsture cal lbration of nuclear gages. Troxler polnted ouf

that when the probabl I Ity absorptlon of thermal neutrons by

cadmlum, chlorlde, boronr dId I lthium approaches O.O1

barns, the nucl ear molsture techn Ique shou I d be

recal lbrafed for the speclf Ic ci rcumstances.

ln 1966, Prelss dld an analysls of gamma ray

backscatterlng gages and reported on gage lmprovements.

Pretss, through theoretlcal reasonlng and experlmentat

evldence, showed that the effect of chemlcal composltlon of

the material could be el lmlnated (a) when a detector trseestr

the soll near the polnt at whlch radiatlon enfers, and (b)

when photons of energy.below 0.1 'MeV are nof defected. To

prevent counting photons of energy below 0.1 MeV, a

scintl I !atlon counter or fl Ifered Gelger-Muel ler tubes were

suggested.

Prelss also dlscussed errors ln denslty readlngs due

to surface roughness. To reduce fhe effecf of roughness,

the apparatus should be used on legs of helghf h

correspondlng to a low value of the slope of the curve

count rate R versus leg helght h. Thls curve should be

esfabl Ished experlmental ly for every type of surface belng

tested. However, Pre I ss po I nted ouf that reduct I on of

surface roughness errors by elevatlng the gage an optlmum

helght from the surface also reduced the statlstlcal

accuracy of the Instrument.

o

o
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Pre I ss used concrete b I ocks (1 2xl 0xB I n ) made of

conslderable range of densitles (40 to 160 pcf) to bul ld a

denslty cal lbratlon curve. He polnted out that
experlmental results obtalned on concrete are appl Icable to
sol I s and v lce versa, for the nucl ear dens I ty method

measures the number of atoms per unlt volume without regard

to chem Ica I b I nd i ng forces and effects; therefore, the

nuclear denslty method Is Insensltlve to fhe structure of

the materlal.

However, ln 1969, the Soufh Dakota Department of

Hlghways suggested nof to use I lghtwelght aggregafe for
concrete block sfandards for nuclear denslty gage

cal lbratlon. Thq I lghtwelght concrete aggregate has an

apparent af f I n I ty for mo I sture, thus the dens I ty of the

blocks wlll not remaln constant. lf also glves a false
appearance of surface smoothness, whl le the surface of the

concrefe callbration block has an appearance of unlform

texture, to fhe gage It Is qulte rough slnce the particles
of I lghfwelght aggregate represent vlrtual ly no denstty and

the surroundlng matrlx has a very hlgh denslty.

Consequentl y, gages or gage conf lguratlons sensltlve to
surface texture may cal ibrate poorly on concrete blocks

wlth I Ighfwelght aggregafe.

I n 1965, a rCorrel ation and Conference of Portab I e

Nuc I ear Dens I ty and Mo I sture Sysfemr rlas hel d i n

Charloffesvllle, Virglnla. The purpose of the Vlrglnla
rrCorrelatlon and Conferencen was (a) to compare solt

o
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dens I ty and mo I sfure obfa I ned by var I ous n uc I ear gages, and

(b) to reconclle dlfferences among results from the

dlf ferent nuclear gages ln the market. The average

standard error reported for a I I backscatter dens I ty gages,

brought by users and manuf acturers to the conference, vJas

t 7.53 pcf. The average standard error reported for al l

neutron mo I sture content gages on four I aboratory samp I es

was * 1.14 pcf trater. These standard errors were

determlned by flttlng the gage resPonses by a least-square

method to stra I ght- I I ne funct I ons of dens I ty or mo I sture

content (Gardner, 1969).

ln ,l966, Todor and Gardner Jr., from the Florlda State

Road department, presented resu I ts of an eva I uat I on of the

dlrect transmlsslon-type nuclear densl ty gage. Throughout

the study, the dlrect transmlsslon-type nuclear denslty

gage proved to be more accurate and faster than the

Ralnhart water-balloon test. The dlrect transmlsslon

prlnclple el lmlnated the necesslty of several cal lbratlon

curves. Todor and Gardner stated that for the gamma Source

posltloned below 5 ln., one callbratlon curve for varlous

soll types proved to be sultable.

By I 967, the use of portab I e nuc I ear gages for

measur I ng so I I dens I ty and mo t sture had advanced to the

polnt that they were belng successful ly used for compactlon

control by some hlghway departments and belng observed wlth

I nterest by other s.

Anday and Hughes ( I 967 ) reported on successf u I

o
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compactlon control of granular base coarse materlal by use

of nuclear gages. The Control Strlp Technique was appl led

for compactlon control .

Truesdale and Sel Ig (1967 ) reported on rapld fletd
methods for measurlng compacted sol I propertles (denslty,

strength and stlffness). Denslty determlnatlons were

evaluated by a portable backscatter nuclear

molsture/density gage, a nuclear Road Logger and the

convent I ona I sand cone method.

Truesdale and Sel Ig bel leved that the nuclear

measurements trere more accurate than the sand cone

measurements. Reported sand cone denslf Ies were 4 pcf

below the nuclear measuremenfs. The aufhors stated that
f he ma In source of €rror in f h'e sand cone' was the dens lty
of the sand cone cal lbraflon, approxlmafely 96 pcf. lt was

noted that wlth a sl tght vlbraflon, the denslty of the sand

poured In the test hole could easlly lncrease to 100 pcl,
lntroduclng a 4 percent error.

Truesdale and Sel lg fett that the cal Ibraflon of the

portable backscatter nuclear gage stl I I appeared to be a

problem. There was sfl I I a compl alnt on the manufacturerts

cal ibratlon curve. The authors bel leved that standard

operation procedures for nuclear measurements were badly

needed.

l{llllamson and l{ltczak (1967), at Purdue Unlverslty,
presented the so I I pH as an l"nd lcator of the I nf I uence of

sol ! type on sol I denslty measurements by nuclear gages.
o
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o The researchers suggested the adoptlon of a

ca I I brat I on curves based on so I I pH.

Gardner et al (1967) lntroduced a model

response to exp I a I n and opt lm lze the a I r-gap

Gardnerts callbratlon model ls glven by

famlly of

of gage

method.

o

R C exp,r(a + bC + cP) (1)

where R ls the gage response; C ls the Compton scatterlng
probabl I lty; P ls the photoelectrlc absorptlon probabl I lty;

and a, b, and c are constants for a glven gage that are

determ I ned by a I east-square ana I ys I s of gage responses

taken on samp I es of known dens I ty and compos I t I on.

The Compton scatter I ng probab I I I ty I s taken as

c
(2)

wi Zi=pt
l:l Ai

where ls the sample denslty; w ls the welght fractlon

of element l; Z ls the atomlc number of element l; A ls

the atomlc welght of element l; and n ls the total number

of elements ln the sample.

The ratlo of the atomlc number to the atomlc welght ls

essentlal ly constant for al I elements at a value of 1/2.

Hence, Eq. 2 can be approxlmated by

o
C P/ 2 (l)
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The photoelectrlc absorptlon probablllty ls taken as

(4)

Gardner et al emphaslzed that the maJor source of

error ln denslty results obfalned by the nuclear gage ls

the effect of soi I composltlon. The effect of sot I

composltlon appears ln the process of phofoelectrlc

absorptlon rhlch depends on the atomlc number to the flfth
power (Eq. 4). The authors suggested that, to e! Imlnate

the photoelectrlc etfect, the product cP ln Eq. I shoul d

be el lmlnated or evaluated,

Eva I uat I on of the photoe I ectr I c ef fect was done by

appl ylng the ratlo technlque to fhe gage response model.

The ratlo Rg/Rf (gap response/flush response) ln ferms of

the callbratlon model ls

p = PZl:t

o

ktlz) to 
os+ bn o/2 + e^Pg

Rs/R6

Rs/R6

(p/z) to 
od* b6 o/2 * 

"6P

or

rc 
ag-a 

6+ 
(b g-b 5l o / Z+ ( cn- e,6l r

Gardner et al polnted out that lf 
"1 

= "+ then the

photoelectrlc effect ls el lmlnated. However, Gardner et al

dlscovered that when "1= c+, bl- b+ ls less than half of

the maxlmum value of the bl - b{ attalned at !arger gap

dlstances. They notlced that at the gap rhere "1= "{, the

o
I
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sensltlvlty for denslty would be very low, and ordlnary

fluctuatlons ln countlng rates due to random nature of

radloactlve decay would lntroduce slgnlflcant error. Also,

another dlsadvantage of uslng thls partlcular gaP dlstance,

was that the sensltlvlty to both denslty and photoelectrlc

effect was changlng rapldly. Thls meant that mlnor

varlatlon ln reproduclng the gaP dlstance rould cause large

uncerta I nty I n measurements of any sPec I mens.

The authors notlced that fhe most stable use of the

ratlo Rg/Rf occurred rhen the ratlo of c1 - "{ to tf - b+

reached a max I mum va I ue. The a I r-gap corr€sPond I ng to the

max I mum va I ue of the rat I o Rg/Rf matched the a I r-gap

lndlcated by slmply taklng the maxlmum gaP response ratlo

as a functlon of gaP dlstance (method proposed by Kuhn,

1965).

The Amer I can Soc I ety of Test I ng and Mafer I a I s

establ lshed two procedures tor the cal lbratlon and testlng

wlth nuclear gages. The procedures establlshed ln 197 I and

1972 respectlvely and revlsed ln 1979 and t978 are as

f ollow:

l. Denslty of Sol l-Aggregate ln Place (Shal low Foundaflon)

- D2922(791

2. Molsture content of sol I and sol l-Aggregate ln Place

(Shal low Foundatlon) 05017178)

The Amerlcan Assocl atlon of state Hlghway 0ff lcl al s

adopted the ASTM nuclear tests Procedures. under the

deslgnatton T238 (for the AsTM D2922) and T239 (for the

o
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ASTM D5017). Forty seven states of the fltty partlclpattng

In the 1973 State Survey of Procedures and Speclf lcatlons

for the Use of Nuclear Gages lndlcated belng ln baslc

agreement rlth the ASTM procedures.

Hatano, Hirschr Etnd Forsyth (1972), researchers of the

Callfornia Department of Transportatlonr F€ported on a

sfudy concerned wlth fal I lng denslty results by the nuclear

test compared to the results from the conventlonal sand

cone method for measurlng denslty of structure backfl I l.
It tras suspected that nuclear denslty fests were affected

by the proxlmlty of concrete wal ls and plpes.

Fleld and laboratory data Indlcated that the gage was

able to glve a good estlmafe of the ln-place denslty and

that wal I effect was not signlflcanf lt the test was

performed accord I ng to procedures. The Ca I I forn I a

Transportat I on Department spec I f i es that the

source-detector axls be at least 8-ln. away from any

obstructlon.

Fleld correlatlon tests between the sand cone and the

nuclear method showed that the flrst tended to give

sllghtly hlgher test results. Laboratory research

indlcafed the sand cone method tended to measure 2 to 5 pcf

above the true denslty when the denslty of the maferlal uras

above 120 pcf. Hatano et at notlced that the sand hole for
the test volume measurements tends to squeeze durlng

excavaflon and pourlng of the sand, where the materlal was

compacted 2 to 5 percent over opt lmum, thus, r'€su I t I ng ln a

o
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sma I ler vo I ume of the ho I e and h lgher dens[',ty. '. I :.;iier

ln 1975, ln order fo create ef.fecf Iv6cstate;of=the-arf
speclf Icatlons for nuclear gages, the,Cal.{{ornl,erHlghhay

Department dld a sfudy on nuclear gage pasame+€rr9-1Etnd.:fhelr

lnter-relaflonshlp. Chan et al, responilbrle:for: fhe-.:,

research, presented the followlng concluglons 3, i.- ;)!
Dens I ty Gage

1 . Source-detector separat lon Is one of prthe 'most tmpottant

s ing le f actors to cons Ider I n gagecdee I gn, ,lthen .i,ir$

source-detector separation Is lncreascd';l+he?eo0nt

rate decreases, the average meaa, gErnaa. en€rgy d6tecfed

rema Ins the same, gage response: to., deag lty changesl

lncreases, and sensltlvlty to chenelcaltcompost+lon€.

rema lns the same.' However, sourceBdelteetorr, sepaFaf,{on

should remaln ln the manuf acturerrs control:. .l- '.-

2. Source col I lmatlon only lmproves tho performanco of

backscafter gages. A col I lmated;gource ls pos*ftoned

at the surface of the soll but dra*nrhp ln,6 eavltg of

lead sh leldlng. Source col I lmatlonSpnoduc6s,a Deari of

radlation travel lng In a deslred dlfectlon and reduces

surface attenuated radlatlon fravel lngaln :the,rdl'reetlon

of fhe gamma detector. lncreased col0rlmatlon,-ylel,ds

detectlon of aftenuafed photons from !reaten.;depthi.
3. Strlctly on performance basls, cobalti60 .prov6d.to,rbe

sl Ightly superlor to ceslum-157, but'on an'overall
eva I uat Ion ces I um I s the best source I tor han.dportab I e

denslty gages when welght, bulk and,hrlf ltfe:(50 :-=

O

o

I
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years ) are taken I nfo accounf.

4. The pl atlnum- I Ined Gelger-Muel ler (GM) gamma detector

ulas used In the maJorlty of gages ln 1975. The

platlnum I lnlng lncreases the count rate, decreaslng

the sensitlvlty to changes ln sol I composltlon.

5. The scintl I latlon detector presented the advanfages of

hlgh gamma efflclency and a pulse outpuf whlch ls

proportlonal to the lncldent gamma photon energy

absorbed by the crystal, thus lmprovlng energy

dlscrlmlnatlon. However, the dlsadvantage of the

sclnflllatlon detector was polnfed out to be lts
temperature and shock sens I t I v I ty. For th I s, GM

detectors were more popular In 1975.

Irolstrre Gage

l. As source-detector separatlon Is lncreased, the

performance of the molsture gage ls less accurate. For

handportab I e nuc I ear gages, opt Imum source-detecfor

separatlon occurs when there Is I lftle source detecfor

separat I on.

2. Amerlclum-beryl I lum (half I Ife 458 years and maxlmum

gamma photon energy of 0.77 MeV) was the preferred

source for n uc t ear mo t sfure determ I nat I on use.

Rad I um-bery I I I um tras reJected as a neutron source on the

basls of fhe detrlmental effect lt has on the denslty

system of dual gages, the heavy shleldlng requlrements,

and the I nf I uence of gamma-neufron reacf I ons.

3. Two methods of low neutron energy dlscrlmlnatlon were

O

o
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sugges+ed to I Imlt sol I molsture determinatlon

composltional error; electronlc dlscrlmlnatlon and/or a

sysfem of fllfers (such as cadmium and polyefhylene or

cadmlum alone) enveloplng the neufron detector.

4. The boron-tr I f I or I de detector was se I ected as the mosf

loglcal cholce for thermal neutron defectors. lt has an

extremely long, flat high voltage plateau and

demonstrated no deferloratlon af h lgh temperature.

Hel lum (He-5) detectors were not recommended because

fhey appeared to be affected by temperature change.

In 1981, Forsyth, Champlon and Hannon , tor the

Cal lfornla Transportation Department (CALTRANS), Introduced

fhe molsture-denslty Autoprobe whlch is a prototype

backscatter nuclear gage lnstal led ln a motor vehlcle

together wlfh a hydraul lc operator mechanlsm that

automatlcal ly posltlons the gage for testlng. The vehicle

gage unlt, or Autoprobe, can determlne In sltu molsture and

denslty values in 5 mln. The obJect of the Autoprobe was

to equal or exceed the performance of the approved

d I rect-transm Isslon gages.

The CALTRANS autoprobe used scl ntl I I aflon fype

detectors for counflng bofh gamma photons and thermal

neutrons. The denslty sclntlllatlon detector used a sodium

Iodlde crystal and the molsture defector used a I Ithlum

Iodlde crysfal. !n prevlous sfudles (Chan et dl, 1975) the

I Ithlum lodlde was concluded to be the most effectlve
molsture defector because of its high thermal neutron counf

o
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ef f iclency and low sensltlv lty to chemlcal composltlon.

The two maJor reakne'sses of the sclntl I latlon detector

are i ts sens I t I v I fy to shock and femperature. The

sensif Ivlty to shock rras allevtated by provldlng a

protectlve houslng to enclose the sodlum lodlde crysfal. A

galn stabll lzer tras added to the system to el Imlnate the

problem of temperature senslflvlty.
The prototype uslng the ceslum source reported surface

error ranglng f rom 0 to 5 pcf (0 to 0.05 g/cc) of the true

density. These errors were Induced by the surface texture

of the materlal or mlnor alr-gaps. The chemlcal

composltlon error tras found to be approxlmatel y 2 pcf (0.03

g/cc).

Source and detector col I lmatlons were explored to

determlne thelr potentlal benef lts to backscatter gage

performance. Excesslve col I lmatlon reduces fhe counf rate

to a polnf where lt d6grades denslfy sensltlvlty and

lncreases chemlcal composlflon error. 0ptlmum amount of

col I Imatlon depends on the source energy and shape of

sh I e I d cav I ty. The profotype backscatter gage used a

source and defecfor colllm.atlon of 19 mm (0.75 in) and 12.5

mm (0.5 ln) respectlvely, to mlnlmlze test error Induced by

surface texture and gage seatlng problems.

An lnnovatlve feature of the Autoprobe, bel Ieved to

be an I mprovement over the convent I ona I commerc I a I

backscatfer gager wos the reduced bottom surface area of

the gage thaf fouches the materlal to be tested. Rafher
o
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than belng flaf, fhe bottom of the Autoprobe has

protruslons 0.5 in (8 mm) thlck and 4.6 ln (17 mm)

dlameter, dlrectly beneath the gamma source and detector
( F I gure 2.4). Forsyth et a I po I nted out that the

advantages of fhe small contact areas were that surf ace

Irregularitles could be straddled and effectlve seating

slmpl ifled.

The 1980ts ls the thlrd decade In which the nuclear

gages are used for defermlnatlon of denslty and molsfure of

foundatlon maferlal for hlghways. ln these thtrty years

the nuclear method has developed and achleved the

confldence of highway departments and contractors.

From the I I ferature rev I ew the conc I us I ons are:

(l) 0n'granular materlal the sand cone method tends'to glve

hlgher denslty resutts than the actua! denslty (Gnaedlnger,

1960, Worona and Gunderman, 1960, Hatano et 61, 1972). The

two matn reasons for higher sand cone denslfles are

squeezlng of the test hole and/or fal lure of the Ottawa

sand to fll I In al I volds of the rough wal I of the test
hole. Another source of error ln the sand cone method Is

Its suscepflbi I lty to operafor technlque.

(2) The direcf transmlsslon glves the most accurate denslty

results.
(5) The sclntl I latlon type detectors have proved to be more

precise than fhe gas fll led counters (Shunl !, 1957, Chan et
al,1975, Forsyth et dl, 1981). '

o

o
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(4) New models of backscatter gages should fot low fhe

design of the Autoprobe proposed by Forsyth ef al (198.t ).
(5) Soll composltion error is stlll the maJor weakness of

the nuclear mefhod. Some solls trlll need new catibratlon
curves ( Rat I o count vs dens I fy ) when the man uf acturers r

cal Ibration curves do not relate to actual behavior of

gamma scatterlng and formatlon of thermal neutrons. Th is

Is the case wlth the gravel base used In this proJect where

sol I composltlon ls probably affecflng the nuclear

read I ngs.

o

o
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Chapter 3

F 1 ELD AND LABORATORY I NVESTI GATI ONS

ln Augusf and September, l98l, durlng the fleld
Investlgatlon for a study on the modulus of subgrade

reactlon (K-val ue), the Arkansas Highway and Transportaflon

Department (AHTD) col lected nuclear denslty and molsture

results whlch were inconslstent. The materlal Investlgated

rras a compacted gravel base ln Soufhwest Arkansas (Dlstrlct

31, Nashvl I le area. Nuclear densltles uere conslstently

lower than densltles determlned by fhe sand cone method.

Nuclear molsture were general ly higher than the oven dry

mo I sture.

The laboratory lnvestlgatlon star*ed ln 0ctober, 1983,

and contlnued for the fol low lng f Ive months.

ln the laboratoryr grav€l base samples from Nashvllle,

AR, were classlfled, speclflc gravlty determlned and

molsture-denslty rel atlonsh lp found.

A concrete block uslng as aggregate the gravel base ln

study uas cast, and backscatter nuclear denslty-motsture

readlngs taken. Results were Inconc! uslve. Howeverra

nuclear denslty lower than the actual denslty was

conf I rmed.

New dens I ty and mo I sture ca I t brat I on curves for

backscatter and dlrecf transmlsslon (2-ln. and 4-ln.), for
fhe gravel base from Nashvll le, Arkansas, tvere determlned.

Compacted gravel base samples ranglng In dry denslfles from

o

o
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134 to 142 pcf tvere preparedr Ernd the nuclear test tras

performed on them. The new cal lbrafion curves conslsted of

plottlng the ratlo of the nuclear count to the standard

count versus fhe actual denslty or molsture of the

compacted samp I e.

NUCLEAR GAGE

The nuclear gage used In the fleld and laboratory

Investlgatlons tras a TROXLER 541 1-B model. The nuclear

gage TROXLER 541 l-B has two nuclear sources: the ceslum-157

and the amerlcium-241:berylllum. The ceslum source Is used

for denslty measurements and ls located ln the end of the

source rod (see Figure 2.1 and 2.2). Lh" amerlclum source

Is used for molsture measurements and Is located ln the

approxlm'afe center of the gage base. The detector used ls

of the gas fll led type (hel lum-5, Gelger Muel ler).

SITE

The fleld lnvestlgatlon tras conducted In Soufhwest

Arkansas (Distrlct 5) Nashvll le arear on a hlghway stll l

under constructlon durlng gravel base compactlon.

F r ELp INVEST rGAll_oN

The test procedures fol towed were the AHTD 127

Method of Test for ln-Place Denslty by Nuclear Gage and the

AHTD 114 Method of Test for ln-Place Denslfy by the Sand

Cone Method. Sand cone tests were taken af the same

o

t
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o locatlon and lmmediately after nuclear tests.

are shown In Tables 3.1 and 3.2.
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Field data

SAMPLE C0LLECTT0N

Samples were col lecfed and del lvered to fhe Sol I

Mechanics Laboratory of fhe Unlverslty of Arkansas,

Fayettevl I le campus, by the AHTD. lnformaflon on these

samples Is shown on Table 3.3.

LABORATORY I NVESTIGATION

CLASSIFICATION

Graln slze analysls and llquld and plastlc llmlts were

performed ln order to'ctasslfy the samples. Sleve anatysls

results were adequate for classlf lcatlon; therefore, no

hydrometer ana I ys I s yas conducted. Samp I es 1 , 2, and 3

uere classlf Ied accordlng to the AASHTO classlf lcatlon ln

the A-l group.

Absorptlon and bulk speclflc aravlty of the materlal

reta I ned on No.4 ( 4.75mm) s I eve rras determ I ned for each

sample by the method AASHTO T85-81. The speclflc gravlty

of the materlal passlng No.4(4.75mm) sleve yJas determlned

by the mefhod AASHTO T100-75. The speclflc gravlty and

absorptlon of each sample are shown on Table 3.6.

o

o
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Nuclear and sand cone

Tab le 3.1

results from fleld Investlgatlon.

DATE: Aug. & Sept./1981
J0B No.: 7707
JOB NAME: I nd. Road Gar I and Ave.
MATER I AL: GB-5
C0MPACT I 0N SPECI F I CATI 0NS: Max. Dens I ty: 137 .8 pcf

0pt. Molsturez 5.7$

STAT I ON NUCL EAR
DEPTH l{D

In pcf

METHOD
DD

Pcf
1t4

SAND
l{D

Pcf

CONE METHOD
DD $u
Pcf

o
1 9+50
41+00
53+7 5
5 4+50
57 +50
65+50
73+l 0
7 5+00

I 00+00
I 1 5+00
1 I 5+50
1 26+00
I 40+50
1 53+00
I 60+50
I 69+00

4t
41
41
41
41
41
41
41
41
41
41
4t
41
41
41
41

35.8
59.8
40. 1

59.0
37 .6
41 .6
32.9
41 .3
31.0
32.1
37 .6
34.9
37 .2
40. 1

35.4
38.5

1 46 .44
1 48.7 2
149.44
1 40 .27
1 43 .43
147 .37
151.10
1 48 .41
141 .54
137 .31
146.50
144.60
1 47 .49
1 55 .06
I 47 .09
1 43.58

142.44
1 43 .27
1 43.27
137 .07
159.63
1 42.61
144.12
145 .23
137.20
133.59
141 .55
140.92
I 44.06
149 .99
144.01
140.50

2.97
4.03
4.02
2.36
2.7 5
3.34
4.85
2.00
5.19
2.79
3.37
2 .61
2.38
2.39
2.13
2 .19

128.6 5.
132.9 5 .
133.2 5 .
129.7 6 .
lf4.g 2.
134.3 5.
126 .8 4.
158.5 5.
126.0 3 .
126 .9 4.
129.2 6.
128.0 5 .
126.8 5 .
133.1 5.
112.9 1 .
135.2 2.

6
2
I
5
1

4
I
2
9
1

5
3
7
I
9
5

WD:
DD:
fiu:

Wet dens I ty
Dry denslty
Percent of molsture

O
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Nuclear and sand cone

.2

from f leld lnvesfigatlon.

Tab le 3

resu I ts

DATE: Aug./1983
J0B No. ! 3797
JOB NAME: Hlghway 24 & 27
COMPACTI ON SPECI FI CATI ONS:

(Relocatlon) Nashv I I le Bypass
Max. Dens I ty: 1 58.6 pcf
0pt. Molsturez 6.3fi

STAT I ON NUCL EAR
DEPTH l{D

In pcf

ME TH OD

DD

Pcf
,t4

SAND
}{D

Pcf

CONE METHOD
DD fiVI
Pcf

O

1 44+00

1 80+00

7 +00

2 135.9
2 135.9
2 156.6
4 1 40.6
4 1 40.5
4 140.5
0 135.9
0 137 .2
0 136.4
2 135.9
2 135.7
2 1r5.7
4 139.5
4 139.2
4 139.4
0 159.r
0 1 59.6
0 I 39.5
2 138.9
2 1 58.8
2 139.2
4 137.9
4 137 .8
4 137 .9

132 .1
132.4
132 .7
137 .2
136.7
137.0
131 .9
155.0
132.3
131 .5
131 .3
131 .4
135.5
134.A
135 .1
133.5
132.7
134.3
133.5
133.3
133.6
132.3
132.6
132 .4

2.
2.
2.
2.
2.
2.
3.
3.
3.
3.
3.
3.
2.
3.
z

4.
4.
3.
4.
4.
4.
4.
3.
4.

I
6
9
5
6
5
0
I
I
3
4
3
9
3
2
2
4
9
0
2
2
2
9
1

1 45 .43 1 44.40 0 .62

141 .77 139.17 1.90

1 45 .93 142.90 2.20

l{D:
DD:
fiuz

Wet dens I ty
Dry denslty
Percent of mo I sture

o



-40-o

I

Tab le 3.3

Gravel base material for laboratory investlgation.

SAMPLE SOURCE OF MATER I AL
- No.

SAMPL E

FROM
AMOU NT
ilb)

o
2

3

Sul I lvan PIt
Nashvllle, AR

Eagle Mi I ls, AR

Sulllvan Pit
Nashvllle, AR

Hl{Y 24&27
sTA I 50+00

stockp i I e

stockp i I e

100

200

500

a

1
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Graln slze analysls
t

t refa I ned accumu I ated

S IEVE
SAMPL E

I
SAMPL E

2
S AMPL E

3

2-ln. ( 50mm)
1 1/2-ln.(37.5)mm
1-ln.(25.Omm)
3/4-ln.(l9.Omm)
3/8-ln.(9.5mm)
No.4(4.75mm)
No.10(2.00mm)
No.40 ( .425nn)
No.200 ( .075mm)

0
0 0

0
3

27 .3
55.3
71.8
81 .0
89.9
98.5

0
1 9.0
44.2
59.4
7 8.5
98.6

4

29.3
53 .4
68.3
76.5
86 .0
98.5

o
Table 3.5

Gradaflon requ I rements for gravel base course ( Standard
Specl f lcatlons for Hlghway Constructlon, Arkansas State
Hlghway Commlsslon, 1978, pp. 110)

tr r:eta lned accumu I ated

S IEVE
Cl ass
GB-2

Class
GB-5

Class
GB-4

2-ln. ( 50mm)
1 1/2-ln.(37.5mm)
1-ln.(25.Omm)
3/4-ln.(l9.Omm)
3/8-ln.(9.5mm)
No.4(4.75mm)
No.10(2.00mm)
No.40 ( .425nn)
No.200(.075mm)

0-5
0 - 15

0-
20
40
55
65
88

40
60
70
80
90
97

0

0-
20
40
55
65
88

40
60
70
80
90
97

5
50
50
70
80
90
97

0
0

15
40
55
65
88

o GB: gravel base
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a

Spectflc gravlty
materlals.

Table 3.6

and absorptlon of the gravel base

SAMPL E 2 3

Soll
the

partlcles retalned on
o.4(4.75mm) sleve
of soll (R1)

ulk speclflc aravlfyulk speclflc gravlfy (SSD) ---
parent spec I f Ic Ar'av lty ( Gl ) --

Absorptlon (fi)

Soll partlcles passlng the
No.4(4.75mm) sleve

I of soll (R2)
Speclflc gravlty (GZ)

Welghted average speclf lc
grav I ty

Gavg.= 1

Rl +R2
r00Gr r 00G2

N
dp
B
B
A

81 .0
2.55
2.58
2.65
I .09

I 9.0
2.65

44.2
2.50
2.56
2.66
2.34

55.8
2.7 0

68.5
2.56
2.59
2.64
1 .20

31.7
2.64

o

2.65 2.68 2.64

o
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M0 r sTURE-OEX-ilil RELAT toNSH 1P

Molsture-density relationships for Sample 3 (F Igure

5.1) Ylere determlned by:

(a) the AASHTO T99 method A (5.5 lb rammer, 12-ln. drop,

4-ln. mold, 3 layers, 25 blows/layer, materlal passlng

through No.4(4.75mm) sleve,
(b) the AASHT0 T99 method C (5.5 lb rammer, 12-ln. drop,

4-ln. mold, 3 layers, 25 blows/layer, materlal retalned

on fhe 5/4-ln(19.0mm) sleve subsfltuted by materlal

passlng the 3/4-ln(19.Omm) sleve and retalned on the

No.4 14.7 5nn) s I eve ) ,

(c) the AASHTO T180 method D (10 lb rammer, 18-ln. drop,

6-ln. mold, 5 layers, 56 blows./layer, materlal retalned

on the 3/4-ln(19.0mm) sleve substltuted by materlal

passlng the 5 /4-ln(l9.0mm) sleve and retalned on the

No.4(4.75mm) sleve.

The speclmens uere compacted uslng sfandard manual

rammer.

NIICLEAR GAGE STAT I ST ICAL STAR I L I TY AND AG I NG

Before any laboratory lnvestlgaflon started, the

nuciear gage (Troxler 5411-B) was subJected to a

statlstical stablllty test and lnsfrument drlft test.
These tests uere recommended by the Troxler Laboratory as

lndlcators of fatse countlng due to nolse or lnstabl I Ity of

detectors and/or hlgh voltage power suppl y.o



o
- 44-

F lgure 3 .1

Molsture-denslty rel atlonshlp for the Nashvl I le, AR, gravel
base materlal.

l4a--

t 35-- AASHTO.Tl80 - method D
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The Troxler Laboratory speclfles thaf the gage

sfabi I Ity over a ttorklng day should be such that the drlff

in sfandard count be less than thaf required to cause an

error In excess of one standard devlatlon. For nuclear

gage Troxler 3400 serles, thls maxlmum dltterence is 0.5tr

for denslty sfandard counts and ll for molsture sfandard

counts. The Troxler 541 l-B nuclear gage used In thls

proJect met the above requlremenfs.

Agaln, a check to verlfy abnormal lty In gage operatlon

or procedure was done every tlme the dal ty standard count

was determlned. The Troxler Laborafory states that a shlft

of more than lN In the denslty sfandard count or zfi In the

molsture standard count, as compared fo.the average of the

prev lous- f or.rr sets of da I ly sfandard counts, ls a s lgn of a

defect I n the gage. The Troxl er 341 1 -B nucl ear gage used

tn fhis proJecf met the above requlrements throughout

I aboratory lnvesf lgatlons.

NUCLEAR IESLI.XG OE CONCRETE BLO.CTS

Two concrete blocks (18x18x4-ln) were cast uslng the

same amount of water-cement ratlo and aggregate, but

dlfferlng ln the type of aggregate. ln Block 1, the flne

and coarse aggregafe conslsted of the gravel base sample

2. ln Block 2, the flne aggregate tras clean rlver sand

(prlmarl ly sl I Ica sand), and fhe coarse aggregate rlas

crushed I lme stone.

After curlng, fhe concrete blocks were removed from

o

o
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the wooden forms, and backscafter nuclear denslty and

mo I sture read I ngs taken on the b I ocks. Pr I or to the

nuc I ear read I ngs, the b I ocks rere we I ghed and m€asured, and

actua I wet dens I ty ca I cu ! ated.

Nuclear denslty and molsture measurements can be

lmproved by accumulatlng and averaglng multlple

measurement. The devlatlon ls Improved by a factor of two

for four multlple measuremenfs, by three for nlne multlple

measurements, by four for slxfeen multlple measurements,

etc. However, the more measurements that are taken, the

more tlme ls consumedr olld beyond four measurements the

nuc I ear method becomes unnecessary. Hence, ev€ry nuc I ear

mo I sture or dens I ty rePorted, I n the I aboratory port I on of

thts proJ€ct, ls the av€rage of four multlple measurements.

(Appendlx l)

A check was done to verlfy lf the entlre volume of the

fleld of measurement of the nuclear gage rras contalned ln

the concrete blocks. After rarmuP of the 9age, four

one-m I nute backscatter dens I ty and mo I sture measurements

were taken, and the average wet denslty (l{D) and molsture

content (trM) determlned. Next a 1/ 4-ln steel pl ate and a

4x18x4-ln concrete block rere placed along the slde of the

b I ock, and another set of four one-m I n ute dens I ty and

molsfure measurements ras taken. lf a change ln the

average t{D and fi|f appeared, then part ol the f leld of

measurement ras comlng through the slde of the block.

o

o
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o
Thi s procedure vras repeated f or a'l I f our s i des of the

blocks (Table 3.7).

o

o
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Verlfylng slde effect on fleld of measurement of the
nuclear gage on 18x18x4-ln. concrefe blocks.

BLOCK I
actua l l{D 1 42.48 pcf

BLOCK 2
acfua I l{D 147.75 pcf

SIDE WD(pcf) lvi SIDE WD(pcf) fiU

130.7
132.4
131 .7
151.0

avg.

Front

131 .5 13.1

150.9
131 .3
131 .7
130.7

av9.

Back

131.2 12.6

131.4
131 .5
131.5
150.8

avg.

Lef f

131 .3 1 2.8

132.4
132 .7
132.0
132.0

avg.

Rlght

132.3 12.8

132.2
131 .3
131 .5
131 .5

avg. 151.6 12.5

9.5
9.6
9.9
9.6

2.9
3.2
2.7
3.5

2.8
3.0
2.3
2.3

9.4
9.2
9.7
9.8

12.8
12.9
12.6
15.0

9.7
9.3
9.2
9.4

5.0
2.3
2.9
2.8

5
5
4
5

2
2
2
2

140.7
141 .2
140.5
140.7

140.8 9.7

Front 140.8
141 .2
I 59.9
140 .3

9.2
9.4
9.7

I 0.3

o Back

140.6 9.7

1 40.0
140.3
139.9
140.5

Lef f

140.2 9.5

140.5
140.6
141 .5
t40.8

Rlght

140.8

141.0
141 .4
140.7
139.8

9.4

9.5
9.4
9.9
o6

140.7 9.6

SIDE
l{D:
fiu3

: s I de be I ng tested
Wet dens I fy
Percent of molsture

o

t



o I n order to ver I fy i f the 4- I n. fh i ck concrete

b I ocks conta I ned the ent i re depth of dens I ty and

molsture measurements, fhe blocks trere ralsed from

floor to the helght of 4-ln. by lncrements of 1-ln.
each increment a set of four nuclear denslty and

molsture measurements was taken. The average wet

denslfy (l{D) and molsture (iM) of the block ralsed

the floor was compared to fhe average t{D and trU of

block seated on the floor (Table 5.8). lf a change

the average l{D and [M was noted, then the b]ock was

thlck enough to contaln the entlre depth of

measurement.

-49-
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a pENSTTI ANp UOTSTURE CALTBRAT1ON

New dens I ty and mo t sture ca t I brat I on curves were

developed for the Nashvl I le, AR, gravel base. Samples

were compacted ln a steel motd (17.5-ln. dlameter,

8- I n. he I ght) , and dens I ty was measured by we I gh I ng

and by the nuclear method. The nuclear molsture was

compared to the oven dry molsture. The new cal lbratlon

curves conslst of a plot of the ratlo count (nuclear

count to standard counf) versus the actual denslty or

molsture of the compacted sample.

The fo I I ow I ng steps descr I be the compact I on

procedure for the gravel base samples and the nuclear

tesf I ng performed on fhem.o
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I

Ver I fy I ng depth of
gage on 1 8x 1 8x4- I n

measurement of the n uc I ear
b I ocks.

f leld of
concrete

BLOCK 1

actua I ltlD 1 42.4 I pcf
BLOCK 2
actua I WD 147.75 pcf

H WD(pcf) fiu H WD(pcf) fiu

0 130.5
150.5
130.3
150.9

I
2
2
I

9
7
0
9

0 140.7
1 39.8
140 .9
140.7

I
9
9
9

6
4
4
I

avg.

1

150.6 12.1

129 .0
128.8
129 .5
129 .6

avg.

1

140.4

140.6
138.4
140.0
159. 1

9.4

8
7
6
2

0
0
0
0

7.6
7.9
8.0
7.5

avg.

2

129.2 10.6

150.6
129.9
130.4
129 .6

139 .5

2 141 .3
140.8
141 .6
141 .4

7

6
6
6
6

6

5
I
7
I

o 9.3
9.3
9.3
8.7

avg.

3

150.1

129 .6
150.5
150.1
150.4

9.2

7.9
7.9
7.9
8.5

3

141 .3

141 .0
1 42.0
1 42.1
141 .4

.7

6

5
5
6
6

7

9
3
2

avg.

4

130.2

131 .4
130.8
131 .6
13i.6

2

8

7
I
7
7

141 .6 6.1

I

6
9

4 140.7
140.5
141 .5
141 . t

5.4
5.6
5.6
5.5

avg. 131 .2 7.9 140.9 5.5

H

l{D
fiu

Gap between
: Wef dens I ty
: Percent of

b I ock and concrefe f I oor ( t n. )

mo I sture

o
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l. The flrst step of the compactlon procedure was to

choose a compactlve ef fort (ft-lb/cu.ff.) to compact the

sample. The compactlve eftort ls equal to

CE=(rammer-lb)*(dro -ft)*(No. la ers)*(No. blows la er)
vo ume o the mold cu.

The compactlve effort for the standard proctor test

(5.5 lb rammer, 12-ln. drop, 25 blows/layer13 layers) ls

12.t75.0 ft-lb/cu.ft. The comPactlve effort for the

modlfled proctor test (10 lb rammer, l8-ln. dropr 56

blows/layer, 5 layers) ls 54,600.0 ft-lb/cu.lt.

The standard compactlve effort ras used to compact

Samples 3,4,5 and 6. A comPactlve effort equal to 16,164

ft- I b /cu.tt was used to compact Sampl es I and 2.

The second step was to calculate the number of layers and

blows/layer necessary to achleve the deslred comPactlve

effort. Slnce the compactlon was done wlth a l0 lb. manual

rammer, the number of I ayers and b I ows/ I ayer trere chosen so

as to result ln the least Posslble number of blows/layer,

because of the phys I ca I ef fort I mposed on the oPerator.

Samples rrere comPacted ln a steel mold (17.5-ln.

dlameterr S-ln. helght) flxed to a 1-ln. wood plate. The

dlmenslons of the steel mold were as recommended by the

Troxler Laboratory as the mlnlmum slze of a laboratory

sample of compacted soll for nuclear testlng. Compactlon

was achleved wlth a l0 lb. rammer, l8-ln. drop and tras done

ln four layers; 230 blows/layer rere appl led to samples 3,

o
2

o
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3.

4.

5.

6.

7.

8.

9.

10.
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4,5 and 6, and 500 blows/layer to Samples 1 and Z.

Next the molsture content was chosen. Molsture contents

varied from 4, to 6.3fi.

Nexf the maxlmum dry density was estimated from the

molsture-denslty relatlonshlp of the sol l in studyr 6nd fhe

amounf of dry soi I necessary per layer rvas calculated.

Then the alr-drled gravel base was s6parated In the correct
amounf necessary for each I ayer. Th I s separat i on was done

wlfh a sample spl Itter, in order to roughly secure the same

amount of coarse materlal per. layer.

The mo I sture content of the a I r-dr I ed grave I base was

determlnedr ond the amount of water to be added per layer

to ach I eve the des I red percent of mo I sture rvas ca I cu I ated.

The sol I and water were thoroughly mlxed, each layer

separately.

After the sol I and water were mlxedrthe compactlon tvas

started. A molsture sample rvas faken per layer of

compactlon In order to determlne the acfual molsture

content of the entlre compacted sample.

The steel mold had a top rlng whlch atloied 1/2 to l-in.
extra compacted material above the tofal helght of fhe

mol d. After compact I on was comp I eted, the top r I ng tvas

removedr 6nd fhe extra materlal was scraped off wlth a

stralght edge. The top surface tras prepared so as fo have

a smooth flnlsh.
Th.e mold was welghed, the welght of f he mold plus wet sol I

tvas recorded, and the actua I wet dens I ty Iras ca I cu I ated.
O
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11. The sample was sealed and left overnlght. The reason for

the overnlght rest was to al lor the molsture to equal lze

fhroughout the samp I e.

0n the next day the nuclear backscatter and dlrect

transm I ss I on tests were performed on the samp I e. The

nuclear testlng fo! lowed the next 8 sfeps.

12. The gage 11as al lowed to rarm uP for at lest l0 mlnutes.

13. Standard denslty and molsture counts were taken.

14. The gage Has placed at the center of the sample. A set

of tour backscatter read I ngs ( dens I ty count DC, wet

denslty wD, dry denslty DD, molsfure count Mc and

motsture content - tr14) was taken. Thls f lrst set of

nuclear readlngs ras cal led backscatter rlth no surface

preparaf I on.

15. The gage rtas removed, and surtace PreParatlon Yas done.

Surface preParatlon conslsted of f I I I lng the surface

volds wlth f lne materlal (passlng No.40(.425mm) sleve)

of the gravel base belng tested

16. The gage was placed ln the posltlon of the flrst set of

read lngs ( Pos lt lon I ) r 6rld another set of f our

backscatter readlngs (DC, WD, DD, MC and ,M) rras

r€corded. Th I s second set of read I ngs was ca I I ed

backscatter w I th surface Preparat I on.

17. The gage was rotated g1o (Posltlon 2), and a set of

four backscatter read I ngs ras taken.

18. The gage Iras posltloned ln Poslflon 1, and a set of

four dlrect transmlsslon (2-ln. ord 4-ln.) readlngs was

o

o
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take n .

19. The gage was posltloned In Posltion

four direct transmisslon (2-ln. and

take n .

2, and

4-ln.)

-5 4-

a sef of

read I ngs was

20.0n samples 4,5 and 6, lmmedlately after nuclear

testlng was completed, the compacted sample rras

d I ssected for mo I sture determ I nat I on of each I ayer of

compactlon. Th ls was done because molsture

determlnatlon from samples taken durlng compactlon

(sfep 8) tYere Inconslstent, hence dlscarded.

Appendlx I contalns the nuclear fest data on the

compacted grave I base _samp I es.'

o
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Chapter 4

RESULTS AND DISCUSSION OF RESULTS

NUCLEAE GAAE STABIL]TI Agq 6OING

The nuclear gage used In the I aboratory Invesflgatlon

was in excel lent condltlon. Laboratory nuclear results

plotted on the manufacturerts cal lbratlon curves (Figures

4.1 and 4.2). Source decay had not affected the

ca I i brat I on of the i nstrument.

srArlsllcaL ANALJS1S

Results from field and laboratory investigatlon of the

nuc I ear method app I ted to the Nashv I I I e, ARr grave I base

were analyzed uslng the Statistlcal Analysis System (SAS)

af the Un I vers I ty of Arkansas Computer Center. SAS I s a

computer system for data ana I ys I s deve I oped by SAS

lnstltute.
The lnvestlgatlon of any correlatlon betw.een nuclear

and actua I dens I ty or mo I sfure measurements I nc I uded

correl atlon coeff Iclents. The correl atlon coeff lclent, R,

ls the measure of the strength of relatlonship between two

variables (SAS lntroducfory Gulde, 1978, p. 49r. A

correlatlon between fwo varlables usual ly exlsts when the

squared correl atlon factor (R-SQUARE), al so ca I led the

determlnation coeff Iclent, ls 0.7 or greater.

The CORR procedure, wh I ch SAS prov I des to ca I cu I ate

the correlatlon factor, R, also determlnes the slgniflcance

o

o
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Flgure 4.1

Manufacturerts denslty cal lbratlon curves superposed by the
plot of nuclear denslty results f rom laboratory
I nvest I gat I on.
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F lgure 4,2

Manufactur6rl s mol sture ca ! lbratlon curves superPosed by
the plot of nuclear molsture rosults from laboratory
I nvest I gat I on.
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probabi I Ity (PR F). The slgniflcance probabi I Ity, PR F,

provldes an intuitlve Indlcator of the strength of fhe

evldence agalnst the hypofhesls (H). The PR F is the

probabil Ity (under H) of geftlng a vatue of the test
statistlcs as extreme as or surpasslng the observed value

(Lehmann DfAbrera, 1975. p. ll).

The GLM (general I Inear model ) SAS procedure yras used

to determlne the type of rel atlonsh Ip ( I inear, guadratlc or

cubic regressIon) between nuclear and actual

denslty/nolsture measurements. The declslon of whtch

regress Ion mode I to use yras based on an ana I ys ls of

determinatlon coeff Iclents (R-SQUARE) and the sign I f Icance

probab I I I ty of the mode I s.

EIELp lNy.ESrlGATtON

F I gure 4.3 shows the p I of between wet dens i t I es

determlned by fhe sand cone test and the nuclear

dlrect-transmlsslon (4-ln depth) test durlng fleld
lnvestlgaf lon on J0Bs 7707 and 3797 (Table 3.1 and 3.2).
The dashed I lne on FIgure 4.3 represents the 45-degree

I lne, which ll tustrates the hypothesls of equal results

from nuclear and actual wet denslty determlnaflons. From

Flgure 4.3 lt ls evldent that fhe nuclear method, in the

f Iel d invesflgatlon, gave wet denslfy lower than fhe sand

cone wet method. However, fhere Is no correl aflon between

wet densltles from the two mefhods, for the correl atlon

factor (R) ls 0.6844r 6hd the defermlnatlon coeff lclenf

o

o
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Flgure 4.3

Nuclear wet densltles (4-ln. dlrect-transmlsslon) versus
sand cone wet densltles from fleld lnvestlgatlons.
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(R-SQUARE) Is 0.4684.

A plot between molsture content determlned by the

nucl ear and the oven dry method, from the f lel d

lnvestigatlons, ls shown on Figure 4.4. The correlatlon
coefflclent (R) between fleld nuclear and oven dry molsture

is 0.44805, and the determlnafion coeff Iclenf (R-SQUARE) ls

0.2007, thus Indlcatlng no correlatlon.

LABORATORY INVESTIGATIONS

NUCL EAg TESTING on concrefe blocks

An Inltlal laboratory lnvestlgatlon of the nuclear

method on the gravel base materlal from Nashvil le, AR, was

done wlth the gravel base used as aggregate in a concrete

btock. .Two concrete blocks (l8xl8x4-In), dlftering ln the

type of aggregate, were cast. Block I had as aggregate the

gravel base (sample 2). Block 2 had as aggregate rlver
sand and crushed I lmestone.

Backscatter nuclear readings rl€re taken on the blocks

to determlne thelr wet denslty (l{D) and molsture content
(trM). The actual WD of each block was determlned by

welghlng each block and dlvldlng lts welght by its volume.

Before comparlng nuclear wlth actual results, a check

had to be performed. to verlfy if the concrete blocks

contalned the entlre fleld of measurement of the nuclear

gage.

To verlfy if the concrefe blocks were loslng an)t

photons or neutrons through the i r s I des, resu I ts of nuc I ear

o

o
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,readlng on each block by Itself was compared to resulfs

from nuclear reading on the block wlfh a 1/4-ln. sfeel

plate and concrete block (4xl8x4-in. ) placed along Its
slde. lf the !{D from nuclear readings on the block wlth

slde obstructlon rvas hlgher than the l{D determlned wlth the

block by itsetf, then fhe side obstructlon was affectlng
the nuc I ear measurements. Therefore, the b I ock was nof

wlde or long enough to confain the entire f Ield of denslty

measurement. lf any change in %tq was also notlced, then

the block tvas also not large enough to contaln the fleld of

mo I sfu re meas urement.

Table 3.7 shows fhat there Is no major difference

between nuclear WD or fi14 of the blocks by fhemselves or

wlfh the slde obstructlon. Hence, both concrefe blocks

(18x18-ln) are wlde and long enough to "on*u,n the f leld of

dens i ty and mo I sture measurements of the nuc I ear gage.

The depfh of the nuclear fleld of measurement was

verlf led by comparlng nuclear }ID and /U measurements on the

blocks seated and ralsed from the floor. The blocks trere

ralsed up to a helg.ht of 4-1n., ln Incremenfs of 1-1n.. lf
as fhe blocks were ralsed, the nuclear WD and ff4 decreased,

then photons and neufrons would be comlng out through the

boftom of the b I ock. Th i s meant that the nuc I ear dens I ty

and molsture results of a block of that denslty and

thlckness would be lnfluenced by the molsture and denslty

of the floor on whlch the block was seated.

Table 5.8 shows results on the depth of field of
o

f

I
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measuremenf of the nuclear gage on concrefe Blocks 1 and 2.

It can be notlced that the nuclear WD measurements are not

af fected when the b I ocks are ra I sed f rom the f I oor.

However, nuclear frlt decreases as the alr gap between block

and floor increases. Thls indlcates that both blocks do

not contaln the entlre depth of f leld of molsture

measurement by the nuclear gage. Therefore, bofh concrete

blocks would have had to be thlcker than 4-ln. for

represenfative nuclear molsture readlngs.

Summartzlngr Blocks I and 2 confalned the entire fleld

of denslty measurement of the nuclear gage. Hence, nuclear

dens i ty resu I ts tvere representati ve and bou I d be compared

to the actual wet denslty of the concrete blocks.

The n uc I ear l{D vJas lower than actua I ltlD f or both

concrete blocks (Table 4.1). The dlfference between acfual

and nuclear WD is greater for Block 1 ' which contalned the

grave I base from Nashv I I I e, Arkansas.

There are fwo maJor sources of error i n the

backscatter nuclear gage conf Iguraflon: surface error and

sol I composlfion. Rough surface error def lnltel y

contrlbuted very llttle to the nuclear error shown ln Table

4.1, for the surface of the concrete blocks was smooth, and

the gage seated on the block perfectly. Thls leaves the

hypothesls of sol I composltlon as the maJor source of error

In fhe nuclear readlngs. However, both concrete blocksr'

conta I n i ng d I fferent types of aggregafe, ptresenfed

erroneous nuclear denslty results. For this reason the

o

o

I
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Tab I e 4.1

Actua I and backscatter nuc I ear wet dens I ty of 1 8xl 8x4- I n
concrete b I ocks.

BLOCK l{ET DENS I TY ( pcf )

actual nuclear
il) (2t (1)-(2)

1

2
1 42.48
147.75

130.6
140.4

11.80
7 .35

o

the cause of error In the nuclear mefhod could not be

conf I rmed.

No concl uslons on nuclear molsture measuremenfs were

obtalned from the nuclear testlng on the concrete blocks.

The concrefe blocks were not thick'enough to contaln the

ent I re depth of f Ie I d of mo I sfure measuremenf of the

n uc I ear gage.

NUCLEAR-ACTUAL (cal cul ated) RESULIS CORBELAI1ON

Resu I ts of the n uc I ear test I ng on the concrete b I ocks

served to conf I rm, I n fhe I aboratory, the erroneous n uc I ear

measurements present In the fleld. lt was declded to

creafe, I n the I aboratory, compacted grave I base samp I es,

ln the range of wet densltles and molstures present ln the

f leldr 6hd to determlne the l{D and fi14 of these samples by

the nuclear method and by welghing and by the oven dry

method respect I ve I y. Then new dens I ty and mo I sture

ca I Ibratlon curves wou l d be devel opedr dnd correl atlono
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between nuclear and actual results would be defermlned.

Data from the nuclear testlng on the laboratory

compacted gravel base samples are shown in Appendlx 1.

Chapter 5 glves a detal led descrlptlon of how samples were

compacted and nuclear testlng performed.

FIgure 4.5 shows the plof of nuclear versus actual wet

denslty obtalned from the laboratory lnvestlgatlons on the

compacted gravel base samples (17.5-ln. dlameter, 8-in.

helght). There ls a deflnlte correlatlon between nuclear

and actual wet denslfy obtalned ln the laboratory. Table

4.2 shows the equatlon for a I lnear regression between

nuc I ear and actua I wet dens I ty and fhe correspond I ng

determlnatlon coeff Iclent (R-SQUARE) .

Slnce the accuracy of the nuclear method Increases

wtth depth of measuremenf, lt was expected that the

nuclear-actual l{D correlatlon would also increase with

depth i however the oppos I te occurred. Surpr I s I ng I y, the

determlnatlon coeff lclents (R-SQUARE) of the nuclear-actual

ItlD relatlon decreases as depth of measurements lncreases

(Table 4.2). A posslble explanatlon for such results would

be thatr Ers depth of measurement increases, a greafer

volume of fhe problematlc gravel base materlal Is lnvolved

I n fhe i nteracf I on w I th photons. Thus the source of error

wou I d have a greater i nf I uence on the nuc I ear measuremenfs,

and hlgher devlafton of results would be t Ikely to appear.

"From FIgure 4.5 It can be notlced fhaf, ln the range

of wet denslty achleved In the laboratory (138-153 pcf),

o

O

a
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Tab le 4.2

Linear regresslon and correspondlng R-SQUARE coeff Iclents
between nuclear and actual wet densltles from laboratory
I nvest I gat I on ( F i gure 4.5) .

o
NUCLEAR
GAGE
GEOMETRY

SOURCE
DE PTH

( In)

LTNEAR EQUATT0N
Y=!+mX

bm

R- SQUARE

backscaften' 0
d I recf-trans 2
d I rect-trans 4

1 8.9 47 25606
16.09535621
54.26955 1 06

.77 221939

.8541 9264

.59636085

.917 233

.84237 5

.7 50315

Y: nuclear wef denslty
b: vertlcal axls Intercept
m!
X:

s lope
actua I wet dens I ty

o
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the dlfference between nuclear and actual wet density Is

nof constant. This dlfference increases as wet denslty

lncreases. ln the range of wet denslty tested in the

laboratoryr nuclear wef densltles were always lower than

the actua I wet dens I t I es. Tab I e 4.3 shows the range of

error of the nuc I ear wet dens I fy resu I ts.
The plot of nuclear versus oven dry percenf of

moisture, obtained from the I aboratory lnvesfigatlons, may

appear to be scattered, but the correlatlon between results
exlsts and is sfrong (FIgure 4.6). The llnear regresslons

befween nuc I ear (backscatter , 2-ln and 4- I n. d I rect

transmlss'lon) and oven dry percent of molsfure, shown on

FIgure 4.6, glve slgnlflcant determlnatlon coefflclents
(R+SQUARE) (Table 4.4)

The stralght I Ines In Figure 4.6, which represent the

I Inear correlatlons between nuclear and oven dry molsfure,

Intercept the 45-degree I Ine. Thls means that, for the

range of molsture content used In fhe laboratory (4-6.5/),

the nuclear molsture content was lower than the oven dry

for soll molstures approxlmately betow 4.3fie 6od hlgher for
mo i sture contents above 4.31. Nuc I ear mo I sture errors were

not s I gn lf lcant (Tab le 4.3) , but the source of err.or ls
bel Ieved to be ln the manufacturerts molsfure cal lbrafion.

The manufacfurer chose a rrbackscafter conflguratlontl

f or the neutron source an'd detector that wou ld samp le the

same volume of materlal as thaf lncluded In the denslfy

measurement. However, molsture depth of measurement ls a

o

o
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Tab le 4.3

Summary of resu I ts f rom I aboratory i nvest i gaf I on .

vAR I ABLE No. MEAN M I N MAX RANGE OF ERROR
( NU-CAL )

o
}{D
WD

WD

l'lD

CAL
NU O

NU2
NU4

2
1

2
2

2
1

2
2

145.70
131 .07
137.64
1 41 .16

5.54
5.96
5.82
5.63

139.66
126 .50
131.53
1 56 .00

4.14
3.73
3.48
3.23

151 .23
136.30
1 42.38
1 44 .48

6.33
7 .35
7.10
6.98

6 .46
5.54
1.34

11.76
11 .92
8.09

to
to
fo

M CAL
MNUO
MNU2
MNU4

-0.39 to
-0.59 fo
-0.92 to

1 .13
0 .87
0.72

I{D CAL: ca I cu I ated or
l{D NU 0/2/a: nuclear
4-ln.
M CAL: ca I cu I ated or
M NU 0/2/ 4t nuc I ear X

actua I wef
wef denslfy

oven
of

dens i ty ( pcf )
( pcf ) - depth 0, 2 and

dry fi of molsture.
mo i sture - depth 0, 2 and 4- I n.

o
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Tab le 4.4

L I near regress I on and correspond I ng R-SQUARE
between nuclear and actual molsture contents
laborafory lnvestigatlon (Figure 4.6).

coefficlents
f rom

o
NUCL EAR
GAGE
GEOMETRY

S OU RCE
DE PTH
( In)

L 1 NEAR
Y=b

b

EQUAT I ON
+mX

m

R-SQUARE

Backscatter 0
D I rect-trans 2
D I recf-trans 4

-1 .7 0798552
-1.96850085
-2.39443329

1.41964408
1.42447640
1 .46655298

.896954

.9 1 4865

.913213

Y:
b:
m:
X:

nuclear
vert I ca I

slope
oven dry

percent of mo I sture
axls lntercept

percent of molsfure

I o

I
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funct I on of the mo I sture confent and decreases w i th an

i ncrease i n mo i sfure. A+ I ow wafer contenf, houfrons

become fhermal ized at a larger distance from the source,

and as moi sture content i ncreases, the average neufrons

become therma I I zed c I oser to the source. The man uf acturer

deve I oped norma I ized moi sture-depth curves ( F i gure 4.7 ) to

compensate i n the mo i sture ca I i brat i on for the ef fect of

moisture content on the depth of measurement.

It appears f rom Figure 4.6 that the normalized

molsture-depth curves tend to overcompensate for the effect

of molsfure on the depth of measurement for soi I molsfure

abov'e 4.3fr, and undercompensate f or mo isture contents be low

4.3fi

The.possibillty.that the steel mold was the cause of

the sudden drop in nuclear moisture, slnce Iron is a strong

neutron absorber, w6s a I so cons I dered. The hypothes i s was

d I scarded. There was not enough change i n mo i sfure confent

to affect the f Ield of molsture in such a way that one

f Iel d woul d contaln the steel mol d and the other not. At

the range of high wet densitles (135-153 pcf) and low

molsture confent (4 6.5fi) of a 1.1136 cu.ft. soil sample,

if fhe steel mol d had been affectlng the nuclear moisture

read i ngs, the ef fect wou I d h ave been nof I ced af every

mo I sfure confent used i n the test i ng.

o

o
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Flgure 4.7

Effect of mol sture on depth of m€asurement (3400-B Ser les
lnstrumentatlon Manual, Surface Molsture-denslty Gauges,
Troxler Electronlc Laboratory, 1980r PP. l0-14).
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denslty (l{D)

denslty

and the

(DD) ls

percent

determlned from the wet

of molsture (trM) as fol lows:

, o

DD t', x 100.
100 + lu

Nuclear and actual dry denslty do not correlate very

well (see Flgure 4.8a. 6Jld 4.8b and Table 4.5). Because

the correlatlon between nuclear and actual l{D ls not

proportlonal to the correl atlon between nuclear and actual

llt, the nuclear and actual dry denslty do not correlate.

I f the I I near regress I ons between nuc I ear and actua I WD

were paral lel to the I lnear regresslons between nuclear and

actua I fM, then nuc I ear and actua I dry dens I ty wou I d

corre I ate.

Surface error, ons of the maJor sources of error ln

backscatter nuc I ear measurements, was a I so I nvest I gated

dur I ng n uc I ear test I ng on the compacted grave I base

samp I es. Surface error for the backscatter nuc I ear wef

dens I ty measurements ranged f rom 0. I 0 to 1 .5 Pcf .

Backscatter wet dens I ty resu I ts I ncreased w I th sur f ace

preparat I on. Sur f ace error for backscatter mo I sture

measurements ranged from +0.15 fi to -0.45 f of molsture.

Backscatter molsture results tended to decrease wlth

s ur f ace preparaf I on .

o

1
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Tab I e 4.5

Determlnatlon coef f lclents (R-SQUARE)
quadraflc regresslons between nuclear
dens I ty from I aboratory I nvest I gat I on
4.8b).

for I lnear and
and actua I dry
( F i gures 4.8a and

o NUCL EAR
GAGE
GEOMETRY

S OU RCE
DE PTH
( In)

R- SQ UARE
L I near

regress I on
Quadratl c
regress I on

Bac ks catfe r
D I rect-trans
D I rect-trans

0
2
4

.75881 1

.659085

.297152

.77 4426

.7 157 43

.487 637

o
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NEI{ DENSJII AND MO I.STIIRF CALfEBA]JQN C1IBYES

New denslty callbratlon curves (backscafter, 2-ln. and

4-ln. dlrect-transmlsslon) for the Nashvllle, ARr gravel

base are presented. These cal lbratlon curves conslsf of a

plof of nuclear count ratlo (denslty count, DC, to sfandard

count, DS ) versus actua I wet dens I ty. The nuc I ear count

ratlo (DClDS) was obtalned from the nuclear denslty

determlnatlons on the laboratory compacfed gravel base

samp I es. The actua I wet dens Ity yras determ lned by d I v ld I ng

the we t ght of the compacted samp I es by the I r vo I ume.

Flgures 4.9, 4.1 0 and 4.11 show the new backscatter,

2-ln. ErJld 4-ln. dlrect-transmlsslon denslty cal ibratlon

curves respectlvely (Valves shown ln tabular form ln

Appendlx 2.). The new denslfy cal Ibratlon curves for the

Nashvl I le, AR, gtravel base are only val Id for a certain

range of wet densltles (158 to 153 pcf ). A cubic or

quadrat I c regress I on wou I d best represent the netv dens I ty

cal lbratlon curves for the above range of wet densltles.

However, a I lnear regresslon was chosen because of lts

slmpl lclty and because if al so gave slgn I f Icant

determlnatlon coef f Iclents (R-SQUARE) (see Table 4.6).

The netv molsture cal Ibratlon curves for the Nashvi I le,

AR, gravel base are presented In Figures 4.12, 4.1 3 and

4,14. The molsture cal lbratlon curves conslst of a plot of

molsture count ratlo (molsture count, MC, to standard

counf, MS) versus oven dry molsture. The molsture count

ratlo (MC/MS) was taken from the nucl ear molsture

o

c
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Tab le 4.6

Linear regression and correspondlng R-SQUARE coeff Iclenfs
for the new density cal ibration curves (FIgures 4.9, 4.10
and 4.11).

f
NUCL E AR
GAGE
GE OMETRY

SOURCE
DE PTH
( in).

L r NEAR EQUAT r 0Ny-b+mX
bm

R- SQUARE

o
Backscatter
D i rect-trans
D i rect-trans

0 .82147 423
2.75706471
2.1 8800226

-0.0036161 4
-0 .0 1 277947
-0 .0 0955995

.929087

.8 4237 9

.754723

0
2
4

Y:
b:
m:
X:

nuclear
vert i ca I

s lope
actua I

density count ratlo (DClDS)
axis Intercept

wet dens I fy

o
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New backscatter mo I sture ca I I brat I on curve for the
Nashvllle, AR, gravel base materlal.
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Flgure 4.14

mo I sture ca I I brat I on curve ( depth of measurement 4- I n. )

the Nashvllle, AR, gravel base materlal.
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measurements . on the I aborafory compacfed grave I base

samp I es. The oven dry mo i sture was deferm I ned f rom

moisture samples taken during the compaction of fhe gravel

base sample. The new moisture cal ibration curves are

I imited to a range of sol I moisture from 4% to 6.5%.

Here agaln, the I inear regression was chosen insfead of

the quadraflc and cubic because of its simpl icity of use

and ease of ana I ys i s. The I i near regress i ons between

molsture count ratlo and corresponding oven dry moisture

glve signif lcant deferminatlon coef f icients (Table 4.7).
Th i s means fhaf the regress i ons can be used as pred i cted

mode I s.

The new density and moisture cal lbrafion curves

(llnear regression) are also given in tabulated format

(Appendlx 2). This wlll simplif y f ield appllcation of

I aboratory resu I ts.

ln order to use the callbration tables given in
Appendlx 2 the user has fo f irst calculate fhe counf ratio
(the density count (DC) or the molsture count (MC) divided

by the dens i fy sfandard count (DS ) or mo i sfure standard

count (MS) respectively), than enter the tables by columns

2, 3 or 4 tor backscaffer, 2- i n. an d 4- i n .

direcf-fransmlssion respectively and f ind the corresponding

wef denslty or moisture (col umn 1 ) for the calcul ated count

ratio.

o
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Table 4.7

LInear regressions and corresponding R-SQUARE coeff icients
for the new moisture calibration curves (Figures 4.12, 4.13
and 4.14).

o NUCL E AR
GAGE
GEOMETRY

SOU RCE
DE PTH
( ln)

L I NEAR
f=b

b

EQUAT r 0N
+mX

m

R- SQUARE

Backscatfer
D i rect-frans
D i rect-trans

-0 .0 250041 2 0 .03 482938
-0.05685423 0.05727802
-0 .0 4297 1 95 0 .05 81 4426

0
2
4

0.884302
0.898504
0 .93657 2

Y: mo I sf ure
b: vert i ca I

m: slope
X: oven dry

count ratio (MC/MS)
axis Intercept

mo i sture

o
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Chapter 5

c0NcLUs I 0Ns

The fol lowing conclusions resulted from the laboratory

investlgation and are directed specifical ly to the

Nashvi I le, ARr gravel base. Recommendatlons and

cal ibrafion curves presented are I imited to a range wef

density from 158 to 153 pcf and soi I moisture content from

4fi ro 6.5fi .

The nuclear wet denslty errors were sign I f icanf (Tab le

4.3). Care shoul d be taken when correction factors are

applled directly to nuclear wet density results. The

difference between nuclear and acfual wet density is

not a constant value; it lncreases I inearly as w6t

density Increases (Figure 4.5). The I inear equation

and corresponding determinatlon coeff icients (R-SQUARE)

for the nuclear-actual l{D relationship are given ln

Tab le 4.2.

Although nuclear moisture errors were not significanf
(Table 4.3), care should be taken when correction

factors are appl Ied directly to nuclear moisfure

resulfs. Laboratory investigaflon showed that nuclear

molsture can be lower as wel I as higher than the oven

dry moisture (Figure 4.6). The llnear equations and

corresponding determinatlon coeff icients (R-SQUARE) for

the nuclear-oven dry fill relatlon are given in

a

2
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Table 4.4

Correcf ion f actors should not be applied directly to

the nuclear dry density (DD), for nuclear and actual DD

correlate very poorly (see Table 4.5). The nuclear dry

density should be determined from carefully corrected

nuclear wet denslty and moisture results.

Laboratory ca I I brat I on of the nuc I ear gage i s presenfed

as fhe so I ut i on to erroneous n uc I ear dens i fy and

moistures measurements in the fleld. Llnear

regress i ons for the neyil dens i ty and mo i sture

cal ibrafion curves glve hlgh determlnation coefficients
(R-SQUARE) (Tables 4.6 and 4.7). This meanS that the

I i near regress i ons can be used as pred i cted mode I s.

The I inear cal ibration curves are also given in

tabulated format (Appendix 2).

Fleld and laboratory results are nof sufficient to

conflrm soi I composition as the source of error in the

nuc I ear wet dens i ty resu I ts of the Nashv i I I e, AR,

gravel base material, although it is a logical

assumption.

o
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SAMPLE 1 NUCLEAR TEST I NG

ACTUAL: Wet Density(pcf) Dry Denslty(pcf) Moisture([)

141 .39

REFERENCE STANDARD NUCLEAR

13 4 .67

COU NTS

4 .99
I

Mo i sture Standard
Dens i ty Sfandard

NUCLEAR READ I NGS

(MS)
(DS)

445
29 44

DC |t/D ( pcf ) DD ( pcf ) MC %r4

POSITION 1

960
946
943
944

P0slTl0N 1

939
929
925
940

P0stTl0N 1

2906
2933
2900
291 5

PostTt0N 1

237 9
2384
2408
2388

P0srTt0N 2
909
906
926
912

PosrTr0N 2
2805
2772
27 94
27 99

P0stTt0N 2
251 1

2525
25 43
2539

Backscatter surface
63
66
67
65

surface
71
66
67
64

124.9
125 .8
126 .0
125 .9

Bac k
126 .2
126 .9
127.2
126 .2

scatter
119.
120 .
120 .
119.

- D Irect Transm i ss.lon ( depth'
131 .7 125 .2 65
131.1 124.1 69
1 51 .8 125 .0 67
131 .5 125.2 63

- Direct Transmission (depfh
1 40 .3 133 .7 66
140.2 133.9 63
139.7 133.5 62
140.0 137.6 73

- Backscatter (wlth surface
128.3 121 .6 67
128.5 121 .9 66
127.1 120.5 66
128.1 121 .7 64

- Direcf Transmlssion (depth
133 .7 1 26 .8 69
134.5 127.7 67
134.0 127.5 65
133 .9 1 27 .2 67

- Dlrect Transmisslon (depfh
137.4 130.6 68
137 .1 1 50.6 65
136.8 130.7 62
136.9 130.'1 67

I
9
9
9

5.3
5.6
5.6
5.4

(w/o
6
1

2
4
( w i th
0
3
5
8

6.1
5.5
5.6
5.3

= 2-in.)
5.2
5.6
5.4
5.0

preparaf i on )

preparaf i on )

= 4- in. )

5.0
4.7
4.6
5.6

preparaf i on )

o

5.5
5.4
5.5
5.2

= Z-in.)
5.5
5.3
5.1
5.3

= 4- in. )

5.2
5.0
4.7
5.2o
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o SAMPLE 2

ACTUAL: Wet Dens i ty ( pcf )

NUCLEAR TEST I NG

Dry Density(pcf) Moisture(f,)
t

144.56

REFERENCE STANDARD NUCLEAR

137 .61

COU NTS

5.05

Mo Isture Standard
Dens i ty Sfandard

NUCLEAR READ I NGS

(MS)
(DS)

440
2941

DC WD(pcf) DD(pcf) MC fit4

POSITION 1

870
877
877
872

P0stTt0N I

858
864
869
852

PostTt0N 1

257 4
2584
2557
255 1

PostTl0N 1

227 6
2269
2286
2267

P0stTt0N 2
855
868
857
869

P0stTl0N 2
2617
2605
2610
2626

POSITION 2
2259
227 7
2280
2255

- Backscatter (w/o surface
131.0 123.0 77
130.5 122.8 74
130.5 122.7 75
150.9 123.1 75

- Backscatter ( w i th surf ace
131.9 123.9 77
131 .5 123.8 74
151.1 123.2 76
132.4 124.6 75

D I rect Transm I ss i on ( depth
158.8 131 .1 75
158.6 130.5 78
139 .3 132 .0 7 1

139.4 131 .5 76
D i rect Transm i ss i on ( depth

142.5 134.7 75
1 42.6 135 .2 7 2
142.3 134.7 73
142.7 134.9 75
Backscatter (wlth surface

132.1 124.4 75
151 .2 123 .9 7 1

132.0 124.3 7 4
151.1 124.2 68

D i rect Transm i ss i on ( depth
137.8 1t0.1 75
'l 58.'t 1 30.6 73
'l 58.0 130.5 73
137 .7 130.7 68

D I rect Transm I ss i on ( depth
142.9 135.3 73
142.5 134.9 73
142.4 134.7 74
143.0 135.5 72

preparaf i on )

6.5
6.2
6.3
6.3

o

preparat i on )

6.5
6.2
6.4
6.2'= 2-in.)
5.9
6.2
5.5
6.0

= 4- in. )

5.8
5.5
5.6
5.8

preparat i on )

6.3
5.9
6.2
5.6
2-in.)

6.0
5.8
5.8
5.3
4-in.)

5.6
5.6
5.7
5.5

O
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o SAMPLE 3

ACTUAL: Wet Dens i fy ( pcf )

NUCLEAR TEST I NG

Dry Density(pcf) Moisture([)
i

a

147 .23 138.77

REFERENCE STANDARD NUCLEAR COUNTS

6.10

Mo Isture Standard
Dens ity Sf andard

NUCLEAR READ I NGS

(MS)
(DS)

443
29 40

DC WD(pcf) DD(pcf) MC %t4

PoslTl0N 1

856
850
846
865

P0stTt0N 1

850
847
841
828

POSITION 1

2490
247 3
247 0
2486

POSITION 1

2202
2217
2205
221 9

PostTt0N 2
874
874
873
869

P0srrt0N 2
251 1

2557
2539
2557

P0stTt0N 2
2294
2284
2277
2296

135 .
135.
135 .

scatter
122.
122.
127 .
122.

Backscatter (w/o surface
132.0 123.6 81
132.5 123 .9 82
132.7 123 .7 86
131 .3 1 23 .0 80
Backscatter (with surface

132 .5 1 24 .0 81
132.7 124.0 83
133.2 124.7 81
134.2 125.7 81

preparat i on )

( de pfh
81
80
82
78

(depth
79
81
82
85

h surface preparation )

80
83
8l
80

(depth
81
78
85
81

( de pth
82
81
80
81

preparat i on )

6.8
6.9
7.3
6.8

n

n

;
5
4

1

2

4

6
6
6
6

6.8
7,0
6.8
6.7

o - Dlrect Transmisslon
1 40.8 132.4
1 41 .2 132.9
1 41 .3 132 .7
140.9 132.8

- Direct Transmission
144.1
1 43.8
144.1
143.7

Bac k
150.7
130 .7
130.7
151.0

135.9

D i rect Transm i ss I on
140.3 151.8
159 .2 1 31 .',I
139.6 130.7
139.2 r30.8

D I rect Transm i ss I on
1 42.0 133.4
1 42.2 133 .8
142.4 134.1
1 42 .0 133 .5

3
5
0
(wit
4
0
3
7

6.0
6.2
6.3
6.4

6.8
7 .1
6.9
6.8

= 2-in.)
6.4
6.2
6.8
6.4
4- in. )

6.4
6.3
6.2
6.3

o
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o SAMPLE 4 - NUCLEAR TESTING

ACTUAL: Wet Density(pcf) Dry Density(pcf) Moisfure($)
a

150.14 141 .20

REFERENCE STANDARD NUCLEAR COUNTS

6.33

Mo isture Standard
Dens i ty Standard

NUCLEAR READ I NGS

( trts )
(DS)

441
2955

DC WD(pcf) DD(pcf) MC %r4

P0stTt0N
835
844
834
839

POSITION
825
816
839
840

P0stTt0N
2508
251 0
2497
2468

P0stTl0N
2313
2303
2302
2292

POSITION
8r 5
826
821
823

POSITION
2603
2606
2610
2623

P0stTt0N
2257
2240
2241
2245

2

2

2

1

1

1

1

1

1

1

1

1

1

I
1

1

1

1

1

1

1

I
I

1

1

1

1

1

1

'l

I

Backscafte r (w/ o surface pre
33 .9 125 .2 85
33 .3 124.6 82
34.0 1 25.4 82
33 .6 124.6 84
Backscatter (w i th surface pr
34.7 126.0 83
35 .5 126 8 82
33 .6 124.7 85
33.6 125.1 8r
D i rect Transm i ss I on ( depfh
40.6 131.7 85
40 .6 131 .5 86
41.0 151.8 87
41 .6 132.3 88
D i rect Transm I ss i on ( depth
41 .8 132.5 88
42.0 133.1 85
42.1 1 33.0 86
42.3 133 .2 86
Backscaffer (wlth surface
35 .5 127 .2 80
34.6 125.5 86
35 .0 126.2 84
34.9 126.0 84
D i rect Transm I ss i on ( depth
58.4 129.7 83
38.4 1 50.0 8o
38.2 129 .0 87
37 .9 128.6 88
Direct Transmlssion (depfh
43.1 134.6 81
43.5 134.5 85
43 .5 135 .0 8l
43.4 134.7 83

arafion)

parat i on )

p

7
6
6
7
e
6
6
7
6

6
6
7
7

7
6
6
6
e

0
9
I
1

2

4

p

9
I
2
I
-in.)
I
9
0
0
-in.)
0
7
8
I
araf I on )

6
2
0
0
-in.)
7
4
1

2
-in.)
3
7
3
5

o

pr
6.
7.
7.
7.

-z
6.
6.
7.
7.

-4
6
6
6
6

o
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o SAMPLE 5

ACTUAL : Wet Den s I ty ( pcf )

NUCLEAR TESTING

Dry Density(pcf) Moisture($)
t

139 .65

REFERENCE STANDARD NUCLEAR

134.10

COUNTS

4.14

Mo isf ure Standard
Dens i ty Standard

NUCLEAR READ I NGS

(MS)
(DS)

434
29 43

DC WD(pcf) DD(pcf) MC %v

P0s I

P0s I

POS I

P0s I

POS I

POS I

POS I

TION 1

928
947
941
946

TION 1

929
918
917
911

TION 1

287 9
287 9
2857
2865
TION 1

2591
2557
2582
2566
TION 2

941
933
937
933

TION 2
2890
2903
2 888
2868
TION 2
257 I
257 9
2608
25 84

127 .
125 .
126 .
125 .

Bac
127 .
127 .
127 .
128.
Dir

132.
132.
132.
132.

Backscatte r (w/ o
1 1 22.4
8 121 .4
2 121 .4
8 121 .2
kscatter (with
0 I 22.2
8 123.4
8 I 23.3
3 123 .6

surface
48
45
49
48

surface
49
46
47
48

preparat i on )

3.8
3.5
3.9
3.8

o ecf
3
,
8
6

Tran sm i ss i on
127.8
127 .8
128 .2
128.2

( de pfh
47
47
46
46

( de pfh
45
47
46
42

surf ace preparaf i on )

50
45
49
46

( de pth
49
47
48
46

(depth
46
45
47
47

preparat I on )

.3.9
3.6
3.7
3.7

= 2-ln.)
3.5
3.5
3.5
3.4

= 4- in. )

3.2
3.4
3.3
3.0

4.0
3.5
3.9
3.6

= Z-in.)
3.7
3.5
3.6
3.4

D I rect Transm i ss I on
135.9 131 .
136 .6 132 .
136.1 131.
136.4 132.
Backscatter

126 .2 121 .
126 .7 122.
126.4 121.
126 .7 122.

D i rect Transm i ss i on
132.1 127 .3
151.8 127.3
132.1 127 .5
132 .5 1 28 .1

D I rect Transm i ss I on
136 .2
136 .2
135.6
136.0

6
1

7
5
( w I th
3
5
7
3

31.
31.
31.
31.

4- in. )

3.3
3.2
3.4
3.4

o

I
8
0
5
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o SAMPLE 6

ACTUAL : Wet Den s i ty ( pcf )

NUCLEAR TESTI NG

Dry Density(pcf) Moisture(/)
I

1 51 .23

REFERENCE STANDARD NUCLEAR

1 42.36

COU NTS

6.23

Mo i sture Standard
Dens i ty Standard

NUCLEAR READ I NGS

(MS)
(DS)

444
2946

DC WD(pcf) DD(pcf) MC %t4

POSITION 'I

808
810
798
798

POSITION 1

808
804
798
802

P0srTl0N 1

2445
2426
2428
2420

P0stTt0N 1

220 4
21 85
21 83
21 85

P0slTl0N 2
766
769
756
769

POSITION 2
2426
2430
2430
2442

POSITION 2
2226
2236
2241
225 4

Backscatter (w/ o
135 .8 1 26 .1
155 .7 126 .2

preparat i on )

136 .6
136 .7

Bac k
135 .9
136'.2
136 .7
136 .4

126 .3
126 .8

surface
92
90
97
93

surface
88
88
90
88

(with
6
9
2
1

7.7
7.5
8.2
7.8

7.2
6.5
7.1
7.0

o D i rect Transm I ss i on
1 42 .0 132.6
1 42.5 133 .2
1 42.4 132.8
142.6 133.0

- Direcf Transmisslon
144.1
1 44.6
144.6
1 44.6

Back
139.4
't 59.1
140 .3
1 39. I

134.5

D i rect
1 42.5
1 42.3
1 42.3
142.1

D i rect
143.6
143.4
143.3
143.0

129 .8
150.8
129 .3

Transmlssion
133 .5
132.6
132 .7
132.8

Transmission
134.0
134.7
153.8
133 .6

preparat i on )

( de pth
89
88
91
91

( de pth
91
88
89
91

surface preparat I on )

91
86
90
93

( de pth
86
92
91
88

( de pfh
91
84
90
89

scatter
126 .
126
127 .
127 .

135 .
135 .
135.

scatter
129 .

7.3
7.3
7.5
7.3

= 2-ln.)
7.1
6.9
7.2
7.2

= 4- ln . )

7 .1
6.8
6.9
7 .1

7 .4
7.2
7.2
7.6

= 2-in.)
6.7
7.3
7.2
7.0

4
3
0
( w i th
8

n4
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Cal ibrafion Curves in Tabulated Format
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o Tab le 5.1

NUCLEAR DENS I TY
FOR GRAVEL BASE MATERIAL

CALIBRATION
FROM NASHV I LLEt AR

WET
DENSITY
(pcf)
(1)

Count
0-in

Ratio
2-ln

DClDS
4- In

WET
DENS I TY
( pcf )
(1)

Count
0- in

Ratio
2-ln

DClDS
4-ln

(2) (5) (4) (2) (5) (4)

a

1 38.00
138.05
158.10
138. 15
138 .20
138.25
138.50
138.35
r38.40
1 38 .45
158.50
138.55
138.60
138.65
158.70
138 .7 5
138.80
138.85
138.90
138.95
159.00
139.05
159.10
139.15
139.20
139.25
't 39.50
159 .35
1 39 .40
1 39 .45
159.50
139.55
139.60
139.65
139 .7 0
139 .7 5
r39.80
139.85
139.90
139.95

.3224

.3223

.3221

.3219

.3217

.3215

.3214

.3212

.3210

.3208

.3206

.3205

.3203

.3201

.3199

.3197

.3196

.3194

.3192

.3190

.5188

.3186

.3185

.3183

.518'l

.3179

.3177

.317 6

.3174

.3172

.3170

.3168

.3167

.3165

.3163

.3161

.31 59

.3158

.3156

.315 4

0.9955
0.9929
0.9922
0.9916
0.9909
0 .9903
0 .9 897
0.9890
0.9884
0.9877
0.9871
0.9865
0 .985 I
0.9852
0.9846
0.9839
0.9835
0.9826
0.9820
0.9814
0.9807
0.9801
0.9794
0.9788
0 .97 82
0.9775
0 .97 69
0 .97 62
0 .97 56
0 .97 50
0 .97 43
0 .97 37
0 .97 31
0 .97 24
0.9718
0.9711
0 .97 05
0.9699
0.9692
0,9686

.8687

.8683

.867I

.867 3

.8668

.8663

.8659

.865 4

.8649

.8644

.8639

.8635

.8630

.8625

.8620

.8616

.8611

.8606

.8601

.8596

.8592

.8587

.8582

.8577

.857 3

.8568

.8565

.8558

.8553

.85 49

.85 44

.8539

.853 4

.8530

.8525

.8520

.851 5

.8510

.8506

.8501

.00 0

.05 0

.10 0

.15 0

.20 0

.25 0

.30 0

.35 0

.40 0

.45 0

.50 0

.55 0

.60 0

.65 0

.70 0

.75 0

.80 0

.85 0

.90 0

.95 0

.00 0

.05 0

.10 0

.15 0

.20 0

.25 0

.30 0

.35 0

.40 0

.45 0

.50 0

.55 0

.60 0

.65 0

.70 0

.75 0

.80 0

.85 0

.90 0

.95 0

.3152

.3150

.31 49

.3147

.31 45

.3143

.31 41

.3139

.3138

.3136

.313 4

.3132

.3130

.3129

.3127

.31 25

.31 23

.3121

.31 20

109
107
105

.31 03

.3102

.5100

.5 098

.3096

.3094

.3092

.509'l

.5 089

.3 087

.5085

.5083

.3082

0 .967 9
0 .967 3
0 .9667
0.9660
0.9654
0 .96 47
0 .96 41
0.9635
0.9628
0.9622
0 .9615
0.9609
0.9603
0.9596
0.9590
0.9584
0.9577
0 .957 1

0 .956 4
0.9558
0.9552
0 .95 45
0.9539
0.9532
0.9526
0.9520
0.9513
0 .9507
0.9500
0 .9 494
0 .9 488
0.9481
0.9475
0 .9 469
0.9462
0 .9 456
0 .9 449
0 .9 443
0 .9 437
0.9450

.8 496

.8491

.8 487

.8482

.8477

.847 2

.8467

.8463

.8458

.8 453

.8 448

.8444

.8439

.8434

.8429

.8424

.8 420

.8415

.8410

.8405

.8400

.8396

.8591

.8586

.8581

.857 7

.837 2

.8367

.8362

.85 57

.8353

.83 48

.83 43

.8558

.833 4

.8329

.8324

.8319

.8314

.8310

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

140
140
140
140
140
140
140
140
140
140
140
140
140
140
140
140
140
140
140
140
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141
141

o

3
3
3
3
3
3
3
3

I
6
4
2
1

a

a o



o Tab I e 5.1 (cont. )
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(2 of 4)

t WET

DENSITY
( pcf )
(1)

Count
0- i n

Ratio
2-ln

DClDS
4-in

WET
DENSITY
( pcf )
(1)

Counf
0- in

Ratio
2-in

DClDS
4- in

(2) (5) (4) (2) (5) (4)

a

1 42.00
1 42.05
1 42.10
142.15
1 42.20
1 42.25
1 42.30
1 42.35
1 42.40
1 42 .45
1 42.50
1 42.55
1 42.60
1 42.65
1 42.7 0
1 42.7 5
1 42.80
1 42.85
1 42.90
1 42.95
I 45.00
1 43 .05
1 43 .10
1 43 .15
143.20
143 .25
143 .30
143 .35
1 43 .40
1 43.45
1 43 .50
143 .55
1 43 .60
143'.65
143.70
143.75
1 43 .80
1 43 .85
143.90
1 43 .95

0.3080
0.3078
0 .307 6
0 .307 4
0 .307 3
0.5071
0.3069
0.3067
0.5065
0.3064
0.3062
0.5060
0.5058
0 .3056
0 .3055
0.3053
0.5051
0.3049
0.3047
0.3045
0.3044
0.3042
0.3040
0.5038
0 .3 056
0.5035
0.3033
0.5031
0.3029
0.3027
0.3026
0.3024
0.3022
0.3020
0.3018
0.5017
0.5015
0.3015
0.5011
0.3009

0 .9 424
0 .9 417
0.9411
0.9405
0.9598
0.9392
0 .9585
0 .937 9
0 .937 3
0.9366
0 .9360
0 .935 4
0 .93 47
0 .93 41
0 .953 4
0.9328
0.9322
0 .931 5
0.9509
0.9302
0.9296
0.9290
0.9283
0.9277
0 .927 0
0.9264
0.9258
0.9251
0.9245
0.9238
0.9232
0.9226
0 .9219
0.9213
0.9207
0.9200
0.9194
0.9 1 87
0 .91 81
0 .917 5

0 .8505
0.8500
0.8295
0.8291
0.8286
0 .828 r

0 .827 6
0.827 1

0.8267
0.8262
0.8257
0.8252
0.8248
0.8243
0 .8258
0.8233
0,9229
0.8224
0 .8219
0 .8214
0.8209
0.8205
0.8200
0.81 95
0.81 90
0 .81 85
0.818r
0.8176
0.8171
0 .8'r 66
0.8161
0 .81 57
0 .8152
0 .8147
0 .8142
0.8138
0.8133
0 .8't 28
0 .8123
0.8118

144.00
1 44.05
144.10
144.15
1 44.20
144.25
1 44.30
1 44.35
144.40
144.45
1 44.50
1 44.55
1 44.60
1 44.65
144.70
144.75
1 44.80
1 44.85
144.90
1 44.95
i 45.00
1 45 .05
145.10
1 45 .15
145.20
145 .25
145.30
145 .35
1 45.40
1 45.45
145 .50
145.55
1 45 .60
145 .65
145.70
145.75
1 45 .80
1 45 .85
145 .90
1 45 .95

0.3008
0 .3006
0.5004
0.3002
0 .5000
0.2998
0.2997
0.2995
0.2993
0.2991
0.2989
0.2988
0.2986
0.2984
0.2982
0.2980
0 .297 9
0.2977
0 .297 5
0 .297 3
0.297 1

0 .297 0
0.2968
0.2966
0.2964
0.2962
0.2960
0.2959
0.2957
0.2955
0.2953
0.2951
0.2950
0.2948
0.2946
0.2944
0.2942
0.2941
0.2939
0.2937

0.9168
0 .9162
0 .91 55
0.9149
0.9143
0.9136
0.9130
0 .9123
0.9117
0.9111
0.9104
0.9098
0.9092
0 .90 85
0.9079
0 .907 2
0.9066
0.9060
0.9053
0.9047
0.9040
0.9034
0.9028
0.9021
0.90't 5
0.9008
0.9002
0 .8996
0.8989
0.8983
0 .897 7
0.8970
0 .896 4
0.8957
0.8951
0.8945
0 .893 I
0.8932
0.8925
0.8919

0.8114
0.81 09
0.8104
0 .8099
0.8095
0.8090
0.8085
0.8080
0 .807 5
0 .807 1

0 .8066
0.8061
0.8056
0.8052
0.8047
0.8042
0.8057
0.8032
0.8028
0.8023
0.8018
0.8015
0.8009
0.8004
0 .7 999
0.7994
0 .7 989
0.7985
0.7980
0.7975
0.7970
0 .7 966
0 .7 961
0 .7 956
0 .7 951
0.7946
0.7942
0 .7 937
0 .7 932
0 .7 927

o

I

a o



o Tab I e 5.1 (cont. )
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(3 of 4)

a WET
DENSITY
( pcf )

il)

Count
0- in

Ratio
2-in

DClDS
4- In

WET
DENSTIY
( pcf )
(1)

Count
0- in

Ratlo
2-in

DClDS
4- in

7 (2) (3) (4) (2) (3) (4)

a
o

't 46 .00
1 46 .05
146.10
146.15
1 46 .20
146.25
146.30
1 46 .35
1 46 .40
1 46.45
1 46 .50
1 46 .55
146.60
1 46 .65
146.70
146.75
146.80
146.85
1 46 .90
1 46 .95
1 47 .00
1 47 .05
1 47 .10
147.15
1 47 .20
1 47 .25
1 47 .30
147 .35
1 47 .40
1 47 .45
147 .50
1 47 .55
1 47 .60
1 47 .65
147.70
147.75
1 47 .80
1 47 .85
147 .90
1 47 .95

0.2935
0.2933
0.2932
0.2930
0.2928
0.2926
0.2924
0.2923
0.2921
0 .2919
0.2917
0 .2915
0.2913
0 .2912
0 .2910
0.2908
0.2906
0 .290 4
0.2903
0.2901
0.2899
0.2897
0.2895
0.2894
0.2892
0.2890
0.2888
0.2886
0.2885
0.2883
0.2881
0 .287 9
0.2877
0 .287 6
0 .287 4
0 .287 2
0 .287 0
0.2868
0.2866
0.2865

0 .891 5
0.8906
0.8900
0.8893
0 .8887
0.888 1

0.887 4
0.8868
0.8862
0 .8855
0.8849
0.8842
0.8856
0 .885 0
0.8823
0.8817
0.88r0
0 .880 4
0.8798
0.8791
0 .87 85
0.8778
0.8772
0.8766
0 .87 59
0 .87 53
0 .87 46
0 .87 40
0.8734
0 .87 27
0 .87 21
0.8715
0.8708
0 .87 02
0.8695
0.8689
0.8685
0.8676
0.867 0
0.8663

0.7922
0.7918
0.7913
0 .7908
0 .7 903
0.7899
0.7894
0.7889
0 .7 884
0.7879
0.7875
0.7870
0 .7 865
0.7860
0.7856
0.7851
0 .7 846
0 .7 841
0 .7 836
0 .7 832
0 .7 827
0 .7 822
0 .7 817
0.7815
0 .7808
0.7805
0.7798
0.7793
0.7789
0 .77 84
0.7779
0.777 4
0.7770
0.7765
0.7760
0 .77 55
0.7750
0.77 46
0 .77 41
0.7736

r48.00
1 48.05
1 48.10
1 48.1 5
148.20
1 48.25
1 48.3 0
1 48.35
1 48 .40
148.45
148.50
148.55
148.60
1 48.65
148.70
148.75
148.80
148.85
148.90
1 48.95
149.00
149 .05
149.10
149.15
149.20
149 .25
149 .30
149 .35
1 49 .40
1 49.45
1 49 .50
149.55
1 49.6 0
1 49 .65
149.70
149.75
1 49.80
149 .85
I 49.90
149 .95

0.2863
0.2861
0.2859
0.2857
0.2856
0.2854
0.2852
0.2850
0.2848
0.2847
0.2845
0.2843
0.2841
0.2839
0.2838
0.2836
0.2834
0.2832
0.2830
0.2829
0.2827
0.2825
0.2823
0.2821
0.2819
0.2818
0 .2816
0 .2814
0 .2812
0.2810
0.2809
0.2807
0.2805
0.2803
0.2801
0.2800
0 .27 98
0 .27 96
0.2794
0.2792

0 .86 57
0.8651
0 .86 44
0.8638
0.8631
0.8625
0.8619
0 .861 2
0 .86 06
0 .86 00
0.8593
0.8587
0.8580
0.857 4
0.8568
0.856r
0.8555
0 .85 48
0.8542
0.8536
0.8529
0.8523
0.8516
0.8510
0.8504
0.8497
0.849 I

0 .8485
0.8478
0 .847 2
0.8465
0.8459
0.8453
0.8446
0.8440
0.8433
0.8427
0.8421
0.84'.| 4
0.8408

0.7731
0.7727
0 .77 22
0 .77 17
0.7712
0 .77 07
0 .77 03
0.7698
0 .7 693
0.7688
0 .7 683
0.7679
0.7674
0 .7 669
0.7664
0.7660
0 .7 655
0 .7 650
0 .7 645
0 .7 640
0 .7 636
0 .7 631
0 .7 626
0 .7 621
0 .7 617
0.7612
0 .7 607
0 .7 602
0 .7 597
0 .7 593
0.7588
0 .7 583
0.7578
0.7574
0 .7 569
0 .7 564
0 .7 559
0.7554
0 .7 550
0.7545I

o



o Tab I e 5.1 (cont. )
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(4 of 4)

t WET
DENSITY
(pcf)
(1)

Count
0- in

Ratio
2-in

DClD S

4- in
WET
DENSITY
( pcf )
(1)

Count
0- in

Rafio
2-ln

DClDS
4- in

(2) (5) (4) (2) (5) (4)

o

1 50 .00
150.05
r 50.10
1 50.15
150 .20
150 .25
150.30
150 .35
1 50 .40
150.45
r50.50
150 .55
't 50.60
150 .65
150.70
150 .7 5
1 50.80
150.85
1 50.90
150 .95
1 51 .00
151.05
151 .10
151 .15
151 .20
151 .25
151 .50
151 .35
151 .40
151.45
151 .50
151 .55
151 .60
151 .65
151 .7 0
151 .75
151 .80
151 .85
151.90
151 .95

0.2791
0 .27 89
0.2787
0 .27 85
0 .27 83
0 .27 81
0 .27 80
0 .277I
0.2776
0 .277 4
0 .277 2
0.2771
0 .27 69
0 .27 67
0 .27 65
0 .27 63
0 .27 62
0 .27 60
0 .27 58
0 .27 56
0 .27 54
0 .27 53
0 .27 51
0 .27 49
0 .27 47
0 .27 45
0 .27 44
0 .27 42
0 .27 40
0 .27 38
0 .27 36
0 .27 34
0 .27 53
0 .27 31
0 .27 29
0 .27 27
0 .27 25
0 .27 24
0 .27 22
0 .27 20

0.8401
0 .83 95
0 .83 89
0.8382
0 .837 6
0.8569
0.8363
0.8357
0.8350
0.8344
0 .8358
0.8331
0.8325
0.83 1 I
0 .8312
0 .83 06
0.8299
0.8293
0.8286
0.8280
0 .827 4
0.8267
0.8261
0.8254
0.8248
0.8242
0.8235
0.8229
0.8223
0 .8216
0.8210
0.8203
0.8197
0 .81 91
0.8184
0.8178
0.8171
0.8165
0.8159
0 .8152

0.7540
0 .7 535
0 .7 531
0 .7 526
0 .7 521
0.7516
0.7511
0 .7 507
0 .7 502
0 .7 497
0 .7 492
0 .7 488
0 .7 485
0.7478
0.7 473
0 .7 468
0.7 464
0 .7 459
0.7 454
0 .7 449
0 .7 444
0 .7 440
0.7 435
0 .7 430
0 .7 425
0 .7 421
0 .7 416
0 .7 411
0 .7 406
0.7 401
0 .7 397
0.7392
0 .7 387
0 .7 382
0.7378
0.7373
0.7368
0 .7 363
0 .7 358
0.7354

152.00
152.05
152.10
152.15
152.20
152.25
152.30
152.35
1 52.40
1 52 .45
152.50
152.55
152.60
152.65
152.7 0
152.7 5
152.80
152.85
152.90
152.95
't 55.00

27 18
27 16
27 15
27 13
27 11
27 09
27 07
27 06
2704
27 02
27 00
2698
2697
2695
2693
2691
2689
2687
2686
2684
2682

0 .81 46
0.8159
0.8133
0 .8127
0.8120
0.8114
0.8108
0 .81 0l
0.8095
0.8088
0.8082
0.8076
0.8069
0.8063
0.8056
0.8050
0.8044
0.8037
0.8031
0.8024
0.8018

0.7349
0.7344
0 .7 339
0 .7 335
0 .7 330
0 .7 325
0 .7 320
0.7315
0.7311
0 .7 306
0 .7 301
0 .7 296
0 .7 292
0 .7 287
0 .7 282
0 .7 277
0.7272
0 .7 268
0 .7 263
0 .7 258
0 .7 253

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

I

D

a o
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o Tab le 5 .2

I
NUCL E AR

FOR GRAVEL BASE
MO I STURE
MATER I AL

CALIBRATION
FROM NASHVILLE AR

fiv

(1)

Count
0- in
(2)

Ratlo
2-ln
(3)

fit4

il)

Count
0- in
(2)

Ratio
2-in
(5)

MClMS
4- i n
(4)

MCl MS

4- in
(4)

a

4.00 0
4.01 0
4.02 0
4.03 0
4.04 0
4.05 0
4.06 0
4.07 0
4.08 0
4.09 0
4.10 0
4.11 0
4.12 0
4.13 0
4.14 0
4.15 0
4.16 0
4.17 0
4.18 0
4.19 0
4.20 0
4.21 0
4.22 0
4.23 0
4.24 0
4.25 0
4.26 0
4.27 0
4.28 0
4.29 0
4.30 0
4.31 0
4.32 0
4.33 0
4.34 0
4.35 0
4.36 0
4.37 0
4.38 0
4.39 0

.1 201

.1 205

.1 208

.1212

.1 216

.1 219

.1 223

.1 227

.1231

.1234

.1 238

.1242

.1246

.1 249

.1 253

.1 257

.1 261

.1264

.1 268

0 .1 282
0. r 286
0 .1 289
0 .1 293
0 .1 296
0.'t 300
0.1305
0.1307
0.r510
0.1514
0 .1317
0.1321
0.1324
0.1328
0 .1331
0.1335
0.1558
0 .13 42
0 .13 45
0 .13 49
0.1352
0.1356
0.1359
0.1363
0.1366
0.1570
0 .137 3
0 .137 6
0.1380
0.1383
0.1387
0.1390
0.1394
0 . 1397
0.1401
0. r 404
0. 1 408
0.'t 411
0 .1 415
0.1418

0 .127 2
0 .127 5
0 .127 9
0 .1 283
0 .1 287
0 .1 290
0 .1 294
0 .1 298
0.1302
0.1305
0.1509
0.'t 513
0.1516
0.1320
0 .1 324
0.1328
0 .1331
0.1335
0.1339
0 .13 45
0 .13 46
0.1550
0.1354
0.1357
0. 1 361
0.1365
0.1369
0 .137 2
0 .137 6
0. 1 580
0. 1 384
0.r387
0.1391
0.1395
0. r 398
0.1402
0.1 406
0.1410
0.1 413
0.1417

.1 382

.1586

.1390

.1394

.1 397

.1143

.1147

.1 150

.1154

.1 157

.r161

.1164

.l 168

.1171

.1174

.1178

.1 r 8t

.1 185

.t188

.1 192

.1195

.1199

.1202

.1 206

.1 209

.1 213

.1216

.1 220

.1 223

.1 227

.1 230

.1234

.1 237

.1 241

.1 244

.1 248

.1 251

.1 255

.1 258

.1262

.1 265

.1 269

.1272

.1275

.127 9

123
126
130
134
137
141
145
149
152
156
160
164
167
171
175
178
182
186
190
193
197

.1 096 4 .40
4.41
4 .42
4 .43
4 .44
4 .45
4 .46
4 .47
4 .48
4 .49
4.50
4 .51
4.52
4.53
4.54
4.55
4.56
4 .57
4.58
4.59
4.60
4.61
4.62
4.63
4.64
4.65
4.66
4.67
4.68
4.69
4.7 0
4.7 1

4.7 2
4.73
4.7 4
4.75
4.7 6
4.77
4.7 8
4.79

0.1 249
252
256
260
264
268
272
275
279
283
287
291
294
298
302
506
310
313
317
321
325
329
333
336
340
344
348
352
355
359
363
367
37 1

375
378

.'l

.1

.1

.1

.1

.1

.1

.'t

.1

.1

.1

.1

.1

.1

.1

.1

.1

.1

.1

.1

.1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.l

.1

.1

.1

.1

.1

.1

.1

.l

.t

.t

.1

.1

.1

.1

.1

.1

.1

.1

.t

.1

.l

.1

.1

.1

.1

.l

.1

.t

.1

.t

.1

.1

.'l

.1

.1

.1

.'l

.1

100
104
107
111
115
119
123
127
130
134
138
142
146
149
153
157
1 6't
165
169
172
17 6
180
184
188
191
195
't 99
203
207
210
21 4
218
222
226
230
233
237
241
245

.1

.l

.1

.1

.1

.1

.'l

.t

.1

.1

.1

.1

.l

.l
'. I
.1
.1
.1
.1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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I %u

(1)

Count
0- i n
(2)

Ratio
2-ln
(5)

%M

(1)

Count
0- in
(2)

Ratio
2-ln
(5)

MC/ MS

4- i n
(4)

MC/MS
4- in
(4)

a o

4.80 0.1 422
0 .1 425
0.1 429
0.1432
0 .1 436
0.1439
0 .1 443
0 .1 446
0. I 450
0.1 453
0.1 457
0.1460
0.1464
0 .1 467
0.147 1

0.1474
0.1477
0.1 481
0 .1 484
0.1 488
0.1491
0 .1 495
0.1 498
0 .1 502
0.1505
0.1 509
0.1512
0.1516
0.1519
0 .1 523
0 .1 526
0.'t 550
0.1533
0 .1 537
0.1 540
0.1544
0.1547
0 .1 551
0 .1554
0.1558

0.1421
0 .1 425
0.1 428
0 .1 432
0.1436
0.1439
0 .1 443
0 .1 447
0 .1 451
0.1454
0. 1 458
0.1462
0.1 466
0.1 469
0.1473
0.1477
0. 1 480
0. 1 484
0.1 488
0.1 492
0.1495
0 .1 499
0.1 503
0.1.507
0.1510
0 .151 4
0.1518
0 .1 521
0.1525
0 .1 529
0 .1533
0 .1 536
0.1540
0.1544
0.1548
0.1551
0 .1 555
0 .1559
0 .1 562
0.1 566

.81

.82

.85

.84

.85

.86

.87

.88

.89

.90

.91

.92

.93

.94

.95

.96

.97

.98

.99

.00

.01

.02

.03

.04

.05

.06

.07

.08

.09

.10

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0,
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

401
405
409
413
416
420
424
428
432
436
439
443
447
451
455
458
462
466
470
474
477
481
485
489
493
497
500
504
508
512
516
519
523
527
531
535
539
542
546
550

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0 .'t
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.'l
0.1
0.1
0 .'t
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

561
565
568
572
575
579
582
585
589
592
596
599
603
606
610
613
617
620
624
627
631
634
658
641
645
648
652
655
659
662
666
669
673
676
680
683
686
690
693
697

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

570
574
577
5 8'l
585
589
592
596
600
605
607
611
615
618
622
626
630
633
637
641
644
648
652
656
659
663
667
671
674
678
682
685
689
693
697
700
704
708
712
715

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0..l
0.1
0.1
0.1
0.1
0.1
0. 't

0.1
0.1
0.1
0.1
0.1
0 .'l
0.'l
0.t
0. 'l

0.I
0.1
0.1
0.1
0.1
0.1
0.r
0.r
0.1
0.1
0.1
0.1

554
558
561
565
569
573
577
580
584
588
592
596
600
603
607
6't 'l

615
619
622
626
630
634
638
642
645
649
653
657
661
664
668
672
676
680
683
687
691
695
699
703

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
5
5
5
5

5
5
5
5
5
5

5
5
5
5
5
5
5
5
5
5

5.20
5.21
5.22
5.23
5.24
5.25
5.26
5.27
5.28
5.29
5.30
5 .31
5.32
5.33
5.34
5.35
5.36
5.37
5.38
5.39
5.40
5.41
5 .42
5 .43
5 .44
5 .45
5.46
5 .47
5.48
5 .49
5 .50
5 .51
5.52
5.53
5.54
5.55
5.56
5.57
5.58
5.59

+

1

2
3
4
5
6
7

t

o

.18

.19
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t
t

%v

il)

Count
0- in
(2)

Ratio
2-ln
(5)

%14

(1)

Count
0- in
(2)

Ratio
2-in
(3)

MC/ MS

4- in
(4)

MC/MS
4- in
(4)

a o

5.60
5.61
5.62
5,63
5.64
5.65
5.66
5.67
5.68
5.69
5.70
5 .71
5.72
5.73
5.74
5.75
5.76
5 .7.7
5.78
5.79
5 .80
5 .81
5.82
5.83
5.84
5.85
5 .86
5 .87
5.88
5 .89
5.90
5 .91
5.92
5.93
5.94
5.95
5.96
5 .97
5.98
5.99

0.1700
0 .17 04
0 .17 07
0.1711
0.1714
0.1718
0 .17 21
0 .17 25
0 .17 28
0.1732
0.1735
0 .17 39
0 .17 42
0.17 46
0.17 49
0.1753
0 .17 56
0. 1 760
0 .17 63
0 .17 67
0 .177 0
0 .177 4
0.1777
0.1781
0 .17 84
0 .17 87
0.179't
0 .17 94
0.1798
0.1801
0.1805
0.1808
0 .181 2
0.1815
0.1819
0 .1822
0 .1 826
0 .1 829
0.1853
0.1836

0.1719
0 .17 23
0.1726
0.1750
0.1734
0.1738
0 .17 41
0 .17 45
0 .17 49
0.1753
0.1756
0.1760
0 .17 64
0 .17 67
0 .177 1

0 .177 5
0.1779
0 .17 82
0.1786
0.t790
0.1794
0 .17 97
0.1801
0. 1 805
0.1808
0.'l 812
0.1816
0. 1 820
0 .1 823
0.1827
0.1831
0.1835
0.1858
0 .1 842
0.1846
0. I 849
0. r 855
0.1857
0.1861
0.1864

0.1706
0.1710
0.1714
0.17r8
0 .17 22
0 .17 25
0 .17 29
0.1733
0.1737
0.17 41
0.17 45
0 .17 48
0 .17 52
0.1756
0.r760
0 .17 64
0.1767
0.177 1

0 .177 5
0.1779
0.1 785
0. 1 786
0.1790
0.1794
0. r 798
0.1802
0.1 806
0.r809
0.1815
0.1817
0 .1 821
0.1825
0. r 828
0 .1832
0.1836
0.1 840
0. 1 844
0.1 847
0. 1 851
0.1855

6 .00
6 .01
6.02
6 .03
6.04
6.05
6.06
6 .07
6.08
6 .09
6.10
6.11
6.12
6.13
6.14
6.15
6. 16
6 .17
6.18
6 .19
6.20
6.21
6.22
6.23
6.24
6.25
6.26
6.27
6.28
6.29
6.30
6.31
6.32
6.33
6.34
6.35
6.36
6 .37
6.38
6.39

0.1 840
0.1843
0 .1847
0.1850
0.1854
0.1857
0. 't 861
0.1864
0.1868
0.187 1

0.1875
0.1878
0.1882
0.1 885
0.1 888
0.1892
0.1895
0.1 899
0.1902
0.1 906
0.1 909
0.1913
0.1916
0 .1 920
0 .1 923
0.1927
0.1950
0.1934
0.1937
0.194'l
0 .1 944
0.1948
0 .'t 951
0.1955
0.1958
0.1962
0.1965
0.1969
0 .197 2
0.1 976

0.1868
0.1872
0.r876
0.1879
0.1 883
0. 1 887
0.1891
0.1 894
0.1898
0 .1 902
0.1905
0.1909
0.1913
0.1917
0 .1 920
0 .1 924
0.1928
0.1932
0.1955
0. 1 939
0 .1943
0 .1 946
0. r 950
0 .195 4
0.1958
0.r961
0. I 965
0.1969
0.1973
0. 1 976
0.1 980
0.1984
0.1987
0.1991
0.1 995
0.1 999
0.2002
0.2006
0.2010
0.201 4

1859
1 863
1 867
1870
187 4
1878
1 882
1886
1889
1 893
1 897
1 901
1905
1909
1912
1916
1 920
1 924
1 928
1931
1 935
1 939
1943
1947
1950
195 4
1958
1 962
1 966
197 0
197 3
1977
1 98'l
1 985
1989
1 992
1 996
2000
200 4
2008

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

o
,
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(4 of 4)

t %tt

(1)

Counf
0- i n
(2)

Ratio
2-ln
(5)

%rt

(1)

Count
0- i n
(2)

Ratio
2-ln
(3)

MC/MS
4- In
(4)

MC/MS
4- in
(4)

6 .40
6.41
6.42
6.43
6 .44
6 .45

0.1
0.1
0.1
0.1
0.1
0.1

979
985
986
989
993
996

6 .46
6 .47
6 .48
6 .49
6.50

0.2017
0.2021
0.2025
0.2028
0.2032
0.2036

0 .2012
0 .2015
0 .2019
0.2023
0.2027
0.2031

0 .2000
0.2003
0 .2007
0 .201 0
0.2014

0.2040 0.2034
0 .20 43 0 .2038
0.2047 0.2042
0.2051 0.2046
0.2055 0.2050
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o
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