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One of the objectives of a recently completed field test pro
gram was to study rapid methods of measuring properties of 
compacted soils for purposes of construction control. A num
ber of techniques for determining density, strength and stiff
ness characteristics of soils were evaluated in tests providing 
a range of soil types and a variety of compaction methods. 
Commercially available devices were (a) a portable backscatter 
nuclear moisture/ density instrument, (b) a nuclear Road Logger 
for measuring moisture and density, and (c) a seismograph. In 
addition, apparatus was designed and constructed for rapidly 
measuring penetration resistance using a cone penetrometer, 
stiffness using a 6-in.-diameter bearing plate, and CBR. For 
compar ison, conventional s and cone and moistur e content 
measurements were obtained. The results show the suitability 
of the devices for detecting changes in compaction with com 
paction effort, the correlation between the different methods 
and the variability of the observed properties. 

•ONE objective of a full-scale field compaction study recently undertaken was to eval
uate rapid nondestructive tests for measuring properties of compacted soils. Compac
tion specifications are usually based on an optimum moisture content and maximum 
dry density as determined from standard laboratory compaction tests. Compaction 
control is based almost solely on field measurement of density, which generally is ob
tained by the sand cone or rubber balloon test, with nuclear measuring techniques com
ing into greater prominence each year. 

With the exception of nuclear techniques, which are not yet fully accepted, field and 
laboratory tests are generally too time-consuming to keep pace with present construc
tion methods. In addition, it is quite possible that compaction specifications should ac
tually be based on some property other than density; i.e., some other property (or prop
erties) might provide a more direct measure of the important performance capabilities 
of the compacted soils. 

Hampton and Selig (1) discuss the scope of .the compaction study, the field test 
p lan, and the equipment and apparatus used. Selig and Truesdale (2) discuss the in
fluence of the test variables on compaction and the measured properties of the com
pacted material. This paper describes the several field methods selected to measure 
the moisture, density, strength, stiffness and seismic wave velocity of soils, and dis
cusses their advantages and limitations as rapid, nondestructive tests and the degree 
to which the measured properties correlate. Measurements made were: (a) moisture 
and density with a portable nuclear gage , (b) moisture and density with a mobile nuclear 
logging device, (c) moisture and density with sand cone apparatus, (d) penetration re
sistance, (e) plate bearing stiffness, (f) seismic wave velocity, and (g) the California 
Bearing Ratio. In addition, samples were taken from each test section for determina
tion of moisture content by oven-drying methods. 
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DESCRIPTION OF APPARATUS 

Hampton and Selig (1) briefly described each type of apparatus used in the field tests 
and presented illustrations of their operation in measurement applications. This paper 
deals primarily with the techniques employed in using the apparatus, the problems en
countered and the time required for measurements. 

Portable Nuclear Instrument 

The portable nuclear instruments used were two Nuclear-Chicago Model 5901 d/M 
gages with Model 2800 A scalers. This gage is a backscatter instrument permitting 
measurement of either wet density or moisture density. (Moisture density is defined 
as moisture content in lb/ cu ft of water.) Standard blocks of material were furnished 
to provide reference measurements for density and moisture in order to check the 
overall operation of the probe and scaler. 

The gages were calibrated in the laboratory on soil samples taken from the stock
piles used for the field tests. Calibration curves were established in terms of count 
ratio, and all measurements made in the field were converted to count ratio. The count 
ratio was obtained by dividing the backscatter measurement on the soil by the counts 
obtained for the instrument on the appropriate moisture or density reference block. 
During the field tests, sets of five 1-min counts on these blocks were obtained at 2- to 
4-hour intervals for both moisture and density. The average of three 1-min counts 
was obtained on the soil. The count ratio was calculated by dividing this measurement 
by the average of the two sets of standard counts taken before and after the field meas
urement. 

The purpose of the count ratio is to compensate for variations in counts caused by 
such effects as temperature, location, and/ or time on the instrument. The assumption 
is that the percentage change in counts produced by these undesirable effects is the 
same for the soil measurements and the reference readings, so that the count ratio 
will be unaffected. The degree to which this was true in the field tests can be deter
mined by analysis of the test data with and without dividing the soil measurements by 
the reference counts. This has yet to be done, but there is evidence that unless the 
instrument effects are pronounced, the use of count ratio does not improve accuracy. 

In performing the field measurements, soil was removed to the depth of disturbance 
caused by the compactor, e.g., below the depths of foot penetration with a sheepsfoot or 
below rut depth with a pneumatic compactor. The soil surface was leveled and a thin 
layer of sand spread on the surface. The gage was then placed on the sand bed and 
rubbed down into firm contact with the soil. 

The most general criticism of portable backscatter instruments is the limited depth 
of soil involved in the measurement. No direct study was made of this problem on the 
compaction study, but it is generally acknow !edged that the measurement is highly 
oriented toward the surface with the majority of the backscatter counts being deter
mined by the top 1-in. layer of soil. The gage is also sensitive to seating techniques 
and soil surface conditions. 

Aside from soil surface preparation, the gage used was simple and easy to operate 
and had very little downtime throughout the entire test series. A set of measurements, 
i.e., moisture and density, at a given location required approximately 12 min. This 
involved three 1-min readings each for moisture and density, totaling 6 min, with the 
remainder of the time required for surface preparation and data recording. 

During the study a variety of portable nuclear gages representing most of the manu
facturers were given preliminary evaluation. Three major problem areas were en
countered. First, in a high percentage of cases the instruments required adjustment 
before reliable operation was obtained. Second, iri almost no instances were the cali
bration curves provided with the instruments in agreement with those obtained on this 
study, and the measurements at the same locations with the different instruments were 
not the same. Third, suitable operating procedures were not available and the opinions 
of manufacturers and users with respect to measurement accuracy and proper tech
niques varied widely. 
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Road Logger 
The Road Logger is a development of the Lane-Wells Co. which detects backscattered 

radiation to provide measurement of soil moisture and density. The measurements are re
corded in the form of a strip-chart plot (Fig. 1) which gives a direct reading of average wet 
density and moisture density vs distance of travel. The moving logs represent continuous 
average measurements through integration of the count rate over a fixed distance of 
past travel. A single operator drives the vehicle and monitors the recording instruments. 

The nuclear probes are mounted on two-wheeled carriages. During measurements, 
the carriages are lowered until their wheels touch the ground, thus providing a con
trolled gap between the probe and soil surface. Material to a depth of 8 in. is reported 
to influence the measurements, but, as with the portable backscatter gages, the meas
urement is weighted toward the surface because the percentage of backscattered radia
tion detected diminishes exponentially with depth. 

Although the general principles of this instrument are similar to those of the port
able nuclear instrument, the Road Logger embodies several features which reduce the 

effects of the undesirable factors influenc
ing the behavior of nuclear instruments. 
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Figure 1. Road Logger moisture-density log. 

By appropriate shielding, the emitted and 
detected radiation is collimated so that 
the Road Logger reading is affected by a 
greater depth of soil and is less weighted 
toward the surface. The controlled gap, 
or standoff, reduces the effect of surface 
roughness and eliminates the seating error 
present when no gap is used. For ex
ample, the creation of a 1/1a-in. gap for 
the portable instrument will cause about 
a 9- pcf change in density, whereas a 1/2- in. 
change in gap for the Road Logger will 
cause only about a 1-pcf change in density. 
Standoff variation with the Road Logger 
will occur if the carriage wheels ride 
over an uneven soil surface; however, as 
long as the average gap remains constant 
over the integration distance this will 
produce minimal error. 

Finer discrimination of energy level of 
detected radiation with the Road Logger 
is believed to reduce the effect of soil 
composition on the moisture and density 
readings. Instrument variations with time 
and ambient conditions can be minimized 
with the Road Logger by periodic checking 
with the built-in calibration blocks. A 
calibration check can be accomplished in 
a period of 1 to 5 min depending on the 
extent of adjustment required. 

In general, the Road Logger was found 
easy to operate. It does, however, re
quire assignment of relatively high caliber 
personnel, and with the particular units 
used on the field test program consider
able downtime was encountered due to 
mechanical and instrumentation difficul
ties. The Road Logger is not suitable for 
use with compactors such as the sheeps
foot which do not provide a firm surface. 
However, with proper procedures uneven 
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surfaces can be handled. Perhaps the biggest advantage of the Road Logger is that the 
uniformity of density and moisture over large areas can be quickly determined. 

Penetrometer 

The penetrometer appar atus used in the field tests was developed at IlTRI (Fig. 2). 
It incorporated the standa.rd Corps of Engineers 30- deg cone tip with a %-sq in. base 
area. The electrohydraulic supporting system was designed to provide a constant rate 
of penetration of 2 ips independent of the resistance of the soil. The force required to 
cause this rate of penetration was plotted on an x-y recorder providing a continuous 
record of resistance vs distance of penetration throughout the compacted layer. The 
apparatus was mounted on a truck to provide a portable reaction frame. 

The steel penetrometer shaft slides vertically through the center of a ring mechanism 
which rests on the ground surface to serve as the penetration displacement reference. 
The joints of the mechanism were designed to permit the ring to adjust for an uneven 
soil surface without affecting the displacement measurement or the movement of the 
penetrometer. The shaft was relieved above the cone in an attempt to eliminate fric
tion between it and the hole made by the cone. 

When retracted for traveling, the ring and cone were suspended about 15 in. above 
the ground surface. At the beginning of a measurement the entire assembly was lowered 
until the ring touched the ground and seated itself. The penetrometer shaft continued 
to move downward at a constant rate, unwinding a cable connected to a potentiometer 
mounted on the ring assembly. In this manner no penetration was recorded until the 
ring was positioned on the ground. When the cone penetrated the soil to a depth of 
15 in., a limit switch was activated causing the penetrometer to retract. After retract-
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ing to its initial above ground position, a second limit switch ended the cycle. The 
total cycle time was about 1 min. 

One of the primary advantages of this device was its independence of operator tech
nique. The system was completely automated and required only minimal surface prep
aration. The device was the most reliable in operation of all the instrumentation used, 
having only a slight amount of downtime throughout the test series. 

The primary problem encountered with the measurement was data interpretation. 
Peak value of penetration resistance is easy to discern from the records, but this was 
not felt to be the most representative measure of lift penetration resistance. The 
average penetration was believed to be most representative, but judgment was required 
to establish the average value because of variation in resistance over the depth of the 
layer. 

The penetrometer was rugged enough to withstand the interference of rocks and 
gravel in the soil, but the readings are not considered meaningful in base course 
materials or soils with high gravel content. This was the only device used in the tests 
which could examine the uniformity of the compacted layer throughout its thickness 
and provide a representative average. It was also the only method independent of sur
face conditions. An examination of the data suggests that side friction on the pene
trometer shaft was probably not negligible, hence subsequent apparatus should provide 
a force sensor at the tip of the penetrometer. 

Bearing Plate 

The plate bearing test provided a measure of soil bearing strength and stiffness. 
In the standard field bearing test, a 30-in. diameter plate is slowly loaded while meas
urement is made of plate sinkage. Such a test is obviously not suitable for compaction 
control. For the compaction field tests, a rapidly loaded 6-in. diameter plate was 
used instead. One advantage was that plate response was primarily a measure of in
dividual lift strength rather than some composite measure of lift and foundation strength 
as would be obtained with a large-diameter plate. Theoretical computations and field 
experience indicate that for short-term loading, a condition present here, the region 
of significant stress increase extends down to a depth roughly two times the width of 
the loaded area. Thus the effective depth of measurement for the 6-in. plate is approxi
mately 12 in., but weighted toward the surface, while the effective depth of the 30-in. 
plate is 60 in. The other advantages were that the reaction load requirements were 
compatible with vehicular mounting for portability and that the test could be performed 
rapidly. 

A schematic of the bearing plate apparatus developed by IITRI for use in the field 
tests is shown in Figure 3. A 6-in. diameter steel plate is attached to the end of a 
steel shaft by a swivel joint to permit it to adjust to the slope of the ground surface. 
A crossarm is attached to the loading shaft by a bushing and swivel joint so that the 
reference feet, which also swivel, can adjust to the soil surface. An electrohydraulic 
system was used to provide a prescribed time - depe ndent load on the plate. The load 
sinkage output was displayed on an x-y recorder. 

Prior to the seating of the plate, the ground surface was leveled and smoothed to 
remove loose material and to eliminate the need for large plate adjustments. For 
lifts compacted with the sheepsfoot roller, soil had to be removed down to the foot
prints over an area 8 in. wide by 40 in. long to accommodate the plate and reference 
arm. When the entire assembly was lowered for a test the reference feet first touched 
the ground, establishing the zero deflection position and activating the potentiometer. 
The shaft loading the plate then slid through the center bushing in the crossarm until 
the plate made contact with the ground and came to rest under a prescribed seating load 
(200 lb). The load cycle was then activated and the plate loaded at a rate of 500 lb/sec 
to a maximum load of 4500 lb or a maximum sinkage of 1 in. 

The plot of load vs displacement was obtained beginning at the time when the ref
erence ieet first touched the ground. If the plate sinkage exceeded 1 in. during any 
stage of the loading, a limit switch was contacted causing the load to be automatically 
removed and the plate retracted. Total time for a test including surface preparation was 
approximately 3 min, except that when the sheepsfoot roller was used the time was doubled. 
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Although this apparatus was generally reliable, under continual heavy use the power 
requirements were beyond the capacity of the battery. However, this problem arose 
only two or three times during the testing program. On those occasions plate tests 
were performed by coupling a hand hydraulic pump into the system. Because the plate 
is sensitive to surface conditions, considerable variability will be introduced unless a 
rapid means of preparing the surface can be developed. This test can be used for all 
soils and base course materials. 

California Bearing Ratio 

The CBR test is a penetration test having the function of measuring the soil resist
ance to penetration prior to reaching its ultimate shearing value. The CBR is defined 
as a ratio, in percent, of the load at 0.1 or 0. 2 in. penetration in the material being 
tested to the load at the same penetration in a standard well-graded crushed limestone. 

The apparatus fabricated for performance of field CBR tests included a piston, sur
charge weights, and loading device. The piston had an end area of 3 sq in. (1. 9 5 in. in 
diameter) and was 5 in. long to enable it to pass through the surcharge weights and 
penetrate the soil. A 6-in. diameter plate was fixed to the top end of the penetration 
piston to permit it to be clamped to the bearing plate apparatus. The surcharge con
sisted of 3 annular steel rings 10 in. in outs ide diameter and 2Ye in. inside diameter by 
1 in. thick. These weights produced a surcharge pressure per unit area equivalent to 
a 20-lb surcharge for the laboratory CBR test. 

The loading device consisted of a hydraulic hand pump connected to the bearing plate 
hydraulic system. The hand pump allowed load to be applied at different rates and 
permitted control on the strain rate and maximum load applied. However, it was dif
ficult to apply the rate of penetration slowly enough to equal the standard rate. The 
applied load and distance of penetration were plotted on an x-y recorder. 

Because the test was accomplished with the aid of a hydraulic hand pump, there was 
virtually no possible source of trouble and no downtime was experienced. The total 
time required for a CBR test was approximately 3 min. Preparation was limited to 
leveling the soil surface over an area large enough to accommodate the surcharge 
weights. No sand cushion or seating cap was used for either the piston or the weights 
in order to minimize the total measurement time. This may have affected the CBR 
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values. This test also requires the development of a rapid means of surface prepara
tion, if it is to be useful for checking compaction. 

Seismograph 

The seismograph is used to determine the propagation velocity of small disturb 
ances through soil. The test is a rapid and nondestructive one which requires little or 
no soil preparation. Theoretically the seismic wave velocity is related to the density 
and elastic properties of the soil. The purpose of using the seismic test in this study 
was to determine if the wave velocity is suitable for indicating changes in compaction 
through changes in these other properties. 

The seismograph used in the field tests was a model MD-3 provided by Minnetech 
Labs, Inc. It was modified to permit measurements over horizontal distances of 6 to 
24 in. in the soil. This is much less than the distances normally considered in seismic 
surveying. The majority of commercial instruments are not suitable for this close-in 
work because they do not adequately measure the short travel times involved. The 
selected horizontal distances are based on the thickness of the layers being tested. As 
a rule the distance should not exceed three times the layer thickness so that higher 
velocity underlying layers will not influence the measurement in the top layer being 
tested. 

The only preparation was to remove loose soil. The total test time was approxi 
mately 3 min. Because the seismograph used was a developmental model some dif
ficulties were encountered, but these were gradually ironed out during the program. 
This technique may be used with all soil and surface conditions. 

The apparatus conshits of four essential parts: (a) a means to induce a seismic 
wave into the soil, (b) a triggering device, (c) a sensing device, and (d) a time counter. 
The wave was induced by striking a metal bar or spike held firmly on the ground sur
face with a hammer. The triggering circuit was arranged so that the circuit was closed 
(starting the counter) when the hammer made contact with the bar or spike. A geophone 
anchored to the soil by either a flat plate or spike served as the sensing device. 

A set of five readings was taken at each of five 3-in. intervals over horizontal dis
tances from 18 in. to 6 in. between the hammer and the geophone on 6- in. lifts, and 
from 24 in. to 12 in. on lifts of 12 in. or greater in thickness. The bar was used as 
the wave-inducing device exclusively on base course materials. Either the bar or 
spike was used on soil lifts depending on surface conditions produced by the compactor. 
The bar was generally used if the compactor produced a reasonably smooth, firm sur
face condition. Wave velocity was determined as the slope of the best fit straight line 
to a plot of average travel time vs distance from the geophone. In general, there was 
a consistent relationship between the five sets of readings at any measurement location. 

Seismic measurements indicate if layering occurs when the density of the layers 
increases with depth. In such cases over short distances the earliest wave arrival 
time will be through the upper layer, but beyond a distance determined by the upper 
layer thickness, the earliest arrival time will be through the lower denser layer where 
the wave velocity is greater. However, there will be no indication of layering in cases 
where density decreases with depth, because the earliest wave arrival will always be 
through the upper. more dense layer. 

Other Tests 

Sand cone tests were performed on approximately half of the 256 test sections. They 
were performed as part of the final lift inspection and were taken at the immediate 
location of the final portable nuclear measurements. The test was performed as pre 
scribed by ASTM standard D 1556-64. Ottawa sand was used and the apparatus cali
brated frequently as outlined in Note 4 of the standard. Moisture determination was 
made based on oven-drying of the entire sand cone sample for a minimum of 24 hours. 

Immediately prior to initiating compaction, moisture samples were taken from a 
randomly selected location within each test section. Samples of approximately 300 
grams each were taken at 3-in. intervals through the lift thickness. 
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TABLE 1 

RELATIVE SIGNIFICANCE OF INDEPENDENT VARIABLES ON SOIL MEASUREMENTS 

Avg. or Individual Effects Joint Effects 
Measurement 

Shaved M T s c E MT MS MC ME TS TC TE SC SE CE Cov 

Final w s l l na 
Initial w I I 6 4 na 
Proctor w l I 2 na 
Portable nuclear Yw s 1 l 7 2 G 
Portable nuclear Yw A 1 1 1 5 
Portable nuclear wd s 1 1 I 5 
Portable nuclear wd A l 1 6 3 
Road Logger Yw s I I 6 5 5 na 
Road Logger w d s 1 I 4 3 na 
Snnd cone rw s 1 t 6 4 na 
Pell resistance s I 2 2 2 4 6 na 
Pen. resistance A I I 1 1 4 I 7 na 
Plate load s I 4 4 7 na 
Plate load A I 3 1 1 2 5 na 
CBR s l 5 7 4 na 
Seismic velocity s 5 4 6 6 
Seismic velocity s 6 4 7 na 
Seismic velocity A I 1 6 

Error Probability (%): 1 = 0.1, 2 = 0.5, 3 = 1.0, 4 = 2.5, 5 = 5.0, 6 = 10.0, 7 = close to 10.0. 
Yw = wet density, Wd = moisture density, w = moisture content (%). 

At the same time, samples were taken at another location in each section for T-180 
compaction tests. Two 300-gram samples also were taken from each of these com
paction samples for moisture determination. Additional moisture samples were taken 
at the final inspection of each test lift in those sections in which sand cone tests were 
not performed. These samples were approximately 5 lb each and were obtained at the 
immediate location of the last portable nuclear measurement. All moisture samples 
were oven-dried for a minimum of 24 hours. 

EVALUATION OF METHODS OF MEASUREMENT 

In assessing the relative merits of the various methods of measuring properties of 
compacted soil several factors will be considered: 

1. Ability to detect the effect of the independent variables, i.e., moisture content, 
lift thickness, soil type, compaction equipment, compactive effort, and number of 
coverages on the measurements; 

2. Range and variability of the measured properties; and 
3. Correlation between different methods of measuring a given property and be

tween the different properties. 

The test series consisted of 64 lifts with 4 moisture zones each or a total of 256 test 
sections. Since measurements were made at one location in each test section after 
compaction coverages 2, 4, 8 and 16, a possible total of 1024 observations could be 
made with each instrument during the compaction process. An additional 256 observa
tions were possible on the shaved lift after 16 coverages of the roller. The data for 
each measurement were reduced on an electronic digital computer and analyzed in
dividually using statistical analysis of variance procedures. The analysis yielded the 
following information: (a) the independent variables (assignable causes) which had a 
significant effect on the measured quantities, (b) the variability (chance causes) as -
sociated with the measurement, (c) estimated mean value of the measurement for each 
level of the independent variables and their two-way interactions, and (d) coefficients 
for computation of the characteristic growth curves for each level of the independent 
variables and their interactions. Correlation between measurements can be obtained 
through comparison of the generated expected mean values . 

Significance of Independent Variables 

Two considerations regarding the effect of the independent variables on the meas
urements are: (a) does the property being measured vary significantly with respect 
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to the independent variables, and (b) can each particular instrument sense the real 
changes which occur? To answer these questions, Table 1 summarizes for each meas
urement those variables and their joint interactions which the statistical analysis in
dicated had a significant effect. The independent variables are M = moisture level, 
T = lift thickness, S = soil type, C = compactive effort, and E = compaction equipment. 
Combinations of any two letters indicate joint effects; "Cov" indicates covariate. 

Each measurement is subdivided into two groups where appropriate to represent 
the average of the growth values (A) for coverages 2, 4, 8 and 16 and the values for the 
shaved lifts (S) after compaction. The confidence level of significance is expressed in 
terms of the probability that the indication of significance is a chance occurrence. The 
probabilities selected range from 0.1 percent to 10 percent. In all cases not marked 
the probability exceeded 10 percent. 

Table 1 shows that initial, Proctor, and final oven-dried moisture contents were 
essentially functions of only moisture level, soil type and their interaction. With one 
exception, all other independent variables showed no significant correlation (at or close 
to the 90 percent confidence level) with the oven-dried moisture determinations. It was 
desired that correlations exist only for moisture level, soil type, and joint moisture
soil effects, the latter because the planned moisture increments were different for the 
clay soil than for the other soils. Correlation between the moisture content measure
ments and any other variable would indicate an unwanted bias in the test plan, which 
would effect the analysis of all other measurements . A possible bias is indicated by 
the initial moisture measurement with respect to compactive effort. It is significant, 
however, only at the 90 percent confidence level, i.e., such a correlation may be ex
pected to occur lly chance approximately 1 time in 10. No corre lation is seen between 
compactive effort and either the Proctor or final moisture measurements. Based on 
these observations, it is concluded that the test plan was adequately randomized. 

Joint effects of thickness with soil and compactive effort, and joint effects of soil 
with compactive effort are not significant with respect to any measurement. Hence, 
within the detection ability of any measurement, the effects of the independent variables 
thickness , soil and compactive effort are independent of each other; for example, the 
effect of soil type on any measurement holds for both values of thickness and both values 
of compacti ve effort. 

The column titled covariate applies only to the portable nuclear and seismic instru
ments. Two different portable nuclear instruments were used for the tests and three 
different switch types were employed with the seismic unit. The introduction of a co 
variate term in the analysis of the data was made to permit determination of effect on 
the results caused by these changes. The analysis adjusted the data to remove such 
effects if they existed. 

The instrument effect for the portable nuclear moisture density measurements was 
highly significant. An instrument effect also showed up for the wet density growth 
measurements. This effect was not evident for the wet density measurements on the 
shaved lifts. The level of significance makes it highly unlikely that only a chance oc
currence is being observed in the growth measurements with respect to the covariate 
effect. It is believed most likely that the measurements on the sheepsfoot-compacted 
lifts are producing the covariate significance. The considerable effect of these lifts 
on the portable nuclear measurements will be demonstrated later. 

A covariate effect was also evidenced with the seismic instrument, but at a much 
lower level of significance. Because of this, the seismic data were also analyzed, dis
regarding the covariate effect for the shaved lift measurements. There was no change 
in those variables which influenced the measurement and only slight change in the 
significance levels of the effects. 

Other observations which should be made from Table 1 are: 

1. The effect of moisture level can be detected by all measurements and, with the 
exception of the seismic measurements, the level of significance makes it highly un
likely that detected effects occur by chance. 

2. The Road Logger, bearing plate (growth), CBR and seismic instruments detected 
changes in measured properties with changes in lift thickness, while the portable nu
clear gage, penetrometer and sand cone detected no difference. 
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3. The bearing plate, CBR and seismic 
measurements were rather insensitive to 
soil type, while soil type was highly sig
nificant with re spec t to the other 
measurements. 

4. There was little detectable effect of 
compactive effort alone, but the joint effect 
with equipment indicates that the influence 
of changes in compactive effort depends 
on the compaction equipment being used. 

5. The type of compactor used resulted 
in detectable differences in wet density, 
penetration resistance, and bearing 
strength. 

6. Only interrelationships of moisture
soil, moisture-equipment, and thickness
equipment appear to be of measurable 
consequence. 

Variability of Measured Properties 

The statistical analysis which deter
mined the effects of the independent vari
ables on the measured values predicted 
the best estimated mean value~ associated 
with each level of the variables. These 
are equal to the averages of the actual 
measurements only when no data are 
missing from any test section. To each 
measurement a standard deviation can be 
assigned which defines the variability of 
that individual observation or measure
ment. The analysis performed predicted 
this standard deviation based on the re-
sidual variance after the effects of the 

selected independent variables had been removed. Each level of each variable may 
have a different variability associated with it, but it is not possible to determine these 
differences with the particular test plan and analysis used; therefore, the variance is 
considered to be constant for all effects. The error produced by this assumption is 
believed to be of second order. 

The analysis computes the total var ia nce (aT 2 ) of each measurement and permits it 
to be separated i-nt0 the two compone nts corresponding to "within- lift" (aw 2 ) a nd "be
tween-lift" (oB 2 ) variability. These vari ances are related by 

2 3 2 
aT = aw + aB 

The within-lift variance (aw 2) represents the variability about the mean of each test 
section caused by such factors as the variation in moisture content from the nominal 
values, the poi nt-to-point varia tion of properties within each test section, and meas
urement errors such as seating effects for the neclear gage. The variance aw 2 is 
comprised of within-test section (as 2

) and between-test section (awB 2 ) components, 
but the experiments conducted only provide a direct estimate of aw 2• The value aB 2 

includes the effects of cha nges in environmental conditions, lift foundation conditions, 
and hete r 0geneity of the soil stockpile. The value aT 2 includes the errors contributing 

2 2 to aw and aB . 
Figure 4 shows components of error in terms of standard deviation for the portable 

nuclear gage and penetrometer measurements. In Figure 4a the large triangle rep
resents the total error aT and its two components aw and aB. The errors aw and 
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aB are in turn divided into two components, one representing the estimated measure
ment error and the other representing the density variation in the soil itself. The com
ponents of aw are shown in the lower triangles in Figure 4. They include measure
ment errors ay 2 caused by random backscatter1 and ay4 caused by seating effects2. 
The vector sum of these is subtracted from aw to obtain aws, the within-lift soil den
sity error. The between-lift component (aB) is shown divided into the maximum meas
urement error due to temperature (ays) and the remaining portion which is the between
lift soil density error (aBS ). The total soil density error (aTS ), which is the vector 
sum of aws and aBS , is shown as a dashed line. 

The values aBS and aws are approximately the same. A major cause of this vari
ability is believed to be difficulty in moisture control. It is evident that aTS does not 
represent a normally distributed error, since normal distribution theory indicates that 
5 percent of the data will fall beyond ± 2a or ± 10. 8 pcf. The distribution of aTS is 
probably peaked; however, the possibility also exists that unknown effects including 
three-way and higher interactions between independent variables may have caused these 
computed standard deviations to appear higher than they actually are. 

Also, the density measurement errors due to temperature (a y s) and backscatter 
(a y 2 ) were small in comparison to the other errors with which they are associated. 
Their elimination by modification of the measurement procedures would produce no 
significant improvement in the estimation of the soil density in these experiments. 
The seating error a y 4 is important with respect to aw, but will not substantially re
duce aT· 

Figure 4b shows the extent to which replicate measurements would have improved the 
ability to detect changt:!!:i in pendration resistance. Two measurements of penetration re
sistance were made, each at a different point in every test section after the 16th compactor 
coverage. This permits the aw to be broken down into within-section (as) and between
section (awB) components. It may be seen that any replicating of measurements would 
have resulted in little gain. Assume that enough replicates (repeated measurements 
within a test section) were made to reduce as/IN to a negligible amount. Then aw 
would bec.ome equal to awB, a reduction of 10 lb or 8. 5 percent, and aT would become 
equal to aT ' , a reduction of only 8 lb or 5.1 percent. 

The values shown in Figure 4 represent error in single observations. If more than 
one observation is made, then the appropriate error component will be divided by the 
square root of that number of observations. It is evident that the best procedure to 
use is that which replicates the measurement's largest error component. According 
to Figure 4a, the most suitable procedure to use with the backscatter instrument would 
be to obtain a series of readings at random locations in each test section, making only 
one 1-minute count at each location; i.e., eliminate any gage rotation and duplicate 
counts at each location and use the time saved to include as many locations as possible. 
However, information from the penetrometer measurements indicates that even this 
would probably not have substantially reduced the total measurement error and there
fore the cost of the additional measurements would not have been justified. Only rep
lication of test conditions by using new lifts would have improved on the accuracy of 
the experiments. 

To compare the various methods of measurement on the basis of measurement 
error, it is necessary to reduce all errors to a common (normalized) form. The range 
of values of the properties measured is believed to be the most relevant base for this 
conversion. , This range was determined as the difference between the minimum and 
maximum values of each measured property for all combinations of the independent 
variables. Table 2 gives the standard deviation, range, mean value and ratio of stand
ard deviation to range for each measurement. 

The within-lift standard deviation is probably a reasonable estimate of the vari
ability of properties within a compacted embanlp11ent. According to Table 2, the vari
ation in moisture content had a standard deviation of 1. 2 percent. Associated with this 

1Computed assuming standard deviation of counts is l//N, where N is the number of counts. 
2Estimated based on laboratory studies. 
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TABLE 2 

MEAN, RANGE AND VARIABILITY OF MEASURED PROPERTIES 

Mean Range 
Standard Deviation 

Measurement Dimension 
R aw/R aT/R µ. 

"W "B aT 

Final w % 11.7 11.4 1. 2 1.0 1.6 0.105 0.140 
Portable nuclear y w pcf 126. 7 27. 6 4.3 4.0 5.9 0.156 0.214 
Portable nuclear Wd pc! 11. 5 9.7 1.4 1.2 1.9 0.144 0.196 
Road Logger Yw pcf 128. 5 32.0 3.6 4.7 5.9 0.113 0.184 
Road Logger w d pc! 13.8 12.1 1.2 1.6 2. 0 0.099 0.165 
Pen. resistance lb 364 529 117 106 158 0.222 0. 299 
Plate load lb 1720 1814 677 445 810 0.373 0.446 
CBR % 15 26.6 7. 3 8.8 11.4 0.274 0. 277 
Seismic velocity fps 1192 890 344 119 364 0.387 0.410 

were standard deviations of about 4 pcf for wet density, 117 lb for penetration resist
ance, 677 lb for plate load, 344 fps for seismic velocity and 7.3 percent for field CBR. 

The ratio of variability to range is one valid criterion for comparing methods of 
measurement. The lower the ratio, the greater is the ability to detect changes in 
properties for a given number of measurement observations. This method of ranking 
would rate measurement of density best, CBR second, penetration resistance third, 
and seismic velocity and plate load about the same as last. This ranking should not 
be considered as absolute, however. The ratio of variability to range can be r educed 
by 1/ /N (N = number of observations). Thus, if time and cost considerations permit 
more measurements of one type to be made than the others, then considerable change 
in ranking can occur. 

One advantage of the continuous logging capability of the Road Logger is also seen 
from these ratios. The Road Logger measurements provided an estimate of the aver
age value for each section. The effect of this is evidenced in the aw /R ratio which is 
much smaller for the Road Logger than for the portable nuclear instrument. The Road 
Logger should be able to detect more effects of the test variables than the portable 
nuclear instruments. The data in Table 1 indicate that this was in fact the case. 

CORRELATION OF MEASUREMENT METHODS 

The preceding discussion dealt with the various property measurements individually. 
The remaining discussion considers the correlation between measurements both of the 
same property, such as nuclear vs oven-dried moisture content, and different prop
erties, such as penetration resistance vs density. 

Moisture and Density 

Oven-dried measur,ements of moisture content were available from sampling each 
test section prior to initiating compaction, from the field Proctor test (samples for 
Proctor tests were also taken from each test section prior to initiating compaction), 
and from each test section upon completion of testing on the shaved lift surface. 

Of these three, it is believed that the final moisture content measurements were the 
most representative of lift moisture content during compaction. These samples were 
approximately 5 lb in weight and included a normal amount of coarse material such as 
gravel content. The initial moisture contents were obtained from the average of two 
to four 300-gram samples, and the Proctor moisture contents from the average of two 
300-gram samples. These samples probably did not contain a normal amount of coarse 
material, because the larger size particles were excluded. 

Moisture content determinations were also obtained from the portable nuclear and 
Road Logger measurements. Figure 5 compares all moisture content (%) measure
ments with respect to the final oven-dried measurements. The initial, Proctor, and 
Road Logger measurements correlate well, but are generally slightly higher in mag
nitude than the final measurements, with the Road Logger moistures tending to be 
slightly low at the high end of the range. The portable nuclear measurements are 
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considerably lower than the final moisture contents over the entire moisture range. 
This· is believed to be due primarily to error in the portable nuclear measurement of 
moisture density rather than wet density. 

Figure 6 compares Road Logger and portable nuclear measurements of moisture 
density. Correlation is linear and consistent for all moisture-soil combinations, but 
the portable nuclear measurements are all low with respect to the Road Logger meas
urements. The better agreement of the Road Logger with the oven-dried moisture 
contents suggests that it is the portable nuclear measurements which are in error. 

Figure 7 shows the difficulty of obtaining accurate measurements with the portable 
nuclear instrument on sheepsfoot lifts during compaction. The measurements on lifts 
compacted with the sheepsfoot roller are considerably different from those for all other 
rollers. For the sheepsfoot lifts, the portable nuclear measurements of moisture 
density were too high and the measurements of wet density were slightly low. These 
errors are additive in the moisture content determination. There were several prob
lems with measurements on sheepsfoot-compacted lifts. First, it was difficult to 
determine just how much material should be removed for the measurement. Second, 
it was difficult to prepare a smooth and level surface. Finally, there were large local 
variations. Points which had been directly under a foot were hard and firm, while a 
few inches away the material would be much looser. This was particularly true during 
the early stages of compaction. 

Figures 8 and 9 compare portable nuclear and Road Logger shaved lift measure
ments of wet density for data averaged over moistu.re-soil and moisture-equipment 
combinations, respectively. With the exception of the curves for the silty clay soil 
and the segmented pad roller, both sets of data would be fairly well represented by a 
line parallel to the 45-deg line (1 to 1 correlation), with the portable nuclear reading 
about 2 lb/cu ft lower than that of the Road Logger. There is, however, no apparent 
reason why either silty clay soil or segmented pad roller should cause a relative 
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influence on the nuclear measurements. As such, the best overall relationship would 
be expressed by straight lines skewed to 45 deg. The general predominance of the 
points below the 45-deg line may to some extent be due to missing data caused by equip
ment malfunctions. 

The average wet densities, as determined from the analysis of variance, for all 
measurements with the two nuclear methods agree within 2 pcf-128. 5 pcf for the Road 
Logger vs 126. 7 pcf for the portable nuclear instrument. It is believed that correla
tion between these two methods would have been better had there not been missing data 
points. Of the 256 shaved lift observations, 232 were obtained with the portable nuclear 
instrument and 212 with the Road Logger. Of these, 208 observations were in com
mon, i.e., performed on the same test section. The means of these common observa
tions were within 1 pcf-127.7 pcf for the Road Logger vs 126.6 pcf for the portable 
nuclear instrument. 

Since each of the above means are based on more than 200 observations, it is safe 
to assume that the means are normally distributed. Estimates of variance of the 
means should also be quite good, based on the large number of observations. A sta
tistical test may be applied to determine if real differences exist between the Road 
Logger and portable nuclear means. The critical region for the test is chosen to con
sist of the two equal tails of the distribution of the two means 6w )RL and <Yw )PN· If 
the usual critical region size of 0. 05 is selected, then the differences in the means 
determined from the analysis of variance come near being significant while the dif
ferences of means determined for common observations are not significant. Thus, 
within the variability associated with the means, the differences are small enough to 
consider the means as the same. 

Valid comparisons with sand cone measurements are quite limited. More than 
50 percent missing data exist with_ the sand cone measurements. Consequently, the 
results given by the analysis must be highly qualified. However, both the analysis 
and means of common observations indicate the sand cone wet densities were about 
4 pcf less than the nuclear measurements. It is believed that the nuclear measure
ments are the more correct. The main problem or source of error in sand cone tests 
is believed to be the low relative density of the sand cone calibration-approximately 
96 pcf. A slight disturbance could easily increase the density to 100 pcf, introducing 
a 4 percent error. 

Soil Strength and Seismic Velocity 

Comparison of seismic velocity, plate bearing load, penetration resistance and CBR 
values with wet density for the four moisture levels is made in Figure 10. All data 
are averaged for each of the four moisture levels, thus each point represents approxi
mately 64 observations. Moisture level increases from left to right in the figure. The 
general shape of the curves relating measurements of soil strength, i.e., plate bearing 
load, penetration resistance, and CBR, with wet density are quite similar. The strength 
values decrease with increase in wet density, which in turn corresponds to increase in 
moisture level. These curves will bend back toward the origin at higher moisture 
levels. Seismic wave velocity appears to reach a peak value within the range of wet 
density encountered. Its behavior is quite different from that of strength. 

Figure 11 compares penetration resistance and plate bearing load with CBR, averag
ing independently over moisture level and equipment type. The relationships changed 
with soil type. The best correlation was between plate load and CBR. The only poor 
feature of the correlations is the low value of penetration resistance for the pneumatic 
compactor (P) measurements. While no apparent reason for this discrepancy can be 
given, the effect is considered real, since it represents the mean of 64 observations. 

Correlation of seismic velocity with strength measurements is not presented be
cause, in general, it was found to be quite poor. This is evident in Figure 10 where 
seismic velocity increased and then decreased with increasing wet density while all 
strength measurements continued to decrease. 
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SUMMARY AND CONCLUSIONS 

The field compaction study included the evaluation of several methods of measuring 
the properties of compacted soils. The large variability associated with individual 
measurements restricted the study of the data with respect to the independent variables 
to the predicted averages of many observations. While this requires that conclusions 
drawn be rather general in nature, several important statements can be made with a 
high degree of certainty. 

The test plan appeared to be the most efficient for accomplishing the intended scope 
within the funding allocated. Replicate measurements within test sections would not 
have materially improved the ability of the data to detect the effects of the independent 
variables, and such replication would have increased the cost of the field operation by 
possibly 50 percent. Replication of lifts or significantly improved moisture control 
would have at least doubled the cost. 

Variability of properties in a compacted lift are much larger than generally assumed 
or admitted. Single observations of any of the properties measured would seem to be 
of little value in assessing the adequacy of compaction. Either many properly selected 
measurements are required or considerable judgment based on observed construction 
procedures and compactor performance is necessary. Little reliable variability data 
are available from actual construction jobs. One of the most important contributions 
of further field studies of compaction would be the gathering of such information. 

All measurement of soil properties included in the field tests were capable of detecting 
the changes occurring with additional roller coverages. The effects of the independent vari
ables on the property of wet density were among the easiest to detect because the ratio of 
variability to range was smallest for the nuclear instruments. However, if multiple 
observation of other measurements could be as easily obtained as single nuclear meas
urements, then the detectability with the former could be as good because the relative 
variance would be determined by the ratio of the number of observations with the two 
methods. 

On the whole, the portable nuclear instrument gave the same measurement of wet 
density as the Road Logger, even though the Road Logger used much higher strength 
nuclear sources and thus was less sensitive to soil composition and surface conditions 
and provided a greater depth of averaging. Calibration of the portable nuclear gages 
still appears to be a problem needing study for both density and moisture measure
ments. General experience indicates that the operator cannot assume that these gages 
will work properly and that the supplied calibration curves will be correct. A thorough 
check-out is required with every new gage. Standard operation procedures for nuclear 
measurements on soil are badly needed. If properly functioning and properly used, 
the portable nuclear gages can give useful results. Considering actual variability of 
the measured properties in the field in relation to the instrument variability, it is not 
considered worthwhile to obtain more than one 1-min count at any location or even to 
rotate the gage and repeat the reading at the same location. All replicates should be 
obtained at different locations. Rapid and accurate methods for preparing the soil 
surface would be a significant aid in improving and speeding up measurements with 
these gages. 

The Road Logger appears to provide good readings of both wet density and moisture 
density; therefore, the dry density and moisture content calculations should be reliable. 
The logging capability of the Road Logger makes it the only device which provides in
formation on uniformity of compaction over large areas easily and quickly. Such in
formation is as important as the numerical values obtained. This advantage was illus
trated in this program by the lower ratio of within-lift variability to range, and by the 
ability to detect changes in wet density with some independent variables which were 
not apparent with the portable nuclear measurements. However, the Road Logger is 
restricted to use on rather uniform surface conditions. It could not, for example, be 
used on the type of surface condition created by a sheepsfoot compactor. 

On the whole the same general type of information was obtained with the penetrom
eter, plate, and CBR soil strength measurements. The penetrometer has four im
portant advantages with respect to all other measurements: (a) it requires almost no 
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surface preparation, (b) it is free of operator error, (c) it is extremely rapid, and (d) 
it permits an examination of vertical variations in the lift. It cannot be used with base 
course materials, however. The bearing plate, to be useful as a control device, re
quires the establishment of a technique for rapid surface preparation. It can be used 
on all soil conditions. The CBR is not recommended as a control device, but was in
cluded in the test program for comparison purposes only. For any soil strength meas
urement to be used as a compaction control device, some measure of moisture content 
will also be required. 

It was not evident from these tests how the seismic device could be applied to com
paction control. A better understanding of the influence of the properties of compacted 
soils on its measurements is needed to properly assess its role. The method was 
rapid, nondestructive, required little soil preparation and was able to detect clearly 
changes with roller coverage. 

One of the most useful measurements to be able to perform rapidly and accurately 
is moisture content (%). This could be the most valuable inspection measurement for 
obtaining the desired compaction end result. Finally, the experience on this study 
suggests that the use of more sophisticated measuring apparatus which can permit 
more rapid and thorough inspection and control, even if requiring greater capital in
vestment of operating cost, is entirely justified by the benefits to be gained in improved 
performance, lower maintenance costs, and very likely more efficient construction 
procedures. 
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