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Depa r tmen t of Highways 

T h i s paper desc r ibes the i n v e s t i g a t i o n made b y the Colorado 
Depar tmen t of Highways i n t o the f e a s i b i l i t y and p r a c t i c a l i t y 
of u s ing c o m m e r c i a l l y ava i lab le nuc lear devices to p e r f o r m 
m o i s t u r e and densi ty tes ts i n the f i e l d on highway c o n s t r u c t i o n 
m a t e r i a l s . The c o r r e l a t i o n found between nuclear and conven
t i o n a l methods is presented along w i t h an explanat ion of the 
equipment and i t s bas ic f u n c t i o n s . E l e c t r o n i c r e l i a b i l i t y i s 
d iscussed and data concern ing the amount of personne l i r r a 
d i a t i o n w h i l e w o r k i n g i n close contact w i t h equipment con ta in 
i n g isotopes of c e s i u m and r a d i u m - b e r y l l i u m a re g i v e n . The 
use of a nuc lear device to c o n t r o l the compac t ion of embank
ment m a t e r i a l on a l a rge p r o j e c t i n w e s t e r n Colorado i s de 
s c r i b e d and acceptance of th i s new concept of t e s t ing by f i e l d 
pe r sonne l i s r e l a t ed . P r e l i m i n a r y i n f o r m a t i o n conce rmng an 
a t tempt to c o r r e l a t e th ree d i f f e r e n t nuclear devices w i t h the 
convent ional method of d e t e r m i n i n g the densi ty of asphal t ic 
concre te s u r f a c e courses i s a l so presen ted . 

• M A N Y H I G H W A Y ENGINEERS p r e d i c t that nuc lear devices a re the t e s t ing med ia of 
the f u t u r e . The use of rad io i so topes to d e t e r m i n e m o i s t u r e content and dens i ty has 
been developed to the degree of p r a c t i c a l i t y s ince the end of W o r l d War H . Agencies 
such as C o r n e l l U n i v e r s i t y , the U . S . A r m y Corps of Eng inee r s , and the Mich iganSta te 
Highway Depar tmen t have a l l con t r ibu ted t h e i r ta lents to the development of por tab le 
m o i s t u r e and densi ty probes whose r e s u l t s a re equal to o r surpass the accuracy of 
s tandard methods p re sen t ly i n use. 

I n January 1960, the Colorado D i v i s i o n of the U . S . Bureau of Pub l i c Roads cooper 
a ted w i t h the Colorado Depar tmen t of Highways i n se t t ing up a r e s e a r c h p r o g r a m to 
c o r r e l a t e nuc lear r e s u l t s w i t h the s tandard methods of d e t e r m i n i n g densi ty and m o i s t u r e 
content i n the f i e l d . The M a t e r i a l s D i v i s i o n was assigned th i s task. The p r i m a r y 
purpose was t o f i n d out whether the nuclear t e s t i ng equipment that was ava i lab le f r o m 
p r i v a t e i n d u s t r y at that t i m e was p r a c t i c a l f o r c o n t r o l l i n g compac t ion m the f i e l d . 

Some of the s i tua t ions g i v i n g r i s e to the need of th is r e s e a r c h are that present 
dens i ty and m o i s t u r e c o n t r o l methods i n the f i e l d a r e f a s t becoming inadequate, espe
c i a l l y w i t h the ever i n c r e a s i n g number of h igh speed and l a r g e capaci ty e a r t h m o v i n g 
machines be ing used f o r c o n s t r u c t i i ^ highways today. These o ld fash ioned t e s t ing 
methods many t i m e s cause cos t ly and needless delays d u r i n g c o n s t r u c t i o n because of 
the necessary t i m e - c o n s u m i n g procedures i n v o l v e d . The t r e n d i n some instances i s 
that m o i s t u r e and densi ty tes ts a re not e f f e c t i v e f o r c o n s t r u c t i o n c o n t r o l , but se rve 
m e r e l y as p o s t - m o r t e m data to comple te the necessary p r o j e c t r e c o r d s . T h i s i s not 
good. 

Ano the r j u s t i f i c a t i o n f o r th i s r e s e a r c h i s the advent of in -p lace densi ty r e q u i r e m e n t s 
f o r coa r se , open-graded base course , and subbase m a t e r i a l s as adopted i n 1958 by the 
Co lo rado D e p a r t m e n t of H ighways . Standard methods of o b t a i n i i ^ th is i n f o r m a t i o n i n 
the f i e l d a r e v e r y d i f f i c u l t and o f t en inaccura te i n th i s type of m a t e r i a l . 

Nuc lea r t e s t i ng cou ld be the answer to these p r o b l e m s i f p r o p e r l y appl ied . I t i s not 
the in t en t of t h i s paper t o r e c o m m e n d changes i n compac t ion r e q u i r e m e n t s , bu t r a t h e r 
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to pub l i sh unbiased c o m p a r i s o n r e s u l t s and re la te some of the advantages and d isadvan
tages of both nuclear and s tandard techniques. T h i s paper w i l l also r e l a t e some of the 
data gathered whi le us ing nuclear devices to ac tua l ly c o n t r o l compact ion on the r e l o 
ca t ion of US 50 around the Curecan t i R e s e r v o i r s i te and other p r o j e c t s i n Colorado . 

When th i s r e s e a r c h p r o g r a m was begun, the only c o m m e r c i a l l y avai lable nuclear 
device f o r su r face m o i s t u r e and densi ty de te rmina t ions was the Nuc lea r -Ch icago d/M 
Gauge. T h i s i s the equipment that was used. The Nuc lea r -Ch icago C o r p o r a t i o n of 
Des P l a m e s , 111., developed t h e i r d/M Gauge m con junc t ion w i t h the U . S . A r m y Corps 
of Eng inee r s . M a r k e t i n g of t h e i r su r face probes began i n 1958 a f t e r a considerable 
amount of t i m e and money had been expended f o r r e s e a r c h . 

The f i r s t d/M Gauge was d e l i v e r e d to the C e n t r a l M a t e r i a l s L a b o r a t o r y i n December 
of 1959 at a cost of $ 4 , 3 8 0 . The c u r r e n t p r i c e , w h i c h includes an e l e c t r i c t i m e r , i m 
proved probe cables, and a m u l t i p l e tube detector sy s t em m the densi ty p robe , i s 
$ 4 , 9 5 0 . C r o s s - s e c t i o n v iews of the su r face densi ty probe are shown i n F i g u r e 1 . The 
upper p o r t i o n of t h i s f i g u r e shows the s ing le tube type of de tec t ion s y s t e m and the l o w e r 
p o r t i o n shows the m u l t i p l e tube s y s t e m . The upper p o r t i o n a lso indicates the p o s i t i o n 
of the r ad ioac t ive source when the opera t ing handle i s i n the "up" or c a r r y i n g pos i t i on . 
The l o w e r p o r t i o n a lso indicates the source to detector geomet ry when the handle i s i n 
the " d o w n " or opera t ing p o s i t i o n . 

The radio iso tope used i s 3 m i l l i c u r i e s of ce s ium 137 sealed w i t h i n a s ta in less s tee l 
capsule. T h i s g a m m a r a y source has a h a l f - l i f e of 33 yea r s . The de tec tor tube, o r 
tubes as the case may be, i s a G e i g e r - M i i l l e r tube much the same as those found i n an 
o r d m a r y Geiger counter . 

A procedure ca l l ed s tandard count i s used d a i l y to evaluate n u m e r i c a l l y the at t i tude 
and e f f i c i e n c y of each p robe . I n the case of the densi ty p robe , s tandard count i s ob 
ta ined w i t h the probe i n i t s case w i t h the handle up . T h i s pos i t ions the r ad ioac t ive 
source adjacent to the c a l i b r a t e d opening i n the lead sh i e ld ing , a l l o w i n g a s p e c i f i e d 
amount of g a m m a r a d i a t i o n to s t r i k e the detect ion s y s t e m . 

I n the opera t ing or "use" pos i t i on , the g a m m a rays e m i t t e d f r o m the ces ium source 
enter the s o i l mass where some are absorbed o r sca t te red away f r o m the detector and 
some are backsca t te red . The backsca t te red gammas a re detected by the G - M tube 
de tec t ion s y s t e m . When these r a y s pass th rough the gas f i l l e d tubes, they cause "ava
lanche" ion iza t ions that a re i n t e r p r e t e d as pulses by the connected sca le r . The sca le r 
r e c o r d s these e l ec t ron i c pulses as counts pe r minu te . The m o r e dense the s o i l mass , 
the less r a d i a t i o n backsca t t e red . The less dense, the m o r e backsca t t e red g a m m a r a y s 
detected. T h e r e f o r e , the de tec t ion ra t e i s i n v e r s e l y p r o p o r t i o n a l to the wet densi ty of 
the m a t e r i a l be ing tes ted. 

C r o s s - s e c t i o n v iews of the su r f ace m o i s t u r e probe a re shown i n F i g u r e 2. The 
c ross -ha tched po r t ions indicate lead sh ie ld ing . When the opera t ing handle i s up , the 
r ad ioac t ive source i s comple te ly su r rounded by lead . The radioisotope used i n th is 
case i s 5 m i l l i c u r i e s of r a d i u m - b e r y l l i u m ; h a v i i ^ a h a l f - l i f e of 1,620 y e a r s . The r e 
ac t ion of the r a d i u m on the b e r y l l i u m const i tu tes a source of h i g h v e l o c i t y neut rons . 
Standard count i s obtained on th i s probe by p lac ing i t on the wax s tandard p r o v i d e d w i t h 
the machine , l o w e r i n g the probe handle, and r e c o r d i n g the counts pe r minute i n t h i s 
p o s i t i o n . 

A s the safety handle i s moved and the o p e r a t i i ^ handle i s depressed, the s p r i n g 
loaded lead shields a re pa r t ed and the source i s l owered in to the "use" p o s i t i o n . T h i s 
i s shown i n the l o w e r p o r t i o n of F i g u r e 2. 

The p r i n c i p l e of opera t ion i s as f o l l o w s : F a s t neutrons a re e m i t t e d f r o m the source , 
enter the s o i l mass , and are sca t t e red i n a l l d i r ec t i ons as a r e s u l t of c o l l i s i o n s w i t h 
the atoms i n the m a t e r i a l be ing tes ted. When these f a s t neutrons co l l i de w i t h hydrogen 
a toms they lose ve loc i t y and thus become s low o r modera ted neut rons . Because the 
hydrogen content of c o m m o n roadway cons t ruc t ion m a t e r i a l i s low and f a i r l y constant, 
the vast m a j o r i t y of the hydrogen a toms that s low the neutrons a re those of the water 
molecu les i n the m o i s t u r e content of the m a t e r i a l be ing tes ted . 

These f a s t neutrons t r a v e l at the a lmos t incomprehens ib le speed of 8, 900 m i pe r 
sec. Scient is ts have a lso found that i t takes only app rox ima te ly 18 to 20 co l l i s i ons w i t h 
the l i gh t e s t of a l l e lements , hydrogen , to s low these neutrons to only 1 m i per sec. 
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Fas t neutrons d i f f e r e n t i a t e between hydrc^en atoms and other atoms because the 
neutrons and hydrogen a toms are much a l ike i n mass . A m o r e eas i ly unders tood 
analogy m i g h t be the f o l l o w i n g : Neut rons m i g h t be compared to ping-pong b a l l s . I f 
t h r o w n against an average a tom (whose r e l a t i v e s ize and weight could be l ikened to 
that of a bowl ing ba l l ) the p ing-pong b a l l rebounds at h igh speed wi thout apprec iab ly 
a f f e c t i n g the b o w l i n g b a l l ; but when t h r o w n against another p ing-pong b a l l ( r e l a t ive s ize 
and weight of a hydrogen atom) the second b a l l i s set i n m o t i o n , whi le the f i r s t rebounds 
w i t h a g r ea t l y reduced v e l o c i t y , thus s i m u l a t i n g a s low neut ron . 

The ten B o r o n - t r i f l u o r i d e de tec tor tubes i n th i s probe detect only the s l ow neutrons 
backsca t te red f r o m the s o i l mass . The sca le r then r eco rds these e l ec t ron ic pulses as 
counts pe r minute on the g low tubes. The higher the counts per minu te , the h igher the 
m o i s t u r e content. T h e r e f o r e , the count ra te i s d i r e c t l y p r o p o r t i o n a l to the m o i s t u r e 
content of the m a t e r i a l being tes ted. 

The l a b o r a t o r y phase of c o m p a r i s o n tes t ing began d u r i n g the w i n t e r months e a r l y i n 
1960. A f i b e r g l a s s m o l d having a vo lume of 1 . 23 cu f t was devised to conta in l a b o r a t o r y 
spec imens . A c t u a l weights per cubic foo t of the m a t e r i a l w i t h i n th is m o l d were de t e r 
mined by weigh ing the whole sample and d i v i d i n g th i s weight by the vo lume of the m o l d . 
These r e su l t s we re then compared to nuclear r e s u l t s . 

The densi ty c o m p a r i s o n tes ts showed that 33 percent of the tests were below the 
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N - C Corp . r a t i o curve and 60 percent were above, ind ica t ing a new curve could be 
d r a w n s l i g h t l y h igher than the company curve that would i n t e r p r e t nuclear readings 
more accura te ly when tes t ing our p a r t i c u l a r type of m a t e r i a l s . 

L a b o r a t o r y m o i s t u r e tests f r o m these same molds were consis tent ly h igher than 
the N - C Corp . m o i s t u r e r a t i o c a l i b r a t i o n c u r v e . T h i s indica ted a s l i gh t s h i f t of th is 
c a l i b r a t i o n curve should also be made when tes t ing the au thor ' s p a r t i c u l a r m a t e r i a l s . 

N - C C o r p . c a l i b r a t i o n curves i ssued w i t h each d/M. Gauge are made up at the f a c t o r y . 
I n the case of the densi ty probe , this curve is based on nuclear readings u s i i ^ a p a r 
t i c u l a r d / M Gauge on a set of concrete b locks r a n g i i ^ i n weight f r o m approx ima te ly 
80 to 160 pcf . M o i s t u r e c a l i b r a t i o n curves a re d e r i v e d f r o m standards composed of 
va r ious combinat ions of sand and a l u m . The a l u m r e p r e s e n t i i ^ the hydrogen found i n 
wa t e r . 

N - C Corp . represen ta t ives state that these curves may be s h i f t e d e i the r d i r e c t i o n 
to c o n f o r m w i t h l o c a l m a t e r i a l s . I t i s CDH opinion that the c a l i b r a t i o n of nuclear de
vices should be based on e i the r s tandards composed of t y p i c a l m a t e r i a l s to be tes ted 
or a se r ies of convent ional f i e l d densi t ies p e r f o r m e d at the job s i te on t y p i c a l m a t e 
r i a l s r a the r than use the m a n u f a c t u r e r ' s c a l i b r a t i o n cu rves . 

The d / M Gauge i s s t r i c t l y a f i e l d dev ice . I t i s not needed i n the tes t ing l a b o r a t o r y . 
T h e r e f o r e , i n A p r i l 1960 as soon as the weather a l lowed cons t ruc t ion to r e s u m e . Cen
t r a l L a b o r a t o r y personnel took the nuclear device in to the f i e l d . 
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F i e l d c o m p a r i s o n t e s t ing f o l l o w e d the f o l l o w i n g sequence: 

1 . Standardized both nuclear probes and c a l i b r a t e d densi ty sand. 
2. Smoothed tes t s i te and appl ied t h i n l aye r of sand to f i l l su r f ace a i r vo id s . 
3. P e r f o r m e d nuclear m o i s t u r e and densi ty tes ts ; averag ing the f o u r readings 

taken w i t h each p robe . 
4 . Excava ted convent ional sand dens i ty tes t hole at exac t ly the same s i t e as the 

nuc lear tes t . 
5. P o u r e d Ot tawa sand in to the hole us ing spec ia l m e t a l f u n n e l . 
6. Leve l ed sand w i t h paper t ag . 
7. Recorded necessary weights r e q u i r e d f o r c o m p l e t i o n of convent ional sand densi ty 

tes t . 
8. P r e s e r v e d r ep resen ta t ive m o i s t u r e sample we igh ing over 500 g f o r oven d r y i n g 

i n l a b o r a t o r y . 
The p rocedure f o l l o w e d i n p e r f o r m i n g the convent ional sand densi ty tes t was es

s en t i a l l y the same as AASHO designat ion T 147-54 method A . 
C a l i b r a t i o n of the m o i s t u r e probe was accompl i shed th rough u t i l i z i n g the r e s u l t s of 

62 m o i s t u r e c o m p a r i s o n tests taken both i n the l a b o r a t o r y and i n the f i e l d . These 
points and the c u r v e d r a w n to t hem a re shown i n F i g u r e 3. T h i s cu rve was used to 
de r ive m o i s t u r e content on a l l subsequent c o m p a r i s o n tes ts w h i c h numbered over 120. 
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N i n e t y - f i v e percent of the nuclear m o i s t u r e readings were w i t h i n two percentage 
points of t h e i r convent ional o v e n - d r i e d counte rpar t s when ca lcu la ted on the basis of 
percent of d r y weight . 

Dens i ty probe c a l i b r a t i o n was not accompl i shed as r e a d i l y as was the m o i s t u r e 
c a l i b r a t i o n . One reason be ing the se lec t ing and d r y i n g of a r epresen ta t ive m o i s t u r e 
sample is a r e l a t i v e l y s i m p l e tes t , whereas accompl i sh ing a sand densi ty i s m o r e 
compl i ca t ed . 

I t i s c o m m o n knowledge, espec ia l ly among f i e l d men , that the des t ruc t ive type of 
p h y s i c a l test employ ing c a l i b r a t e d sand to de t e rmine tes t hole vo lume i s suscept ible 
to e r r o r . On many coarse and open-graded aggregates , th i s type of tes t i s i m p r a c t i c a l 
and at t i m e s imposs ib l e to a c c o m p l i s h . 

T h e f o l l o w i n g s ta tements p e r t a i n i n g t o the sand rep lacemen t method of d e t e r m i n i n g 
tes t hole vo lume should not be cons t rued as an e f f o r t to r a t i o n a l i z e in to place any tes t 
r e s u l t s o r conclusions found i n t h i s paper . They a re b rought out m e r e l y as points of 
i n f o r m a t i o n and as poss ib le v a l i d reasons f o r some r e p o r t e d d i f f e r e n c e s . 

Some of the f a c t o r s that may cont r ibu te to the p o s s i b i l i t y of e r r o r i n the sand densi ty 
t e s t a re the f o l l o w i n g : 

1 . I f t r a f f i c of any k i n d , espec ia l ly heavy equipment , i s opera t ing i n the immed ia t e 
v i c i n i t y of the tes t s i t e , the v i b r a t i o n set up by th i s equipment may be t r a n s m i t t e d 
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to the ca l i b r a t ed sand i n the test hole causing i t to set t le and indicate an er roneous 
vo lume de t e rmina t i on . 

2. When tes t ing coarse m a t e r i a l , the s u r f a c e of the sand, when leve led , does not 
exac t ly dupl ica te the tex ture of the su r f ace of the m a t e r i a l b e f o r e the tes t hole was 
excavated. T h i s a lso r e su l t s i n a s l i g h t l y er roneous volume de t e rmina t ion . 

3. The technique employed when l e v e l i n g the sand v a r i e s f r o m one opera tor to the 
next , inducing some human e r r o r . 

4 . When tes t ing so i l s ex t reme care mus t be exe rc i sed to r e f r a i n f r o m compact ing 
the w a l l s of the test hole w i t h the d igging t oo l s . I n g r a v e l l y m a t e r i a l s i t i s easy to 
c r a c k o r d i s t u r b the w a l l s and bo t tom w h i l e excavat ion is i n p r o g r e s s . 

When tak ing these f a c t o r s in to cons ide ra t ion i t i s apparent that the " s t andard" to 
w h i c h the d ^ M Gauge i s be ing compared v a r i e s somewhat . Never the less , l a b o r a t o r y 
pe r sonne l took to the f i e l d m A p r i l 1960 i n hopes of es tab l i sh ing a v a l i d c a l i b r a t i o n 
cu rve f o r the densi ty probe based s t r i c t l y on f i e l d dens i t ies . 

I t was thought at f i r s t tha t c a l i b r a t i o n curves f o r va r ious types of so i l s and agg re 
gates wou ld have to be made up. T h i s i s poss ib le , but not n e a r l y as p r a c t i c a l as one 
gene ra l cu rve f o r a wide v a r i e t y of m a t e r i a l s . 

A f t e r d e r i v i n g c a l i b r a t i o n c u r v e s , based on sand dens i t ies , f o r s e v e r a l d i f f e r e n t 
types of so i l s and g rave l s and l e a r n i n g that they f e l l f a i r l y c lose to each o ther , i t was 
decided to a t tempt to d e r i v e an a l l - i n c l u s i v e c u r v e . T h i s c a l i b r a t i o n curve may not be 
quite as accurate as a curve f o r each i n d i v i d u a l m a t e r i a l , but accurate enough f o r f i e l d 
compac t ion c o n t r o l . 

F i g u r e 4 shows the 34 points used to ca l i b r a t e the d / M Gauge densi ty probe i n the 
f i e l d . M a t e r i a l s tes ted inc luded subgrade s o i l s , base course g r ave l s , and coarse sub-
base g r a v e l s . F i g u r e 5 shows the c a l i b r a t i o n curve d r a w n to these pomts and a poin t 
i nd i ca t ing the nuclear r ead ing on a s o l i d g ran i te s tandard weighing 165. 7 pcf . T h i s 
s tandard i s ac tua l ly an 18- by 18- by 8 - i n . piece of g ran i t e tombstone h a v i i ^ one p o l 
i shed s u r f a c e . 

F i g u r e 6 shows the r e su l t s of c o m p a r i s o n tests p e r f o r m e d on a v a r i e t y of common 
roadway cons t ruc t i on m a t e r i a l s . A to lerance of plus o r minus 3 pcf was a r b i t r a r i l y 
decided on f o r purposes of c o m p a r i n g the two methods of t e s t ing . These to le rances 
are indica ted by the dashed l i ne s . E i g h t y - f o u r percent of the compar i son tests p e r 
f o r m e d w h i l e u s ing the CDH c a l i b r a t i o n curve were w i t h i n the au thor ' s 3 pcf wet densi ty 
to le rance . I t should be unders tood that these f i g u r e s a re based on one depar tment ' s 
exper ience w i t h one nuclear device . 

I t was found d u r i i ^ l a b o r a t o r y tests that the depth of pene t ra t ion of the densi ty 
p robe ' s zone of in f luence was app rox ima te ly 6 to 8 i n . , depending on the dens i ty of the 
m a t e r i a l be ing tes ted. 

The d / M Gauge r e f e r r e d to i n th i s paper p roved to be r e l i a b l e both mechamca l ly 
and e l e c t r o n i c a l l y . I t has been s tated that i t i s m o r e ruggedly b u i l t than the two-way 
r a d i o sets i n s t a l l ed i n au tomobi les . T h i s device was operated i n outdoor t empera tu res 
rang ing f r o m 40 to 107 F . I t was t r anspo r t ed some 5,668 m i w h i l e t e s t ing on 28 c o n 
s t r u c t i o n p r o j e c t s i n Colorado . D u r i n g th is t i m e no ma l func t ions were exper ienced 
that could be a t t r i bu t ed to v i b r a t i o n o r t r a n s p o r t i n g . 

T r o u b l e was encountered, however , w i t h i n t e r n a l l y b roken probe cables . They 
b r o k e f r o m the e f fec t s of too much t w i s t i n g where they are attached to the s ca l e r and 
the probes—much l i k e the c o r d of a household i r o n sho r t c i r c u i t s f r o m excessive bend
i n g . These cables were r e p a i r e d once and then rep laced w i t h a new, m o r e f l e x i b l e 
type that comes equipped w i t h both ends encased i n a foo t of c o i l s p r i n g to prevent 
excessive k i n k i n g . Al though no t roub le of th is nature has o c c u r r e d s ince the i n s t a l l a t i o n 
of these new cables , i t wou ld seem that connect ing cables are the weakest e x t e r i o r 
component of the nuclear devices p re sen t ly being manufac tu red . I t i s hoped that a de 
v ice cons i s t i ng of a s ing le u n i t c o m b i n i n g both probes and the s c a l e r w i l l someday be 
produced, thus e l i m i n a t i n g the necessi ty f o r cables . 

Whi l e t e s t ing roadway cons t ruc t ion m a t e r i a l s o r i g i n a t i n g i n the u r a n i u m f i e l d s of 
southwestern Colorado , no apprec iab le in f luence f r o m e x t r a r ad ioac t ive m a t e r i a l s 
being present was encountered. I n some r a r e instances where a p a r t i c u l a r l y "ho t" 
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piece of carnotite or pitchblende might occur directly beneath the density probe there 
may be a slight difference in the count recorded on the scaler but the over-all effect of 
such occurrences is considered to be negligible. 

The d/M Gauge is not necessarily a complicated nor difficult device to operate. 
Most subprofessional personnel currently engaged in the determination of density and 
moisture content in the field, using conventional methods, could become d^M Gauge 
operators after three days of instruction. These operators would have at their disposal 
the use of daily standard count to check the proper functioning of the electronic circuitry 
every day. This would minimize the possibility of a series of erroneous test results 
because of a faulty machine. Even the inexperienced operator would know immediately 
on taking standard count whether the machine is operating properly. 

The health-safety aspects of operating the d/M Gauge were also investigated thor
oughly. Physical examinations of both operator and assistant after six months' close 
contact with the nuclear device showed absolutely no irradiation effects. Pocket-type 
dosimeters provided a daily check on radiation absorbed. Records kept on these read
ings indicated a very slight amount of radiation reached the operator (usually from 1 to 
2 milliroentgens per day) and none reached the assistant. 

Film badges were also carried by all personnel working with the nuclear device. 
One badge was worn on the waist and one on the foot. These badges were sent back to 
the N-C Corp. for analysis every two weeks. Figure 7 shows two typical f i lm badge 
reports obtained during the time the research program was being executed. The Atomic 
Energy Commission recommended allowable doseage is 100 MR per week at the time 
this paper is being written. It could be stated that operator irradiation was less than 
9 percent of the permissible doseage during the research program. It is CDH opinion 
that this amount of radiation is negligible and the effects are ml. 

Under the heading of time element, nuclear dry density is obtainable in 12 to 15 min, 
depending on how easy it is to smooth the test site. Spot checks of either moisture or 
density may be made in as Uttle time as 1 min. 

The data given in Table 1 are indicative of the time saved through the use of the 
nuclear device. The relative compaction information in the upper portion of the table 
was made available in the total lapsed time of 1 hr. These four tests were taken at 
four different test sites. 

The results from the conventional sand density tests taken at the same sites and 
available 24 hr later are also given in the table for comparison. The time element in 
this particular case was extended more than the average field test as it was necessary 
to dry the moisture samples at the central lab. 

A final report on this correlation study has been published. The letter of transmit
tal accompanying this report contained the following statements: 

1. Nuclear density determinations were within 3 pcf of the conventional sand density 
determinations in 84 percent of the comparative tests. 

2. Nuclear moisture determinations were within two percentage points of conventional 

TABLE 1 
COMPARISON^ OF DRY DENSITY AND RELATIVE COMPACTION DATA FROM 

TESTS USING NUCLEAR DEVICE AND CONVENTIONAL SAND DENSITY METHOD 

Test Max. 
Dry Dens. 

Nuclear Device Conventional Method 
Test Max. 

Dry Dens. Dry Dens. °/o Rel. Compact. Dry Dens. % Rel. Compact. 

1 133.7 134.6 100.7 133. 8 100.1 
2 133.7 131. 5 98.4 135.0 101.0 
3 133.7 132.7 99.3 130.6 97.7 
4 133.7 134.1 100.3 133. 5 99.9 

^Project I 25-3 (12) 217, 70th Avenue Interchange, September 14, 1960; base course, 
y 4 - i n . top size. 
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(oven dried) moisture content values in 95 percent of all comparative tests. 
3. The equipment is sufficiently sturdy and reliable for use on highway construction 

projects. 
4. Interested and competent subprofessional personnel, having a background m 

materials testing, can be trained within three days to operate the nuclear testing equip
ment effectively. 

5. The Materials Division feels that when a field district has a need for a rapid, 
high-volume method for determining the moisture content and densities of embankment, 
subbase, and base course materials, utilization of nuclear devices would be worth a 
trial . 
At the time the final report was being distributed, a $3.7 million contract was awarded 
to the H-E Lowdermilk Company of Englewood, Colo. This contract included the con
struction of two comparatively large brieves and the moving of some 1.6 million cu yd 
of embankment material involved in the relocation of US 50 around the Curecanti reser
voir site 25 mi west of Gunnison at Sapinero. 

The H-E Lowdermilk Construction Company is one of the largest concerns engaged 
in highway construction in Colorado. They are capable of moving a tremendous amount 
of material in a relatively short period of time. This situation naturally requires an 
increase in the rate that compaction tests are taken during construction as compared 
to the average project. 

The District Engineer m charge of this project had a choice of either hiring extra 
personnel or buying a nuclear device to cope with the impending situation of his mate
rial testers possibly not being able to keep up with such a fast moving operation. He 
chose the latter. In this case, the $4,950 spent on a d/M Gauge was economically 
justified as bemg in lieu of a greater expenditure for wages paid to the extra personnel 
the Colorado Department of Highways would have had to hire. 

In Apri l 1961, the second d/M Gauge was ordered. It was delivered to Colo. Pro
ject CC-40-0006-26, Sapinero East and West, on May 16. The density probe was 
calibrated utilizing the results of nuclear readings and the results of 12 field sand 
density tests performed at the project site and 4 taken in the Denver area by Central 
Laboratory personnel. The moisture probe was calibrated on the basis of 12 conven
tional moisture tests dried on a hot plate in the field test lab. 

From May 23 to September 22, one tester and one assistant using one d/M Gauge 
controlled the compaction of the embankment on this relatively large project. At times, 
there were five operations in progress at one time involving up to 150,000 cu yd per 
week of material containing a high percentage of rock. 

Supplementary data submitted by the tester on the Sapinero project is as follows: 
Duration of embankment work 123 days 
Total embankment tested 1,610, 000 cu yd 
Total test 1,121 
Highest daily total 24 
Highest weekly total 108 

At the height of the work load, 14 complete density and moisture tests were ac
complished in a lapsed time of only SVa hr. Four to six complete tests per day using 
conventional methods would be average for the same amount of personnel when dealing 
with such coarse material and considering the traveling time to and from the field test 
lab over rough terrain. Highway personnel state that the one d^M Gauge they had on 
the job could have accomplished the required number of tests on twice as much mate
rial as was tested; had it become necessary. 

When the embankment work was completed, a set of 14 sand densities were per
formed at nuclear test sites to check the calibration curves. Al l of the density checks 
fe l l within plus or minus 3 pcf of the original curve. Moisture checks were also within 
reasonable limits. 

Acceptance of this new concept of testing by highway personnel has been excellent 
from the District Materials Engineer right down to the tester on the job. The purchase 
of another nuclear device is scheduled for this district's 1962 budget. 
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Contractor acceptance has been good, especially when they realize the time-saving 
aspects. The few questionable incidents that have arisen have been resolved by the 
performance of sand densities at the sites in question. Conventional results have 
agreed quite closely with nuclear results, but, of course, took several hours to com
plete instead of the few minutes required for nuclear determinations. 

The only material encountered on the Sapinero project for which the d/M Gauge had 
to be recalibrated was a relatively pure strata of volcanic ash and glass in a borrow 
source. This ultrafine material had a maximum density (modified compactive effort) 
of only 77 pcf, optimum moisture of 30 percent, specific gravity of 2.35, yet was 
nonplastic. Truly an exotic. 

When the nuclear results began to show low compaction values as this material was 
being placed in a f i l l , a series of sand density tests were performed and the results 
compared to d/M Gauge readings at the same sites. Using these data, a unique cali
bration curve was plotted and used on subsequent tests involving this material. These 
tests proved to be few in number, as the use of this unusually lightweight material was 
discontinued. The quantity actually tested was less than 1 percent of the total on the 
]ob. Recalibration for unusual materials, such as the aforementioned, is one of the 
limitations of the use of nuclear devices that this department recognizes. 

A second 6/M Gauge was used m western Colorado for compaction control on the 
Palisades Interchange project 13 mi east of Grand Junction. This nuclear device was 
also used by District I I I materials personnel as a "trouble shooter" on other projects 
that required density data in coarse material where conventional density tests would 
have been impractical. The location of these projects and the sites where correlation 
tests were performed duri i^ the BPR sponsored research program are shown in Figure 
8. 

COLORADO STATE HICJHWAY SYSTEM 

r 

LEGEND 

• CORRELATION SITES 

^Bj) APPLICATION SITES 

Figure 8. 
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In May, 1961, preliminary work was begun to determine the feasibility of using a 
nuclear device to measure the density of newly laid, hot-mixed, asphalt surface 
courses. This initial effort was prompted by the need for a method or means whereby 
the degree of compaction being obtained during roller operations could be determined 
before the asphalt mix cooled, and in time for additional compactive effort to be ap
plied in case the density was found to be deficient. 

First attempts along these lines proved the need for a heat shield made of asbestos 
to protect the electronic components from the heat of the newly laid mat (usually around 
250 F). Three nuclear devices were used: the Nuclear-Chicago d/M Gauge with a 1-in. 
Marinite (asbestos) spacer between the density probe and the mat, a TESTlab density 
probe with a ' A - i n . asbestos shield, and a Hydro-Densimeter with a y 4 - i n . asbestos 
shield. 

In laboratory tests it was found that the zone of influence of the N-C Corp. d/M 
Gauge extended through the oil mat into the base course in varying degrees depending 
upon the density of the mat. It was also found that the insertion of a suitable spacer 
between the probe and the mat would not only provide a heat shield, but diminish the 
penetration of the sensitive volume through the asphalt to such a degree that the vast 
majority of the nuclear reading would be obtained from the oil mat. 

Preliminary correlation efforts involved a spacer composed of cane fiber and steel 
plates. Later, an improved spacer of 1-in. thick asbestos type material called 
"Marinite 65" was tried. The density probe was calibrated through this spacer using 
a series of 2-in. thick laboratory-prepared specimens of different weights per cubic 
foot. 

When using the d/M Gauge in the field to determine asphalt mat density, the average 
deviation from the conventional density tests taken at the same sites was 3. 6 pcf on the 
12 tests taken. The conventional test in this case consists of placing a split metal 6 in. 
in diameter in the hot asphalt mat as it is being laid. These rings and the material 
within them are later recovered and a specific gravity test is performed on the sample 
to determine its weight per cubic foot. 

A TESTlab nuclear device was purchased August 15, 1961, and was used to deter
mine asphalt density at the same sites as the N-C Corp. device and conventional ring 
densities. This probe has a depth setting feature that consists of inserting the radio
active source, mounted on a stainless steel rod, into the asphalt to a depth congruent 
to the thickness of the mat to be measured and detecting the gamma rays transmitted 
through the mat to the detector tube at the other end of the probe case. This probe was 
calibrated through a y 4 - i n . sheet of asbestos according to the company representative's 
procedure when the device was delivered. Using the company calibration curve to 
determine nuclear results at the same test sites as mentioned previously, the average 
deviation was 2. 9 pcf. 

A nuclear device distributed by Tellurometer Inc. of Washington, D. C., called the 
Hydro-Densimeter was also tried at the same sites. The Company calibration curve 
used was also corrected for a ' A - i n . asbestos shim inserted beneath the probe case. 
This device has a depth-setting feature that incorporates changing the source to de
tector tube distance in order to "shallow out" the zone of influence to the desired depth. 
When the probe is in the " fu l l out" position (shallowest setting) the company claims 
2- to 3-in. penetration when testing asphalt concrete containii^ y 4 - i n . aggregate. When 
using this probe at the aforementioned sites, the average deviation was 1. 5 pcf. 

It should be understood that the results of the few comparison tests reported are 
not conclusive as to the accuracy of nuclear testing of asphalt density, but i t is at least 
indicative of its feasibility. This phase of the investigations is s t i l l in its experimental 
stages and correlation attempts are being continued. 

CONCLUSIONS 
Nuclear tests for moisture and density on highway construction projects in Colorado 

have enabled the field tester to obtain many more tests than he could have obtained 
using conventional methods. This increase in testii^ indicates much more clearly the 
state of compaction of the material being tested. 
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The advantages of nuclear testing to individuals involved in highway construction 
could be stated as follows: 

1. To the field tester. —Ease of testii^ usually results in more tests taken. Tests 
wil l be taken in material ordinarily considered to be "too coarse" to be tested for 
density. 

2. To the project engineer. —Quicker tests, performed entirely at the test site, 
could result in immediate changes in rolling patterns to obtain proper compaction 
before the material in question is covered with another l i f t . 

3. To the materials engineer. —An increase in tests wi l l indicate a much better 
idea of the relative compaction on a project. 

4. To the district engineer. —With this new concept of testing his subordinates 
cannot use the old excuse of being "snowed under" for required tests because of a fast 
moving contractor. Also, nuclear devices can take the place of h i r i i ^ extra personnel 
for large projects. 

5. To the contractor. —Quicker results "on the spot" tend to diminish down time 
and let him know where he stands as far as compaction is concerned in a few minutes 
instead of a few hours. 

6. To the taxpayer. —Better highways. 

Discussion 

C. PAGE FISHER, North Carolina State College—The author is to be thanked for pre
senting his field comparison data on nuclear moisture and density measurements. The 
rapidity with which data can be collected by these devices makes i t possible to measure 
completely the state of moisture content and density in an earth structure or base course. 
From the very limited information available (3, 4, 5), it appears that the variation of 
density and/or moisture content in compacted earth or aggregate masses may be con
siderably greater than that implicitly assumed by most current specifications. Until 
considerable quantities of statistically valid data are available, one cannot say with 
certainty that the density tolerance of 3 pcf chosen by the author is too large, too 
small, or just right. The value proposed is, however, in the writer's opinion, a 
reasonable estimate in view of the present state of the art. 

Although data are lacking to set standards, an examination of some typical conditions 
may help to show the magnitude of the problem. A knowledge of the inherent variability 
of the properties of the material and of the test method used at a particular location is 
essential to reasonable enforcement of construction specifications. 

The measured value of moisture content or unit weight of a soil represents the true 
mean value of moisture or density of the mass only insofar as the measurement is ac
curate and as the measured sample is representative of the whole mass. A quality 
control system must then ensure accuracy in the measurements and statistical validity 
of the sampling method. 

First, the measurement itself is subject to error m each of its operations. Some 
of these errors are due to the limited precision of the equipment and some are due to 
truly random variables in the measurii^ techniques. Examples of the former are the 
limited precision of the volume-measuring scale on the balloon volumeter or the limited 
precision of balances used for weighing samples. Examples of the latter are the irreg
ularity of the soil surface around the test hole in sand cone or volumeter measurement 
and the random rate of disintegration of the source in the radiation method. 

Second, the physical property measured is not constant within the soil mass. It is 
current practice to procure representative samples by combining small samples from 
several locations in moisture content measurement, but little has been published about 
the limits within which this moisture content can vary in normal borrow materials. 
The amount of this deviation from the mean value is probably a significant measure of 
the suitability of the soil for compaction. In unit weight measurements i t is usually 
assumed that equal compactive effort on similar materials at the same moisture content 
wil l produce equal unit weights but the data reported by Redus (5) for a test installation 
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of base course material indicate that very minor differences in gradation and/or mois
ture content can produce large differences in local density in the same wheel track. 

In current field practice i t is generally recognized that some error is inherent in 
field measurements of moisture content and density, but the local variability of the 
true value of these parameters has not been fully appreciated. Because the direction 
of variation from the mean value of the mass may either add to or compensate for the 
error in measurement, there is a considerable uncertainty about the correctness of 
any single measurement of one of these parameters. It is possible to evaluate this 
uncertainty and thereby establish reasonable criteria for the performance of soil com
paction based on any given laboratory standard. 

To determine a quantity to a known degree of accuracy by measurement, the meas
urement must be repeated several times. These numerical values can then be ex
amined by established statistical techniques. ASTM Special Technical Publication 15-C 
is the basis for the techniques currently employed for the control of concrete, and the 
mathematical techniques presented therein are equally suitable for the control of com
pacted soils. The reference joints out that for a series of M observations, X i , X 2 , . . . , 
of a quantity having a mean, X , and a standard deviation, S, if the phenomenon shows 
a normal distribution—as is the case with most physical measurements—there is a 
fixed probability that the true mean value of the quantity lies m the range ±aS. "a" is 
a function only of the probability chosen and of the number of observations available. 

Obviously, one cannot measure every portion of a compacted f i l l or base course 
and it becomes necessary to select a volume unit for measurement that may reasonably 
be assumed to be homogeneous on the scale of the proposed sample volume. This 
volume unit can be sampled by statistically valid methods and its properties determined 
to any desired degree of accuracy. Each unit within the structure should be sampled 
and tested and in each case compared to the appropriate laboratory value for that unit. 

Ideally the volume unit should be selected for each job. For the present discussion, 
compacted soil wi l l be used as an illustration but a similar argument could be made for 
a unit of base course or for any other size volume unit. It is proposed that the unit be 
25 cu yd, as this is near the median capacity of modern earthmoving equipment. This 
mass of soil would be excavated from a borrow zone approximately 8 f t wide, 1 f t deep, 
and 85 f t long. The load of material would be mixed by the loading and spreading 
operations and would be deposited on one l i f t over an area of about 8 by 125 f t . Because 
moisture and density measurements are normally made after at least initial compaction, 
the visual identity of the 2 5-yd load disappears and it seems more convenient to use a 
strip one construction lane wide and one station long as a measurement unit. 

The measurement unit can now be sampled and the true mean value of the parameter 
estimated to the degree of accuracy required. It is proposed that the 90 percent prob
able value be used as a satisfactory measure of quality as this is the probability in 
common use in the quality control of such engineering materials as Portland cement 
concrete. 

Until a great deal more information is collected, i t wil l probably be necessary on 
any large project to make very intensive measurements of test sections or of the 
initial stages of construction to determine the variation that should be expected for the 
materials used. This variation is best described by the standard deviation of the data 
and is usually reported as a percentage of the mean value, or coefficient of variation. 
Table 2 gives measured values for a compacted, residual silt-clay f i l l . The location 

T A B L E 2 

M O I S T U R E ' ' A N D UNIT W E I G H T IN A F I L L 

12 Ft Left 6 Ft Left Centerllne 6 Ft Right 12 Ft Right 

S"*""" Motat Cont Dry Unit Wt Moist Cont Dry Unit Wt Moist Cont Dry Unit Wt Moist Cont Dry Unit Wt Moist Cont Dry Unit Wt 
(%) (pcf) (pcf) (%) (pcf) (W (pcf) (W (pcfl 

509 -f 0 0 24 6 86 0 22 5 94 3 20 8 96 1 27 5 77 3 20 4 88 9 
509 + 50 25 6 82 2 19 5 96 0 20 5 95 4 27 4 87 1 24 4 92 3 
510 * 00 20 1 92 9 20 7 91 5 24 1 88 1 21 8 92 4 18 1 96 7 
510 + 50 16 5 93 7 22 3 91 2 16 8 97 2 21 9 83 1 19 4 93 8 
511 -f 00 16 5 96 1 18 5 97 6 16 1 97 5 23 2 81 2 21 7 90 7 
"By weight of soUds 
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was chosen at random on US 1 Bypass now under construction near Raleigh, N. C. The 
coefficient of variation is 15. 0 percent for moisture content and 6.1 percent for unit 
weight. This is equivalent to a variation of 3. 2 percent in moisture content by weight 
and of 5. 5 pcf in dry density. 

To the uncertainty caused by variation of the parameter must be added the uncer
tainty caused by errors in the measurement. These may be combined by taking the 
total uncertainty as the square root of the sum of the squares of the individual values. 

If a radiation type density or moisture device is used, the instrumental error is 
chiefly due to random variation in count rate due to random variation in the rate of 
radioactive decay (2, 3, 6). Therefore, the uncertainty in any test is measured by the 
total number of counts received by the detector during that test and diminishes as the 
number of counts increases. The count rate or number of counts per unit time is not 
significant except that it determines the length of time needed for the measurement. 
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Figure 9 shows curves plotted for various combinations of instrumental error and 
parameter variation. It compares the number of individual measurements required to 
be 90 percent sure that the true mean density of the measured soil unit wil l be greater 
than some required minimum against the difference between the average of the indi
vidual density measurements and the required minimum. Figure 9 shows that beyond 
eight to ten tests per measured soil unit there is little reduction in the uncertainty with 
increased testing and with less than three tests per unit the statistical method is no 
longer valid. The test sites should be randomly located on the measurement unit. 

If one is willing to accept a 5 percent increase in unit weight as a reasonable excess 
compaction requirement, four tests per station per construction lane wil l give a satis
factory and statistically valid measurement for soils of moderate variability. With 
three construction lanes per 24-ft roadway, at the operating speeds reported by the 
author for the radiation units, it should be possible for one inspector to examine two 
to three stations per hour. 

Figure 9 also shows that, for very uniform materials, the required difference 
between test average and specified minimum unit weight can be substantially reduced 
by increasing the counting time to allow the accumulation of 40,000 counts. Because 
the statistics of the radiation devices are described by a Poisson frequency distribution, 
the standard deviation is equal to the square root of the total number of counts and 
therefore increasing the counts from 10,000 to 40,000 doubles the accuracy. There is, 
however, little advantage in further mcreasing the counting time. For compacted f i l ls 
of normal variability, the increase in accuracy due to increased number of counts is 
small. 
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WILLIAM G. WEBER, JR., Associate Materials and Research Engineer, Materials 
and Research Department, California Division of Highways—In considering the use of 
a new testing procedure to replace an existing procedure, it is necessary for the new 
procedure to meet two requirements: (a) to be of comparable accuracy and reliability 
as the method being replaced, and (b) to show an economic justification. 

Mr. Brown obtained a laboratory calibration usii^ soil placed in a mold, which 
should be a reasonably precise and reliable method of obtaining true densities. No 
comparison between the mold densities and field method of obtaining densities is given. 
The nuclear equipment was then used in the field and the laboratory calibration, using 
the true densities, discarded in favor of a calibration using the field method of deter
mining densities. The errors in the field method of determining densities are listed, 
but no valid reason is given for discardmg the true density calibration in favor of the 
inaccurate field calibration. 

The author reports that in 85 percent of the comparative field tests the nuclear 
results were within 3 pcf of the densities determined by the field method of determining 
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densities. Figure 6 indicates that the disparity between the nuclear and field densities 
was as much as 6 pcf for several tests. As the author concludes that the nuclear equip
ment is sufficiently reliable for use on construction projects, i t would be interesting to 
know if he feels that the method of determinii^ field densities used was within 6 pcf or 
that determining the density of the compacted soil within 6 pcf is of sufficient accuracy. 

The California Division of Highways is presently conducting a series of tests to de
termine the reliability of the nuclear equipment. Soil is compacted into a large mold. 
The nuclear readii^ determined, then a field sand volume test is run on the soil in the 
mold. The results indicate that about 70 percent of the sand volume tests are within 
1 pcf of the mold density and about 95 percent are within 2 pcf of the mold density. 
This is in agreement with previous studies of the reliability of the California method 
of determining field densities. The calibration curves obtained m this manner on the 
native soil and base material on the south Sacramento freeway are shown in Figure lOA 
and also the calibration curve supplied by the manufacturer. The results of field com
parative tests are shown in Figure 10b. Using the laboratory calibration curve about 
60 percent of the tests agree within 3 pcf with a variation of as much as 10 pcf. The 
experience in California Division of Highways has been that calibration curves are re
quired for various soils and that even then there are wild values that are unexplained. 
No work has been done to determine if more than one calibration curve is required for 
a general soil type on each project; however, this may be required. 

The data presented by the author and the experiences of the California Division of 
Highways does not indicate that the nuclear equipment has an accuracy and reliability 
comparable to the present method of determining field densities in use by the California 
Division of Highways. 
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Figure 10. Laboratory and f i e l d studies of nuclear densities at South Sacramento 
Freeway, (a) laboratory cal ibration; (b) f i e l d comparative tests . 
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During a field correlation study a group of four men was used: one man to pre
pare the test sites, one man to operate the nuclear equipment, and two men to run the 
field sand volume test. It was found that the nuclear tests were the slowest operation 
and were determining the speed at which the testing was performed. This led to a 
study of the times involved in the nuclear and conventional testing. 

It was found that using one density probe, one moisture probe, and one scaler i t 
requires 15 to 20 min to obtain the wet density and moisture content of the soil. This 
I S for fine-grain soils and generally the same or slightly longer time is required for 
rocky soils. Timing various technicians throughout the State of California it was found 
that in fine-gram soils about 20 min was required to obtain the wet density by conven
tional tests, and in rocky soils up to 30 mm was required to obtain the wet density. 
The nuclear testing appears to require about the same time to perform as the conven
tional testing in fine-grain soils and to save some time in rocky soils. It is true the 
nuclear wi l l give the dry density of the compacted soil while conventional testing the 
wet density. 

The author does not mention the method of determining relative compaction. It 
would appear that the saving in time cited for the nuclear equipment implies the use of 
a standard maximum density for a given soil, and the maximum density was not deter
mined for each location tested. It is not known if the soils in Colorado are so uniform 
that a standard density could be used without introducing a large error in the relative 
compaction value. However, in California a serious error would result in the use of 
a standard maximum density instead of determining the maximum density at each test 
site. It would be interesting to know if the author is willing to accept relatively large 
errors in measuring in-place densities because relatively large errors are being 
tolerated in the relative compaction value. 

It does not appear that it is practical to use the nuclear equipment for construction 
control testing at the present time. The accuracy and reliability of the densities de
termined by use of the nuclear equipment is considerably less than that of present 
methods. There is in some soil conditions a savings in time required to obtain the 
in-place density when using the nuclear equipment. There is no time savings in obtain
ing the relative compaction value unless a standard maximum density can be used with
out sacrifice of accuracy. 

H.W. HUMPHRES, Assistant Construction Engineer, Washington Department of 
Highways—The author is to be complimented on several aspects of this paper. His 
description of equipment used and the procedure for using i t , as well as his description 
of the operating principles involved, is excellent from the standpoint of readability and 
clarity. This paper should contribute much m eliminating the "mystery" so often 
attributed to nuclear technique. 

Colorado's work aimed at determining the adaptability of the nuclear testing devices 
for determination of density in newly laid hot-mixed asphalt surface courses shows 
promise of possibly fil l ing a gap m field testing techniques, which the industry has 
been forced to ignore much too long. It is hoped that they wil l continue the investiga
tions as such testing would be extremely valuable in assuring high quality construction 
in asphalt paving work, particularly in view of the trend toward increased depths of 
asphalt paving. 

Nuclear density testing has captured the imagination of the industry in a way that no 
other recently developed testmg procedure has been able to do. Indeed, when one is 
exposed to the wealth of commercial advertising found in almost all trade publications 
advocating the use of this system and expressing in glowing terms the claimed advan
tages relative to speed of testing and savings in manpower, it becomes difficult for 
one to maintain ones perspective and to evaluate the test method on the basis of factual 
performance. 

Concernii^ the author's paper, as a result of comparing the nuclear device to the 
long-outmoded sand density test, conclusions have been formulated which present an 
unwarranted favorable impression of the advantages of using the nuclear device. For
tunately, the author has included sufficient data within the body of his paper to enable 
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users of other testing procedures to at least partially compare performance of the 
nuclear method to their own. 

In Washington, the writer uses the Washington densometer method for determining 
density and the alcohol burning method for determining moisture content as standard 
field control procedures. The Washington densometer and other water balloon devices 
are used by a large number of State highway departments and other agencies for such 
work. 

In relation to moisture content determination, the author states that 95 percent of 
nuclear moisture readings taken while calibrating the moisture probe were within two 
percentage points of their conventional oven-dried counterparts when calculated on a 
basis of percent of dry weight. These results fal l in the same range as the results 
reported by Sidney Mintzer of New York in his paper presented at the 1960 ASTM 
meeting. This variation could cause as much as 3 or 4 lb error in final dry density 
determination, which could be additive to any error made in the wet density determi
nation. This degree of accuracy would not be considered satisfactory by the writer for 
his field control work. He has conducted a series of experiments with various types 
of soils to determine the accuracy of the alcohol burning method as employed by him. 
The results of these experiments showed that moisture contents can be determined 
within a range of a to ^/A percent of the oven-dried counterpart when calculated on 
the basis of percent of dry weight. This test requires from 5 to 10 min in the field, 
depending on the type of soil being tested. Other rapid field methods, such as the 
calcium-carbide method, claim accuracies within ± 1 percent. In view of these data, 
the writer can see no real value in the nuclear method until accuracy is improved. 

There is little question but what the nuclear density test method enjoys a substantial 
time advantage over the conventional sand density test. However, this advantage is 
greatly modified when comparisons are made with conventional water balloon methods 
such as the Washington densometer. The author states that nuclear dry density is 
obtainable in 12 to 15 min, depending how easy it is to smooth the test site. With the 
Washington densometer, a dry density is obtainable in from 20 to 30 min depending on 
how easy it is to dig the test hole. One man is employed in making such tests whereas 
the author indicates that two men normally are used in operating the nuclear device. 
On this basis, there is little or no advantage with respect to man-hour requirements. 

Other statements made by the author relative to speed of operation are expressed 
in general terms; however, it appears that at least on one job 16 complete density and 
moisture tests per day were obtained with one nuclear device where they would normal
ly obtain only 4 such tests using the conventional sand cone method. Using the Washing
ton densometer method, an operator can obtain from 8 to 12 dry density tests during 
an 8-hr day which the writer considers more than adequate for controlling the majority 
of earthwork projects. On one project involving variable soils, one man consistently 
completed 8 density tests daily and also completed a one-point Proctor test for each 
density test taken. 

For control work on highway projects where variable soils are the rule rather than 
the exception, the writer finds it necessary to perform one-point Proctor tests f re 
quently for identification purposes and for establishing the required density. The 
nuclear device would not eliminate this need. As this test requires approximately ^/z 
hr to perform, it controls the frequency of density testing, which virtually would elim
inate any potential time advantage of the nuclear device. 

In Washington, the control test for gravelly soils requires that the percent passing 
a No. 4 sieve be determined for each density test sample. This is accomplished simply 
by screening the moisture content sample taken as part of the density test. If nuclear 
equipment were used, it would be necessary to obtain a separate sample which would 
have to be dried, screened, and weighed. On the basis of these comparisons, it would 
appear that the nuclear device enjoys only a moderate time advantage, if any, over the 
water balloon method. 

With respect to accuracy, the data furnished by the author must be considered quite 
inconclusive from the standpoint that the base used for comparison was the sand cone 
method, which in itself cannot be considered as accurate. Extensive testing of sand 
cone devices by the writer's personnel and other agencies has shown that accuracy 
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within ± I'A percent can be achieved only by usir^ the larger models, by modifying the 
procedures to account for ground surface variations, and by exercising extreme care 
in calibrating the sand at frequent intervals. From the author's data, i t can only be 
assumed that the nuclear devices may have an accuracy range similar to the sand cone 
device. This does not seem accurate enough for field control work. At the present 
time, it IS considered that loss in accuracy would more than offset any advantage of 
increased number of tests. Evaluation tests for the Washington densometer method 
show that accuracies within ± 1 percent in over 95 percent of tests performed can be 
anticipated. 

Other investigations of nuclear density devices point out additional reservations that 
must be considered before accepting the nuclear method as suitable for routine field 
control work. The effect of air space between the instrument and the ground must be 
evaluated, the effective depth of testing must be considered, the determination of the 
number of different calibration curves required for different soils must be considered, 
and the logistics of actual field application, such as how to identify the actual soil 
being tested, must be analyzed before this method can be accepted as a standardized 
method of control. 

The additional item of capital outlay must be considered by potential users, also. 
The writer utilizes approximately 70 densometers for field control work involving an 
investment of about $21,000 in equipment. Considering project programing and 
geographical location of projects, it is estimated that at least forty nuclear devices 
would be needed, involving an investment of about $200, 000. In view of the previous 
discussion, it is difficult to justify such an investment. 

This discussion is not intended to condemn the nuclear device but rather to point 
out that considerable development work remains to be done and that advantages claimed 
for these devices at the present time are in many cases grossly exaggerated. It is to 
be hoped that advances in technology wil l overcome the major deficiences of the nuclear 
system, and indeed, this may soon come to pass. However, in its present state of 
development, this method must be considered as s t i l l being in the experimental stage, 
and as such, is not acceptable as a field density control system. 

W.R. BROWN, Closure — Accuracy is a relative tning. In mathematics, if the situation 
IS such that the answers require "slide rule" type of accuracy, there would be no reason 
in using an electric calculator to figure them to the fif th decimal place. This is ana
logous to field problems concerning compaction control as they exist today. Most com
paction specifications are the "go or no go" type; that is, any density over the specified 
percent relative compaction passes and any density under does not pass. These speci
fied percents range from 90 to 100 percent depending on the material being handled and 
its proximity to the surface. 

In the range usually encountered during embankment construction a rather wide 
latitude is allowed for acceptable tests; in many cases as much as 6 to Q^/z pcf (con
sidering 95 percent of 120- to 130-pcf material) and an even wider latitude when con
sidering a specification calling for 90 percent relative compaction. To add to this, 
some very interesting data on the subject of variations in density from test site to test 
site are available in HRB Bulletin 159, pp. 30-31. In this report, densities determined 
using the same testing method varied as much as 12 to 18 pcf even though these tests 
were taken in the same traffic pattern in the same material type subjected to the same 
compactive effort. This much variation occurred in a test section only 24 f t in length. 
The deviation from a calculated mean would in most cases be in excess of the arbitrary 
tolerances listed in the paper on nuclear testing under consideration. 

When one also interjects the fact that field testers select test sites at random, 
usually at their own discretion, the word "accuracy" again becomes ambiguous. Much 
of the field testing as i t is being accomplished today is influenced more by engineering 
judgement than by the accuracy of the testing using any medium. 

The thought that the routine use of nuclear devices in the field is a two-man operation 
is a misinterpretation. One man is all that is required. The assistant mentioned in 
the paper completed other materials tests while the operator was using the nuclear 
device and, at times, they alternated. 
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Mr. Weber of California has not, in his discussion, used a reasonable comparison 
of the time elements involved in nuclear vs conventional testing. He compares nuclear 
dry density to conventional wet density determmations when stating the time elements 
are the same. This is like comparing apples to oranges. 

It would be interesting to know whey he has completely ignored conventional percent 
moisture and conventional dry density when the California Division of Highway Standard 
Specifications call for relative compaction tests according to California Test Method 
216, which in turn requires the determination of dry density through the drying of a 
moisture sample and appropriate calculations. 

Many soils encountered in highway construction are sufficiently uniform to warrant 
the determination of maximum density periodically rather than after each field density 
test. An example of this is the 4/̂ 2 million cu yd project at Stapleton Field in Denver 
where a new jet runway is being constructed. City of Denver engineering personnel 
are controlling the compaction of this large quantity of embankment at the rate of up 
to 140,000 cu yd per week with one c^M Gauge. On the average, maximum density 
is determined once or twice per day whereas 15 to 20 field densities per day are taken 
using the nuclear device. This method is providing very effective control. Economic 
justification becomes obvious when one considers the extra testing personnel that 
would have had to be hired had the d^M Gauge not been purchased. 

It would be interesting to know which of the following approaches Mr. Weber would 
rather use when attempting to control compaction—the nuclear method, which gets the 
required information to the contractor in time for i t to be effective, or the conventional 
dry density test method, which usually makes interesting history for the project records. 




