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PREFACE 

Nuclear equipment for field measurement of soil moisture 

and density has received wide acceptance from scientists and 

engineers, but the majority of work accomplished with these 

instruments has been done with surface type gages. The use 

of nuclear depth instruments presents some serious problems 

related to the "standardization" and "calibration" of the 

equipment. As tentative solutions for some of these problems 

techniques for the construction and measurement of secondary 

laboratory standards are presented and a preliminary calibra­

tion procedure for both moisture and density gages is pro­

posed. 

This report is the third of an interim nature to be 

submitted by the Subgrade Moisture Variations research pro­

ject, Oklahoma Research Program Number 64-01-3. Future 

interim reports will concern preliminary evaluation of field 

measurements and a more extensive study of the proposed cali­

bration procedure. 

Support for this study was provided by the Oklahoma 

Department of Highways, in cooperation with the.Department 

of Transportation, Federal Highway Administration, Bureau of 

Public Roads. This support is gratefully acknowledged. 
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ABSTRACT 

A preliminary procedure for standardization/calibration 

of nuclear depth backscatter moisture and density equipment 

is described# After a short discussion of theoretical 

considerations in nuclear measurement of moisture and 

density, the procedures used to construct secondary soil 

standards are described, as is the process of data collec­

tion. Experimental results are presented and discussed, 

and recommendations for additional work are givenq It is 

concluded that soil type affects nuclear response in measur­

ing soil moisture and density* 
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CHAPTER lq INTRODUCTION 

The physical properties of both compacted and undis­

turbed soils beneath highway pavements will change over 

extended periods of time* In some instances the changes 

may result in improvement of certain soil properties, while 

in others the changes are considered to be detrimental" It 

is believed that these changes in subgrade properties from 

the original, i.e,, the conditions that existed at the time 

a given highway pavement was constructed, are due primarily 

to changes in moisture content. Such alterations in prop­

erties of the subgrade soils may be d irectly responsible 

for, or will, at least, contribute largely to the deter­

ioration of the pavement and subsequent high maintenance 

costs. 

There seems to be a general tendency for the moisture 

content of the subgrade 1 sub-base, and base materials beneath 

a highway pavement to increase over a period of timeo While 

some of this increase is due to infiltration of surface water, 

a large portion is attributed to the migration of moisture in 

both the liquid and vapor phases from adjacent areas. Re­

gardless of the source, however, the increased moisture con­

tent appears to be associated with unsatisfactory pavement 

performance due to swelling or decreased shear strength of 

1 
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the subgrade soils. If the extent of this moisture variation 

beneath existing highway pavements can be determined and all 

contributing factors evaluated, a correlation with pavement per­

formance will be possible. Ultimately, information of this 

nature could lead to revisions in present design methods and 

construction procedures to achieve improved pavement perform­

ance. 

A cooperative research study to determine (a) the extent 

to which moisture content of highway subgrade soils is affect­

ed by natural environmental factors such as rainfall, tempera­

ture, and roadway design characteristics and (b) the relation­

ship between subgrade moisture variations and pavement per­

formance was initiated by the School of Civil Engineering at 

Oklahoma State University in June, 1964. This research pro­

ject is sponsored by the Oklahoma Department of Highways and 

the Bureau of Public Roads. 

One of the major investigative problems encountered in 

the conduct of this research project was concerned w ith the 

calibration of nuclear moisture/density gages which were to 

be used in measuring the field moisture content and density at 

various depths beneath existing pavements. While the ability 

of the nuclear or radioactive-type gages to measure moisture 

content and density of engineering materials is generally 

acknowledged by scientists and engineers, the c�libration of 

the moisture and density probes presents some serious problems 

as to  the appropriate methods or techniques of calibration. 

In addit·ion, there is some doubt as to whether experimentally 

determined calibration curves remain valid as the soil types 



or mineralogical constituents of the standards vary (Refs 

1 , 2). 
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Faced with these problems, it was considered essential 

to devote a considerable amount of study to the development 

of a "standardization" and/or ncalibration" procedure for 

the nuclear probes that would ensure the validi�y of field 

measurements made with this type of equipment. The "cali­

bration" of such devices ordinarily refers to the develop­

ment of a graphical relationship between the pulse rate 

response of the instrument and either the moisture content 

or density of the material being studied . " Standardization" 

normally involves the adjustment of the instrument for such 

variables as high-voltage drift, changing battery voltage, 

temperature instability, and drift of the amplifier gain. 

The need for such adjustments is determined by comparison 

of a count rate measured on a "standard" with a predetermined 

value. 

This interim report describes the construct ion of second­

ary laboratory standards and the development of a tentative 

calibration procedure. The secondary standards of various 

constituent materials provide the necessary facilities for 

standardization of the project nuclear moisture/density 

equipment and furnish a check on the manufacturer's calibra­

tion curves� It is hoped that the tentative calibration 

technique herein reported will prove to be suitable for all 

soil types and conditions encountered by the projecto 



CHAPTER 2. THEORETICAL CONSIDERATIONS 

Theoretical considerations are presented in some 

detail to show that the response of nuclear soil moisture 

and density measuring devices is a function of elemental 

composition and mass density of the investigated materials 

(Ref 3)n Although the nuclear interaction processes are 

complex and highly theoretical it is believed that a semi­

empirical solution to calibration is possible which will 

minimize these material response differences. 

Density Determination 

The basis for nuclear density determinations is the 

interaction of gamma photons with the matter through which 

they are passing. The high energy gamma ray may be thought 

of as a multitude of particles called photons. These 

photons are very penetrating but as they pass through 

matter their number and energy diminish with distance 

penetrated. Some of these photons are scattered by col­

lision and some are annihilated or destroyed. The denser 

the mass through which these photons pass, the ·fewer the 

photons that will be left after a given distance of pene­

tration. There are three primary modes of interaction and/ 

or absorption of gamma rays. They are designated as the 

photoelectric effect, the Compton effect, and pair 

4 



production. For soil density systems (such as the depth 

density device) only the photoelectric effect and the 

Compton effect are significant (Ref 3). 
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First, in the consideration of the photoelectric effect, 

an impinging (striking) gamma ray collides with an orbital 

electron and transfers all of its energy to the electron which 

is then ejected from the atom. The electron leaves the atom 

with an energy less than that of the impinging gamma ray. 

Under certain conditions this ejected electron can create 

further gamma rays� The photoelectric effect is the predomi­

nant mode of gamma absorption for soil materials at energies 

less than one-half Mev. Generally, it may be stated that, 

with an increase in the energy of the impinging gamma ray 

there is an associated decrease in absorption regardless of 

the type of material; however, different materials absorb at 

different rates. The probability of a photoelectric interac­

tion is a function of the density of the material ? the atomic 

number and mass of the elements, the percentage of particular 

elements, and the total number of elements involved (Ref 4), 

In considering the Compton effect, the impinging gamma 

photon collides with an electron and is scattered or deflected, 

losing a portion of its energy to the electron which is ejected" 

The electron leaves the atom with a portion of the energy of 

the impinging gamma photon. The photon continues with less 

energy but in a different direction. The Compton effect pre­

dominates as a way of gamma absorption of energies from 1/2 

Mev to 4 Mev. The same relationship between absorption matter 

and energy of the impinging gamma photon is noted for the 
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Compton effect as was described for the photoelectric effect 

{ Ref 4) . 

There are two processes of detecting the amount of inter­

action which occurs. The scattering process, in which some of 

the gamma rays are scattered back into the detector, and the 

direct transmission type where the number of photons which 

were not scattered are measured. The scattering process compli­

cates the picture in that some of the photons never return and 

are merely deflected away� Some, however, by several deflec­

tions return to the detector to be counted. Each collision 

will reduce the energy of the photon and a certain average 

number of collisions are required to redirect a scattered 

photon back to·: the detec·tor. Thersfore� the: backscattered 

photons t hat are registered are of very low energy. The mea­

sured density is the mass density or the density of the wet 

solids (Ref 4). 

In the depth density device used in this research the 

measurement procedure makes use of all the photons that reach 

the detector. Due to deliberate .shielding to prevent direct 

transmitted photons, most are backscattered, see Fig 1. One 

of the disadvantages to the backscattering process is the 

large volume of mass involved in backscattering. The net re­

sult is that when backscatter photons are counted, the readings 

are much less sensitive than if direct transmit"ted photons are 

the only ones counted. The probability of interaction can be 

summarized by saying that the primary interaction of gamma 

rays of high energy with elements of low atomic number is the 

Compton scattering action and the primary interaction of gamma 
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rays of low energy is the photoelectric phenomenon (Ref 3). 

Detection of the photons is accomplished by a Geiger­

Mueller detection system. A system such as this counts all 

photons which reach the detector with no discrimination of their 

energy levels. The distance between source and detector is ex­

tremely important since the probability of backscattered photons 

reaching the detector increases with distance from the source. 

This requires different calibrations for each particular de­

vice. There are so many factors that affect the amount of 

backscatter that the sensitivity of the unit is poor . However, 

with proper care and calibration, acceptable results can be 

obtained. 

Moisture Determination 

The procedure for measuring soil moisture by the nuclear 

method consists of placing a source of high energy neutrons 

near a slow or thermal neutron detector. The number of neu­

trons that are slowed to thermal energies, i . e., thermal neu­

trons, in the vicinity of the detector tube is a function of 

the neutron interactions near this probe . The assumption is 

made that the response of this device is a function of the 

hydrogen density near the probe. Secondly, the assumption 

is made that the:·hydrogen is present primar y in the water 

molecule form and that all other hydrogen is insignificant . 

Therefore, the number of thermal neutrons detected will be 

a function of the moisture content after a suitable calibra­

tion. Theory, as well as experiment, shows that this method 

will measure hydrogen in the ionic form (Ref 6). 
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The interaction of neutrons with mat ter is similar to 

that of gamma ray interaction. First, there is the elastic 

collision with atomic nuclei, and second, absorption by the 

atomic nuclei that results in annihilation of the neutron and 

subsequently an excited radioactive nucleus. The probability 

of elastic collision, i.e., elastic particles striking direct 

and central, is a function of the size and mass of the atomic 

nuclei. A major consideration is the amount of energy lost 

in a given collision. This can be explained in terms of basic 

kinetics. When a particle strikes another particle of equal 

mass, the impinging particle imparts all of its energy to 

the struck particle. If the impinging particle has a much 

smaller mass than that of the nucleus that it strikes, very 

little of the energy is imparted and the impinging particle 

is merely deflected in another direction (Refs 6, 7). 

If we consider this impinging particle to be a neutron, 

the only nucleus of similar size and mass would be that of 

a hydrogen ion, since it consists of, proton which has similar 

mass to that of a neutron. All other nuclei have significantly 

larger masses. This is the basis for the assumption that the 

response of a nuclear moisture probe is a function of the hy­

drogen density in t he vicinity of the probe. 

The other mode of interaction, i.e., absorption, is of 

similar importance. Absorption or capture of the neut ron is a 

function of the capturing element as well as the energy of the 

neutron. Certain elements such as boron, cadmium, chlorine, 

and iron will absorb neutrons, particularly the t hermal neutrons, 

to a very high degree. This property is used in neutron detection. 
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Mathematical equations are available to describe the sl owing 

down process of fast neutrons coupled with diffusion and 

absorption (Ref 8). This, however, is only of academic 

interest to the soils engineering application. 

In the Troxler depth moisture probe the detection or 

counting of thermalized neutrons is accomplished by a BF3 

detection system. This detector tube is located as near as 

possible to a fast neutron source, three millicuries of 

radium-226-beryllium, situated near the bottom of the probe, 

see Fig 2. This source is an alpha emitter coupled with a 

light mass element in which a nuclear interaction occurs 

that has as a net result the emission of fast neutrons. 

Some of these emitted fast neutrons are sl owed to thermal 

energies by interaction with hydrogen ions in the vicinity 

of the probe. A portion of these thermal neutrons are 

deflected back towards the probe. The BF3 detector counts 

these slowed neutrons. 

The amount of hydrogen present in soil masses which is 

not in the water molecule form is minute for most natural 

formations. Soils with kaolinite clay or high organic content 

may require separate calibration as they contain significantly 

higher hydrogen ion concentration. The fact that hydrogen 

is the only nucleus that will readily thermalize fast neutrons 

plus the fact that natural soils contain few elements that 

will capture fast or slow neutrons is most fortuitous� These 

factors permit soil moisture measurement by nuclear meanso 

The minor discrepancies between theoretical and actual be­

havior may be accounted for by calibration. 
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CHAPTER 3. EXPERIMENTAL DETAILS 

Nuclear Equipment 

The nuclear equipment used in this investigation was 

manufactured by Troxler Electronic Laboratories, Inc., of 

Raleigh, North Carolina, The counting device was a Troxler 

Scaler Model 200-B, SN 256� The moisture device was a Trox­

ler SY-SM-1 Depth Moisture Gage, Shield and Standard Model 

S-5, SN407, with a Depth Moisture Probe Model 104, SN G-19953, 

using a 3 millicurie Radium-226-Beryllium source, SN N-3-149. 

The density device was a Troxler ST-DD-2 Depth Density Gage, 

Shield and Standard Model S-7, SN77, with a Depth Density 

Probe Model 504, SN 23, using 3 millicurie Radium-226 source, 

SN-R-3-15. Calibration curves for the moisture and density 

systems, operational manuals, and radiological safety infor­

mation were furnished by the manufacturere 

Manufacturer 1 s Standards 

The manufacturer's calibration standards were non-soil 

materials. Portland cement concrete of various unit weights 

were used for density standards (Ref l)� These standards were 

constructed using modified 55-gallon oil drums (with approxi­

mately one-third of the top removed) as a form or moldc The 

concrete was placed in these molds around a centrally located 

access tube and moist cured. After curing the top of the con-

12 
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crete was sealed with an epoxy paint to prevent moisture 

fluctuations . The mass density (actually unit weight)  was 

calculated from weighing the concrete mass and measuring its 

dimensions . Four barrels of this type were prepared with 

densities of 108,  1 14 . 5, 133 . 5, and 141 pounds per cubic foot . 

Three density calibrations of the project equ ipment were made 

with these standards during t he period January 5 to November 

19, 1 965 . 

For moisture standards the manufacturer used distilled 

water-cadmium chloride solutions of varying concentration 

(Ref 1 ) . Cadmium has a high probability of capture for slow 

neutrons, i . e . ,  the most probable nuclear reaction is for the 

cadmium to take the neutron into its nucleus . With an in­

crease of cadmium present, fewer neutrons will be elastically 

scattered and returned to the detector . The water solute pro­

vided a means of thermalizing fast neutrons . The var ious con­

centrations used were correlated to equivalent moisture con­

tents by field testing typical North Carolina soils . This pro­

vided a simple factory standard o The solutions were kept in 

30-gallon waste cans with a provision for placement of a cen­

tral access tube . By changing the size of the access tubes 1 

different diameter probes can be calibrated with a single set 

of standards . Moisture calibrations with t hese standards were 

performed on December 10, 1964, and November 19 , 1965 . 

Project Standards 

Because of the weight and storage problems involved in 

constructing secondary standards it was considered des irable 
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to attempt the development of standards that could be used 

for both density and moisture content calibration . A considera-

ble amount of work was one on the use of "polyethylene con­

crete, " various percentages of polyethylene pellets in a 

sand- portland cement mortar matrix, for this purpose . How­

ever, this idea, al though quite feasible, presented some 

difficult problems and was abandoned due to certain time 

schedule limitat ions of the proj ect . 

Materials 

Three locally available types of aggregate were selec­

ted for use in the secondary standards . These aggregates 

were a crushed limestone, a river gravel , and a lightweight 

concrete aggregate- -expanded shale . Since calcareous and 

silicious sedimentary deposits predominate throughout most 

of Oklahoma, it was considered that these three materials 

while serving as standard media might also provide a basis 

for evaluating the effects of mineral type variance found 

in the different soils encountered during the field testing 

phase of the project . 

The apparent specific gravity of the respect ive aggre-

gates was as follows : 

Crushed Limestone 

River gravel 

Expanded shale 

2 . 64 

2 .. 7 1  

The aggregate gradation used for the standards was : 
Crushed limestone . .. .  - 1/2" and + No . 4 sie ve . 

River gravel . . . .  -No . 4 and + No . 10 sieve . 

Expanded shale . . . .  - 1/2" and + No . 4 s ieve o 



1 5  

A single size gradation was used in all cases i n  order to 

achieve a more uniform density of the materials in place in 

the standard barrels. About two tons of the commercial ag­

gregates were screened to get these particular sizes in the 

quantity desired. 

In addition to the aggregate standards, three standard 

barrels were prepared using Permian red clay from a source 

located on the OSU campus. This clay material had a specific 

gravity of 2 . 72, a liquid limit of 40 . 6  and a plastic l imit 

of 15 . 0  (Ref 10) . 

Aggregate Standards 

The first standard prepared with the crushed limestone 

utilized a 3 0-gallon galvanized waste can as the container . 

Vibration of the aggregate during placement caused distor­

tion in the light gage metal of the can and changing of its 

volume. Because of this, cut-down 55-gallon oil drums were 

used for all subsequent standards constructed . 

Sections of seamless aluminum irrigation tubing 25 

inches long were used for the access tubes which were cen­

trally located in the standard conta iners, see Fig 3 .  These 

access tubes were plugged at the bottom end with a lead d isc 

and 0-ring arrangement, see Fig 4, and then the plugged ends 

were sealed with an epoxy paint. 

Drainage was provided at the bottom of the standard con­

tainers. For the 55-gallon oil drums, drainage was facilitated  

by  using the top of the barrel as the bottom of the standard 

container . Standard galvanized pipe fittings screwed into 



Fig 3. Aluminum Access Tubes 
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t he smal l bung provided the necessary drainage system.  A 

l ine or mark was scribed and painted just bel ow the tops of 

the standard barrels and served as a fil l ine or upper limit 

for the aggregat e samples . The volumes of the containers were 

calculated  from weight of water determinations . The average 

diameter of these cut-down drums was 23 inches and they had 

an average volume of 5 cubic  feet . The 30 gal lon galvanized 

waste can had an average diameter of 18 inches and a volume 

of 2 . 6  cubic feet . 

The construction procedure for all t he aggregate stand­

ards was the same .  One size gradations were obtained by 

sieving the aggregate with a Gil son sieve shaker , Following 

this , the aggregates were thoroughly washed to remove all fine 

material . The aggregates were then ove n-dr to constant 

weight and placed into the container while still hot . Fig 5 

shows an empt y standar d  barrel  with the central access tube 

in position pr ior to the placement of the aggregate � Notice 

the screen mesh placed over the drain out Placement was 

done in three l ifts using a smal l  concrete vibrator to achieve 

maximum density . Fig 6 shows a part ially f il led barrel 

Fig 7 shows a f illed barrel with the vibrator used for dens 

fication of the aggregate materials .  

After placement the surface of the final l ayer material 

was carefull y leveled and the f illed containers were covered 

with plastic sheeting , sealed, and al lowed to cool to room 

temperature . The standards were then weighed on a Fairbanks­

Morse platform scale ,  sensit ive to one-half pound , and 

unit weights were calculated .  After we ighing the standards 



Fig 5 .  Empty Standard Barrel With Central 
Access Tube in Position 
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Fig 6. Partially Filled Barrel Standard­
Crushed Limestone 
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Fig 7. Fil led Barrel  Standard-River Gravel­
Drying Pans and Vibrator in Background 

21 
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were "read" with both the moisture and density devices � Fig 8 

shows the densit y probe in the �hield and standard as refer­

ence readings are being made . Fig 9 shows the densit y probe 

in posit ion for readings on a standard barrel immedi:ately 

after weighing and in Fig 10  readings are being made on a 

standard barrel with the moisture probe , In the left fore­

ground of Fig 10 can be seen some of the plast sheeting 

used as a moisture barrier for the standards . 

Following the initial u dry" readings with the nuclear 

probes the aggregate standards were flooded with hot (200°F)  

water . The water was introduced at a slow rate through the 

bottom drain connect ions of the container until completely 

covered the aggregate. The combination of hot water and slow 

filling from the bottom helped t o  minimize dissolved as well 

as entrapped air in the flooded standards . After flooding , 

the aggregates were al lowed to soak for at least seven days 

before the standards were weighed and the respective wet unit 

weight. and amount of water on a volume basis were calculated . 

At this stage of the preparation rusting of t he barrels 

at the water level was noticed in the f irst few barrels that 

were constructed . This problem was alleviated by the use of 

an epoxy paint on the inner surf�ce of the barrels . 

The expanded shale standard required three weeks of 

soaking before an "assumed" state of saturat ion· was reached . 

Preliminary soaking tests on samples of this material revealed 

t hat after soaking periods of up t o  six weeks the expanded 

aggregate was st ill  absorbing small amounts of water . Since 

the maj or port ion of absorpt ion occurred during the f irst three 



Fig 8.  Density Probe in Shiel d  and Standard 
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Fig 9. Density Probe in Position for Readings 
on Standard Barrel 
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Fig 10. Moisture Probe in Posit ion for Readings 
on Standard Barrel 

25 
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weeks t h is was t he soak ing pe r iod adopt e d  f or the barrel  

s t a ndard . A s l ight amount o f  set t l ement was not iced in  the 

expanded sha l e  s t andard dur ing t he s oaking per iod al t hough 

none  occu r re d  in t he others . Thi s  requ ir e d  a r ecal cu l at ion 

of t he vo lume o ccupied  by t he aggregat e .  

Af t e r  s oaking t he necessary t ime , t he proper probe pos i­

t ion  in  the access  tube was det e rmine d and mo isture and den­

s it y  r e ad ings were t aken . As soon as the saturat e d  read i ngs 

were t ake n , the st andards were a l l owed to dra i n o Pl ast ic  

covers  were pl aced over t he tops o f  the barre l s  and the a ir 

s pace betwe e n  the  cover and aggre gate was f il l e d  addi­

t ional pl ast ic  she e t ing . Th i s  s er ve d  t o  pre vent e vaporat ion 

f rom t he surface of the  aggregat e o The s tandards wer e  

dra ined for  t hr e e  days and t h e n  r ewe ighed t o  det ermine the 

dra ined unit we ight s . The pro per pl acement of the probe s 

was det er mined and r e ad ings t aken o n  the st andards in t he 

dra ined cond it ion . Each aggre gate  t ype furn ished t hree 

po int s on  a cal ibrat ion curve and an addit ional se t of 

value s was det er mine d f rom the 3 0-gal lon  waste  can st andard o 

� Cl ay Standards 

Aft er cons iderat ion of t he data obta ine d f rom t he ag­

gregat e s tandards a nd r ecommendat ions f ound in t he l itera­

ture t o  che ck t he cal ibrat ion  of t he nucl ear probe s on  t he 

mat e r ia l s  with  wh ich  t he ins t rument s are t o  be used  ( Re fs 

1 ,  3 ) , t hr e e  add i t ional barrel  s t andards were  pre pare d  us ing 

Permian r e d  c l ay . Th i s  mate r ia l  was t hought to  be the  maj or 

soil  t ype t hat wil l be encou ntered o 
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The c l ay was f ir s t  a ir-dried and t he n  pul ve r ize d , us ing 

a Los Ange l e s  abras ion machine as a bal l  m i l l , unt il  it passed 

a U a S .  No a 3 0  mesh s ie ve . Thre e  mo isture content s were s e l ec­

t e d  for  t he bar re l  standards o Al l owing f or t he init ial  mo is­

ture cont e nt of  t he mate r ial  t he necessar y  amount o f  mix ing 

water  per 50 pounds of mate rial  was det ermine d o This  water  

was added to  the pul ver ized cl ay through a f ine s pray nozz l e  

and 5 0  pound bat ches wer e  m ixe d by hand . Af ter  the  wate r  was 

incor porate d  t he mo i st e ne d  c l ay was seal ed  in 3 0  gal l on waste  

cans for several days  unt il  an assume d  mo isture equ il ibr ium 

cond it ion existed . This  was det e rmined by  v i sual  e xaminat ion 

of  the texture o f  the mat er ial as we l l  as by  t he fee l of  the 

mixture in  t he hand o S ince e ach barrel s tandard requ ired 

t hree  30-gal l on cans of loose mixture , the mat er ial in  e ach 

compact ed  l if t  was obtained by al t er nate l y  remov ing e qual  

amou nt s  from each o f  the  cans o 

Compact ion of  t he mate r ial in  t he barre l s  was achieved 

u s ing a Thor ( s ize 661 ) pneumat ic backf il l t ampe r  we ighing 

approx imate l y 3 0  pounds . The foot on  this  t amper was worn 

excess ive l y  and a c ir cu lar steel  plate  t he same diame te r  as 

the f oot a nd 3/8  inch t h ick was bol t e d  to t he bot t om of  the 

foot to al l ow c ompact ion at  t he per iphe ry of the clay mate r ial 1 

adj acent t o  t he barr e l  wal l . A regu l at or in the air l ine was 

used t o  provide a constant pressure o f  50 ps i to the  t amper . 

To pre vent d isplacement of the bott om dur i ng compact ion a 

c ir cu l ar pl ywood d is c  was placed under t he barre l . 

The mater ial was compact ed  in  l if t s  of  approx imate l y  two 

inches ( compacted t hicknes s ) .  A standard c ompact ive e f fo rt 
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for each lift  was achieved by maintaining a constant period 

or time of compacting with the pneumatic tamper using a stop-

watch . With this method the compactive effort could be varied 

by lengthening or shortening the compacting period . 

After the barrel was f illed t o  the predetermined volume 

mark� the surface of the material was carefully leveled and 

the weight determined with the platform scale .  Due to the 

size and weight of the stands a cross shaped steel pl atform 

and chain sling arrangement was developed use with an 

overhead crane to lift and manuever the completed barrel 

standards, see Fig 1 1. After weighing, the wet density of the 

material was calculated . 

To install the access tubes in these compacted clay 

standards a two inch O . D . steel tube was slowly pushed into 

the center of a compacted barrel. This  steel tube had a 

1/16 inch wall thickness and was sharpened on the inside at 

one end to minimize mater ial disturbance as it was forced 

into t he clay, see Fig 1 2 . Forcing of t his cutting tube into 

t he compacted clay was accomplished using a Tinius Olsen 200 , 000 

pound Universal Testing machine . After the steel tube was 

withdrawn , an aluminum access tube , sealed on the bottom end , 

was inserted in the cored hole . The core sample obtained from 

t he stee 1. tube was us.ed to determine the . percent water content 

on a weight basis. Using the wet densit y and water content 

(weight basis) the water content per unit volume was calculated. 

Following the instal lation the aluminum access 

the proper positions for the probes were determined and mois­

ture and densit y readings made. Plast sheeting was used as 



Fig 1 1. Stee l Platform and Chain Sl ing 
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Fig 1 2 . Sharpened Steel Cu t t Tube 

3 0  
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in the aggregate standards t o  seal the clay barrel standards 

and prevent surface evaporation . 

Probe Location 

The proper positioning of the probe in the access tubes 

of the barrel standards was determined by taking readings at 

one-inch intervals f rom the bottom . The data (in graphical 

form) were used to sel ect a location for probe placement . .  A 

section where little change in reading occurred with probe 

location change was used . For the density probe this locat ion 

was near the bottom of the access tube. The very bottom 

position was not desirable due to backscattering from the 

container bottom and platform. The location of the moisture 

probe was near mid-height of the standard� The sphere of in­

fluence of a moisture probe is a function of moisture present 

and the center of this sphere is a function of the geometry 

of the source and detector . For these reasons the proper 

probe location was determined for each individual standard 

in each of the respective conditions, i.e . ,  the dry, soaked, 

and drained condit ions . 

Calibration curves were plotted as a soil mass propert y 

versus percent of standard count . The percent of standard 

count method is less subj ect to error than the absolute count 

method since it compensates for electronic instabil ities. In 

the OSU laboratory procedure twenty ( ten counts before and ten 

counts after) standard counts were taken whenever soil counts 

were made . Standard counts were taken in the shield unit 

util izing sources imbedded in the standard cylinder. The 

operating voltage was determined for each set of instruments 
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using the " plateau"  pr inc iple . This  is a voltage range where 

the effect of voltage change on pulse output is at a minimum . 

The scaler unit was connected to an outlet duri.ng all labora­

tory measurement s  to el iminate changes in appl ied voltage due 

t o  discharge of the battery . 
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CHAPTER IV 

DATA PRESENTATION AND DISCUSSION 

Table 1 shows a summary of the depth density probe read­

ings obtained on the various OSU constructed standards and 

the Troxler concrete standards. The standard material and 

its condition , i . e. ,  dry , drained , or saturated, is ind icated 

in the first column of this table . The true mass density of 

these materials in pounds per cubic foot was obtained from 

their weight-volume relationships . Values of mass density 

shown in t he extreme r ight hand column were calculated from 

the probe reading using the linear equation for the recommended 

calibration curve. The development of this curve is expl ained 

in the following discussion of the density data . Readings 

obtained in air and water are shown for purposes of comparison . 

The data presented in Table 2 is a summary of the depth 

moisture probe readings for the various OSU standards and the 

Troxler cadmium chloride solutions. The computed water contents 

shown for the granular materials in the saturated condition and 

the Permian clay standards are based on the indicated probe 

reading and were determined using a linear equation for a 

portion of the recommended moisture calibration curve develop-

ed from the data. 

Dens tty 

According to theory the relationship between mass dens ity 



TABLE 1 

DATA SUMMARY - DENSITY 

Type of Material 

Concrete• 
Concrete* 
Concrete• 
Concrete* 
Concrete* * 
Concrete** 
Concrete* *  
Concrete** 
Sat . Limestone* * *  
Drai ned Limestone* * *  
Dry River Gravel 
Sat . River Gravel 
Dra ined River Grave l 
Dry Limestone 
Sat . Limestone 
Drained Limestone 
Dry Expanded Shale 
Sat . Expanded Shale 
Dra ined Expanded Shale 
PRC** * *  
PRC****  
PRC****  
Air 

Water 

True Mass 
Density .<ecf ) 

108 

1 14 . 5  

1 33 . 5  

141 

108 

1 14 . 5  

133 . 5  

14 1 

134 . 3  

110 . 5  

1 04 . 5  

1 26 . 4 

1 07 . 5  

95 . 6  

1 23 . 9  
98 . l  

56 . 3  

87 . 3  

64 . 6  

1 1 6 . 3  

122 . 7  
110 . 3  

-0-

6 2 . 4  

* Troxler Standard April  9 ,  1 965 
** Troxler Standard November 1 9 ,  1 965 

* * *  Waste Can Standard 
* * * *Permian Red Clay 

Probe R�ading 
($ std) 

29 . 81 
27 . 28 
20 . 50 

18 . 21 

30 . 99 
28 . 33 

21 . 34 
19 . 21 

21 . 56 

29 . 44 

3 1. 64 

23 . 46 

3 0 . 22 

32 . 90 
22 . 60 

3 1. 74 

51 . 29 

38 . 78 

48 . 02 

22 . 64 

24 . 18 
27 . 47 

9 . 04 

58 . 95 
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Computed Mass 
Density from 

. Curve (pcf ) 

1 07 . 1  

113 . 4  

135 . 7  

144 . 7  

1 04 . 2  

11 1. 0  

137 . 6  

140 . 6  

131 . 8  

1 08 . 1  

1 02 . 6  

1 25 . 4  

1 06 . 1  

99 . 6  
1 28 . 3 

102 .4  

86 . 6  

1 23 . l 

1 1 3 . 4  



Type of Mater ial 

Troxler* 

Troxler* 

Troxler* 

Troxler* 

Troxler• 

Troxler* *  

Troxler** 

Troxler 

Troxler* * 

Troxler** 

Dry Limestone* * *  

Sat . Limestone* **  

Drained Limestone** *  

Dry River Gravel 

Sat . River Gravel 

Drained River Grave l 

Dry Limestone 

Sat . Limestone 

Drained Limestone 

Dry Expanded Shale  

Sat . Expanded Sha le  

Drained Expanded Shale 

PRC* ***  

PRC** * *  
PRC**** 
Air 

Water 

TABLE 2 

DATA SUMMARY - MOISTURE 

Water 
(pcf)  

18 . 91 

1 5 . 58 

10 . 17 

6 . 61 

62 . 4  

18 . 91 

1 5 . 58 

10 . 17 

6 . 61 

6 2 . 4  
-o-

26 . 9  

3 . 1  
-o-

21. 9 

3 . 0  
-o-

28 . 3  

2 . 5  

-o-

3 1. 0 

8 .4 

11 . 8  

19 . 3  

1 2 . 2  
-o-

62 . 4  

Probe Reading 
(% std) 

61 . 4 6  

49 . 68 

35 . 36 

24 . 36 

147 . 33 

62 . 43 

5 1 . 46 

38 . 17 

27 . 44 

153 . 86 

0 . 9  

107 . 6  

3 . 3 

1. 16 

90 . 24 

5 . 11 

1 . 65 

1 14 . 82 

6 . 32 

0 . 60 

88 . 72 

12 . 68 

56 . 4 1  

74 . 25 

48 . 74 

0 . 24 

158 . 04 

* Cadmium Chloride Solut ions December 10 , 1964 

� *  Cadmium .Chloride Solut ions November 19 9 1965 

* * *  waste Can Standa1·d 

* * * * Permian Red Clay 

3 5  

Computed Wa ter 
Content from 
Curve (pcf )  

26 . 7  

22 . 5  

28 . 4  

22 . 1  

14 . 3  

18 . 6  

12 .4 
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Density 

According to theory the relat ionship between mass density 

and percent standard count is approximately linear on a semi­

logarithmic plot for values of normal soil  mass densities o 

At least , the relationship is l inear for this type of plot 

for densities above about 90 pcf (Ref l) a Density data ob­

tained in this study on each of the standards has been plotted 

with percent standard counts as the ordinate on a log scale 

and we t density in pounds per cubic foot as t he abscissa on 

an arithmetic  scale o  A least-squares regression analysis  was 

made on each set of data and an equat ion for the linear port ion 

of the curve was determined . A sample of the computation sheet  

for the least-squares regress ion l ine analys is on t he Permian 

red clay standards is shown in Fig A-1 in the Appendix a 

Figures 13 and 14 show the data obtained from readings 

on the Troxler concrete standards o Figure 13 is derived 

from data supplied w ith the depth density probe and Fig 14 is 

from data taken several months later on the same set of stan­

dards o The two curves have essent ially the same slope but the 

later data curve is  shifted sl ightly upward o This is due to  

a difference in  the number of reference standard counts made 

when the data was obtained, the April 9 9 1965 dat a be ing based 

on a smaller number of reference standard counts o 

Figure 15 is a plot of the data obtained from the f irst 

osu standard , i o e a ,  a 30-gallon waste can filled with crushed 

l imestone aggregate . Only two density measurements were avail­

able from this standard o The curve for the river gravel stan-

dard is  shown in Fig 16 . Interest ingly, the curve equat ion 

for these two materials , the l imestone and the r iver gravel ,  
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i s  exactly the same . 

The slope of the data curve for the expanded shale stan­

dard shown in Fig 1 7  is quite different from that of the two 

aforementioned curves . The true or measured mass densities of 

this standard in the various conditions were much smaller than 

those of the other materials . For purposes of compar ison the 

data were plotted and the curve extrapolated to the same wet 

dens it y region of the other materials , as shown . Because the 

relationship may not be linear in the lower density range, be­

low approximately 90 pcf, it is doubtful that this data extrap­

olation is valid . For this reason the expanded shale dat a was 

not used in the development of the recommended calibrat ion curve o 

Figure 18 shows the data plot for the crushed limestone 

barrel standard . The plotted points fit the linear theory very 

well and the curve equation is quite similar to those obtained 

for the limestone waste can standard and the river gravel o 

The linear re lationship for the Permian red clay stand­

ards is shown in Fig l9 o The data point for the f irst barrel 

standard that was constructed is shown but there is some doubt 

as to its accuracy and it was not considered in the equat ion 

determination or in construction of the curve . A malfunct ion 

of the scaler unit became apparent at the time the readings 

were being made on this standard . This required t he replace­

ment of the unit driver tube and it is  believed that this may 

have had something to do with the lack of fit of this data 

with that obtained from the two subsequently prepared clay 

standards o 

Wh ile there is a certain amount of dissimilarity in the 

curve equation for the clay and those for the more granular 
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materials , tests on additional clay standards may result in 

an increased slope of the clay curve and bring the respective 

curves more nearly  parallel. The preparation and test ing of 

additional permian clay standards as wel l as standards from 

other types of materials  encountered during the drilling phase 

of the project is anticipated. 

Fi�re 20 shows the · c6mbined · data for al l the standards 

tested. As indicated by the dashed l ines ,  a rather narrow 

band of values is obtained from this combined plot . A single 

calibration curve and its equation is shown in Fig 21 . This 

curve is the median of the band and for a g iven percent stand­

ard count the wet density of the material within + 4 pcf can 

be determined from the curve. This  range is the lateral spread ,  

right and left of the median curve, within the calibrat ion 

band . 

At a percent standard count reading corresponding t o  a 

wet density of 90 pcf on the median calibration curve the 

error indicated by the lateral band width amounts to + 4 . 4 

percent. For lower percent standard count readings (higher 

density range)  the percent error would be reduced. Using the 

median curve , the maximum error for the various material s 

tested occurred in the case of the crushed limestone barrel 

standard in the drained condition. The data point for th is 

standard lies outside of the calibrat ion band and the wet 

density determined from the curve is only 4 . 38 percent in 

error . 

Since conventional methods of  determining in place densit y 

of soils can be in error by as much as + 10  percent ( Ref 1 )  and 
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the max imum e rror expe r ienced  in  this  study was cons iderabl y 

l e s s , it  is  be l ieved  t hat this  band w idt h t ype appr oach t o  

t he cal ibrat ion of nuc l e ar depth de ns ity equ ipment h a s  con­

s iderable  mer it . Apparentl y m ineral var iances in s o i l  do 

produce  d ifferences  in  nucl e ar response , and exact ing cal i­

brat ion of  t hese  ins t rument s may not be poss ibl � . Thi s  

me thod , a t  l east , indicates  a pract ical solut ion t o  t he cal i­

brat ion probl em . However , t he cons t ru ct ion and t e s t i ng o f  

addit ional barre l st andards ut i l iz ing a w ide var iet y of Okl a­

homa so i l s  wil l  be nece ssary t o  val idat e t his  approach o 

Cert a in problems in the construct ion o f  the barre l st and­

ards and sources  of error  in the measureme n t s , part icu l ar l y  

t hose composed  o f  l oose aggre gates , are recognized .  The dens it y 

probe read ings in  t h e  l oose  aggr egate st andards may poss ibl y be 

in e rr or due to an excess o f  pore  s pace adj acent t o  the central 

acces s  tube . This wou l d  also  af fect  the mo isture probe read­

ings . Al so  t he determinat ion of the exact volume o c cupie d 

by  t he aggregat e mas s  i n  t he barrel  is  subj e ct to  e rror due 

to  d if f icu l t i e s  in  l evel ing t he t op sur face . Thi s  cou l d  

cause  a n  error in t he cal cu l at e d  dens i t y  of  t he aggregat e . 

In  addit ion , t he aggregat e s  were v ibrat e d  int o place in  the 

dry st at e  and whe n  wat er was added t o  achieve the satur at ed  

cond it ion sl ight set t lement s cou l d  have occur re d . Set t l ement  

was not ed  in the expanded sha l e  mater i al and  t h is requ ir e d  t he 

compl e t e  reconst ruct ion of t he st andar d . The se probl ems are 

s impl i f i e d  and a good b it of  the error is e l iminated  if  f ine 

gra i ne d  mat e r i a l s  are used  in  the const ru ct ion of t he s t andar ds o 

However , i f  careful  and pa ins t ak ing construct ion procedu re s  
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are f o l l owe d w ith the mor e  granu l ar mater ials good resu l t s  

can b e  ach ieve d . 

Mo i s ture  

The sphere  of  inf luence of  a nucl ear de pt h  mo isture probe 

is a funct ion of the amount of wate r  pres e nt . Thi s  is indicated  

by the  f ol l ow ing rel at ionsh ip :  

1 /3 

R 5 . 9 
1 00 

Per cent water  by volume 

wher e  R = radius o f  the  s pher e  of inf luence in inches and per­

Pounds of  water/cu ft  x 1 00 
cent wat e r  by volume = 

6 2 o 4  

As mo istu r e  cont e nt decreases t he s phere o f  inf l uence  

of  t he probe becomes greater � Thu s , t he mo isture probe read­

ings for t he dry and dra ine d condit ions of the aggregat e st and­

ards cou l d  not be rel ied  u pon due to t he fact  t hat the d iame t er 

of  t he s phere  o f  influence at the se  l ow mo i sture cont ent s was 

approach ing or gre ate r  than t hat of the  bar r e l  st andards o 

The read ings f or t hese  cond it i ons , as  shown in Tab l e  2 ,  do 

ind icate  t hat t here  is l it t le i f  any hydrogenous or thermal i ­

z ing mat t e r  present i n  t he aggregat e mat er ial s . 

A sampl e o f  t he raw dat a she e t  used  t o  record the  mo isture 

probe reading s  is  shown in Fig A- 2 in t he Append ix . Thi s  

par t icu l ar dat a she e t  shows th e  r eadings made on t he second 

Per mian r ed c l ay s t an dar d . Not ice  t hat t en reference  st andar d 

count s were  t aken pr i or and t en re ference counts  aft er  t he 

probe read ings wer e  made o n  the c l ay mat erial . S impl e averages 

of  t he st andard r eference and mat e r ial count s are use d to  

de t e rmine t he percent of  st andard count . The same t ype of  



data sheet and recording procedure was used for the depth 

densit y determinations . 

5 0  

Figure 2 2  shows the calibration curve for the moisture 

probe supplied by the manufacturer . The curve shown in Fig 23 

was developed almost a year later by proj ect personnel using 

the same instrument and cadmium chloride standards used by the 

manufacturer . Simil ar to the first two density calibration 

curves presented, t hese curves are essential ly parall el but 

the latter one is displaced slightly upward from the first o 

This is also at tributed to the use of a smaller number of re­

ference standard count s in the second calibration sequence . 

These curves are arithmetic plot s  with percent standard 

count as the ordinate and water content in pounds per cubic 

as the abscissa . The curves seem to be linear in the 

region from about 5 to 20 pounds of water per cubic foot of  

mass . At very low moisture contents  the calibration curve 

is not accurate , since theoretically it should pass through 

the origin . A reading taken in pure water defines the upper 

l imiting value and indicates that at high moisture contents 

the plot becomes curvilinear o 

Figure 24 shows the combined data curve for the OSU lab­

oratory standards . The saturated expanded shale and the doubt­

ful Permian red clay points are shown but were not considered 

in drawing the curve . A good l inear f was obtained within 

t he range of moisture contents tested . 

In Fig 25 the l inear portions of the two calibration 

curves on the Troxler cadmium chloride standards are contrast­

ed with the one developed for the OSU laboratory standards . 
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The parallelism of the two rroxler curves is  quite apparent 

here and a considerable slope change between the curves for 

the soil and non-soil type of standards is  illustrated . This 

slope deviat ion in the two sets of curves indicates definite 

calibration differences for various standard media and the 

need for cal ibration of the mo isture probe using ·materials 

similar to those that will be encountered during field usage. 

Fig 26 shows the recommended mo isture calibration curve 

for field use developed in t his study. An equation for the 

linear portion of the curve between 5 and 30 pounds of water 

per cubic foot is indicated . Care should be exercised in 

employing this curve for percent standard counts less than 20 

and greater than 120. 

There is some question as to the exact linearity of these 

moisture probe calibration curves even in the lower ranges 

of moisture content. The development and measurement of ad­

ditional soil type standards will hel p  to resolve this question . 

If additional data shou l d  indicate a curvature in the region 

presently assumed to be linear it is believed that the change 

will be very slight and t hat the recommended curve can be used 

for field measurements with a reasonable degree of reliab ility. 
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CHAPTER 5 .  SUMMARY AND CONCLUSIONS 

The approach used in this study to constru�t secondary 

laboratory standards and develop a suitable calibration pro­

cedure for nuclear depth moisture/density probes has been 

successful in several respects . The following accomplish­

ments are noted : 

1 .  The handling and storage problems asso­

ciated with extremely large laboratory 

standards have been minimized by ut ili­

zing cut-down 55-gallon o il drums as 

conta iners . The filled containers, 

although heavy , are easily handled using 

an overhead crane or a steel framework 

mounted on wheels with a chain sling 

type of suspension system . 

2 o  Procedures for construction of the bar­

rel standards utilizing both coarse and 

fine grained materials as cal ibration 

media have been deve loped . 

3 .  Gravimetric measurement methods as well 

as the techniques  of nuclear moisture/ 

density determination have been worked 

out for the barrel standards . 

4 .  Selected barrel standards can be saved and 
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preserved in their or ig inal moisture and 

dens ity conditions for long periods of time. 

These wil l  provide the means for rather pre­

cise "s tandardization" of the nuclear probes 

prior to field usage. 

5. Although subject to certain construction 

problems and possible sources of error , the 

aggregate standards provided enough data for 

tentative calibration curves. The difficulties 

experienced with t hese standards are an addi­

tional argument for t he use of finer grained 

material s  more closely approx imating actual 

subgrade soils as standard media . 

6. The data obtained show a distinct change in 

nuclear response with a change in type of 

standard medium. This was evident in both 

the density and moisture calibrations and 

indicates a definite need for calibrat ion 

of the respective probes us ing materials 

s imilar to those that will be encountered 

in the field. 

7 ,  As previously mentioned, t here is cons iderable 

variance in response of the moisture probe 

between soil and non-soil type of sta�dard 

media . The results obtained with the aggre­

gate and clay so il barrel standards indicate 

a linearity of the calibration curve between 

5 ' and� 30 pounds of water per cubic foot and 

the developed curve should yield reliable 
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r e su l t s  from f ie l d  measureme nt s . 

8 .  Whi l e  t he dens it y  re su l t s  indicate t hat an 

exact ing cal ibrat ion , i . e ,  one that wil l 

cover or appl y t o  al l soi l  t ypes e ncountere d ,  

wil l not b e  poss ibl e ,  t he var iance doe s  not 

appear extreme l y  great .. The " band width" 

approach to  cal ibrat ion of  t he dens ity  

probe s  offers  a pract ical  solut ion t o  t h is 

prob l em w it h  a minimum amount of e rror involved 

over the normal range of s o il dens it ie s . At 

the present t ime t he w idth o f  t h is dens i t y 

cal ibrat ion band may be t oo wide t o  det ect  

minor d if f e re nces  in absolut e values but it  

is qu ite  capable  o f  dete ct ing maj or dis­

cre panc i e s  and cert a in l y  e ve n  m inor var iat ions 

or change s wit h t ime . 

The median  curve deve lope d  f r om t he band o f  dens ity  

5 9  

cal ibrat ion value s  is recommended  for  use  in f ie l d  dens it y 

det e rminat ions . For ease in  f iel d u se this  median curve can 

be c onverted  t o  t abu l ar form to  e l iminat e var iat ions in cur ve 

interpret at ion by f ie l d  per sonne l . Since t he pr imary use of 

dens it y valu e s  in t he Subgrade Mo i sture Var iat ions proj ect  is 

t o  a l l ow comput at ion of  mo i sture content on a dry we ight bas is ,  

dens i t y  che cks on  h ighway subgrade so i l s  can probabl y be made 

on a year l y  or  semi-annual bas is o Ther e  shou l d  be l it t l e  nee d  

t o  make dens i t y  checks o n  t he same t ime s chedu l e  as  t he more 

f requ e nt mo isture observat ions unl ess  f luctuat ions in mo isture  

readings at  a part icu l ar l ocat ion  indicate l arge or progress ive 

volume changes in t he subgrade mate r ial . 
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At present ; it is not planned to obta in undisturbed 

samples for density determinations at the time of installation 

of the access tubes beneath highway pavements. However , it 

is anticipated that disturbed so il  sampl es from various depths 

can be easily obtained during the drilling phase of the tube 

instal l ation and the original fie ld moisture conditions deter­

mined from these samples . These field  mo isture contents can 

be used to  correlate the laboratory and field obtained nuclear 

moisture data with the actual cond itions that exist in the 

field. 

There is a definite need for a more detailed invest igation 

of the variance in nuclear response of both the moisture and 

density probe with change in soil type. This is necessary 

to determine the extent of t his variance on Oklahoma soil 

types and the further validate the "band width" type of 

approach t o  calibration. In this regard, it is recommended 

that this study be extended and that additional barrel stand­

ards u�ing a variety of Oklahoma soil types as calibration 

media be constructed and evaluated. 
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APPENDIX 

SAMPLE DATA SHEETS 



LEAST SQUARES REGRESSION LINE ANALYSIS  

FORM FOR CALCULATION AND PRESENTATION OF RESULTS 

TrPe /J;l,.g-

z:Jt. ,,;,, A, 

x 

/,1.2, 7 

//&J. 3 

n • il 

�-'e 

ppll��' 
� -�k 

J ¥./� 

� 7. i/7 

EX "" ,233 . 0  

x = //h. �--

.G�. �� 

,;:?,, ... _./�A 

y .,  

/. 3S3#. 

/. ¢3BBt 

tY = ,,;2# Sd,,µ� 

y = /. �///gf 

LY2 -:::: ----- tXY "" .$213. -¢Si:BO 
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1: x2 - J7J,2.h 38 
( �) 2 /n = ,27/9':,e'. :ra (tY) 2 / n  = 

========= (I:X) (EY ) /n -3.lB, $a;l.z8 
2 

t x  = 76 .. 68 !: Y
2 

== t XY "" - p, 3431(,fi 

b1 - E xy / E :x:2 = --11 �k 77 {lo - 3
) 

b0 = v - b1 x = 6 Pa /�S-
t • bo + bl x - /. t,r1,s-;- (2()0¢# 77 

Fig A-1 . Sample Computation Sheet-Least Squares 
Regression Line Analysis 

- - - - - � � - - - - - - - � - � - - - � - - � - - - .- - � - - - - - � � -



Source : 
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STANDARD REFERENCE READINGS 

Sample Type : &cm;<&l ,Rec/c./.;,,
_7 Sample No . :  Ji!£ 

Reading Time : Loz;a 

Mass Density:  /..2;;:7 7'/1s 
Moisture Content : /& 3 �,t"/-" 

3 
4 
5 
6 
1 
8 
9 

10 

1 1  
1 2  

13 

14 
15 
16 

17 

18 
19 
20 

Total 

Co..-n.t11 :sJ;,u 

Fig A-2 .  Sample Data Sheet 

Calculations: �4/ //7/0 
-1- /1/:ICfJ 

J..!J.S-IB " 

)( /OD lilt. ?� ;/$"� 




