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Foreword 
This RECORD presents information useful to pavement designers, mate
rial researchers, and nuclear specialists for improving the quality of 
their work and the accuracy of the results of testing. 

The relationship of precipitation to moisture accumulation and regime 
development under pavements is presented by Thom. He proposes the use 
of a threshold for infiltration on an hourly rate of 0.1 in. as indicating an 
hour of infiltration. This is used to indicate moisture accumulation at the 
1- to 2-ft level in the soil. A survey of climatological data could then be 
used to estimate subgrade soil moisture conditions for planned pavements. 
Russam, summarizing the results of investigations at the British Road 
Research Laboratory, presents several conclusions leading to the classi
fication of subgrades into three general categories: water table close to 
surface, deep water table with rainfall greater than 10 in. per year, and 
deep water table with rainfall less than 10 in. per year. These classifi
cations are useful in estimating the subgrade moisture conditions for de
sign purposes. 

Hoover, Kumar, and Best summarize the results of an investigation to 
determine a laboratory compaction procedure that would produce uniform, 
controllable density at optimum moisture content while eliminating, or at 
least minimizing, degradation and segregation of compacted crushed stone 
base course mixes. They conclude that a vibratory method complies with 
the desired criteria. Moore, Swift, and Milberger describe a measure
ment system designed to study load-deformation characteristics of 
granular-type materials normally used in flexible pavements. This sys
tem has been verified and data are presented to illustrate its usefulness. 

Efforts to minimize gage errors in the use of backscatter-type nuclear 
density gages are described by Dunn and McDougall. A quality factor as 
a function of all the gage errors and the measurement volume was devel
oped and efforts to maximize this factor through the use of the dual-gage 
principle are presented. Initial testings indicate that a significant im
provement in accuracy is possible. 
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Quantitative Evaluation of Climatic Factors 
Relation to Soil Moisture Regime 
H. C. S. THOM, Environmental Data Service, 

U.S. Environmental Science Services Administration 

The use of hourly precipitation for determining subgrade moisture 
variations is proposed. Data discussed include examples for 
Ames, Iowa, and Tulsa County, Oklahoma, of the correlation be
tween hourly frequency of amounts of assumed infiltration rates 
with soil moisture between 1 and 2 ft. The development of de
sign data for the effect of temperature variation requires devel
opment of better relationships with observed meteorological data. 
Some empirical relationships are giwm that could be useful in 
preliminary studies. 

. 
Ill 

•ALTHOUGH THE PROBLEM of subgrade moisture variation that causes changes in 
volume and strength of subgrade soils is far from solved, it appeared desirable to give 
more detailed information on the climatic factors that may ultimately be needed in de
sign. Marks and Haliburton (1) have summarized previous studies on subgrade mois
ture in their paper discussing-several series of soil moisture measurements with nu
clear gages under pavements and in shoulders. One of their series of soil moisture 
measurements in a shoulder is correlated with moredetailedprecipitationobservations. 
A series of measurements with uncovered soil at Ames, Iowa, is also correlated with 
the same type of meteorological data. 

Mickle and Spangler (2) found that soil moisture changes, caused by temperature 
variation, were very small under covered areas. This does not seem to agree with a 
number of cursory reports of water on pavements on warm, sunny days although such 
water could have resulted from another cause. Marks and Haliburton (1) reported 
variations in moisture of 1 to 5 percent caused by temperature. In any- event, the 
problem is a complicated one requiring data on the relationship between radiation or 
maximum and minimum air temperatures and maximum and minimum soil and pave
ment surface temperatures, neither of which is presently available. Without one of 
these relationships, practical design could not be found from regularly observed mete
orological observations. Some rough empirical relationships with air temperature are 
given that could serve as approximations in design problems. Still needed, however, 
are adequate data on soil-water movement in the subgrade as a function of soil 
temperature. 

THE PRECIPITATION REGIME 

Because infiltration is the principal factor of the soil moisture regime in any event, 
it would appear that use of more detailed precipitation data might be desirable. The 
U.S. Environmental Science Services Administration (ESSA) collects hourly precipita
tion data at some 3,400 observation stations. These records range up to 30 years in 
length and constitute a fairly dense network that might be useful in design problems. 
At about 100 of the first-order stations, summaries of the hourly precipitation and 
other observations by monthly and annual periods have been published for a 10-year 
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record. Examples for Tulsa and Oklahoma City airports are given in Table 1. The 
published table does not contain the last column, but the information is readily added 
by summing along the rows. By taking a suitable threshold for infiltration, some data 
useful for design might be obtained from this table, the information of which is also re-
corded elsewhere (3). The original hourly amounts (4) from more than 3,000 other 
stations could be used to prepare similar tables that might be employed in soil mois-
ture research or design. Two simple examples of application of such data are given 
in the following: one at Am.es, Iowa, for natural soil; and the other on a highway 
shoulder in Tulsa County at site 29C of the study made by Marks and Hailburton (!). 

TABLE 1 

FREQUENCY OF OCCURRENCE OF PRECIPITATION 

Intensities (in.) 
Hour 

Ending 0.02 0. 10 0.2 5 0, 50 1.00 
at Trace 0.01 ·- ·- ·- ·- w 

....... f\l\ Totat '£i,VV 

0.09 0.24 0. 49 0. 99 1. 99 

Tulsa Airport, Oklahoma 

1 a. m. 5 8 1 3 I 18 
2 a. m. 11 3 1 1 2 2 20 
3 a . m. 7 4 5 3 4 23 
4 a . m. 11 3 6 7 l 28 
5 a. m. 11 3 8 5 1 28 
6 a. m. 14 1 7 3 1 27 
7 a. m. 13 2 8 4 28 
8 a.m. 8 10 1 20 
9 a.m. 12 5 5 1 23 

10 a. m. 12 7 1 21 
11 a. m. 12 4 3 1 21 

Noon 12 2 7 1 23 
l p. m. 12 2 4 2 20 
2 p.m. 11 4 2 2 20 
3 p.m. 17 l 3 1 3 1 26 
4 p.m. 13 l 6 3 3 I 27 
5 p. m. 12 3 9 2 2 29 
6p.m. 14 4 8 4 2 32 
7 p.m. 14 2 9 2 2 29 
8 p. m . 12 2 4 3 22 
9 p. m. 7 3 9 1 20 

lOp.m. 4 2 6 1 2 15 
11 p.m. 8 1 5 1 16 
Midnight 9 _5 _l_ ....!. l 18 

Total Hours 261 52 145 50 30 11 0 554 

Oklahoma City Airport, Oklahoma 

1 a . m. 5 4 3 2 2 18 
2 a . m . 6 2 2 2 13 
3 a . m . 3 3 3 2 12 
4 a. m. 13 3 3 2 21 
5 a. m. 14 2 4 3 25 
6 a. m. 17 4 5 3 30 
7 a.m. 20 3 6 4 33 
8 a.m. 16 6 5 7 34 
9 a . m. 18 4 6 4 33 

10 a. m . 23 3 2 4 32 
11 a. m . 17 5 3 2 2 30 

Noon 11 5 5 2 23 
1 p. m. 21 1 5 27 
2 p.m. 20 2 2 I l 2 28 
3 p.m. 13 3 2 2 3 25 
4 p.m. 14 2 4 I 2 23 
5 p . m. 9 2 6 18 
6 p.m. 7 2 4 I 14 
7 p. m. 9 1 1 2 1 2 16 
8 p. m . 7 2 3 2 1 15 
9 p.m. 9 2 2 3 l 17 

10 p. m. 7 1 3 2 1 16 
11 p. m. 10 1 3 2 1 17 
Midnight 4 _l_ 2 5 ....!. l __J& 

Total Hours 293 66 84 57 19 12 5 0 536 



TABLE 2 

RELATIONSHIP OF SOIL MOISTURE TO HOURLY FREQUENCY OF 
PRECIPITATION HIGHER THAN 0.10 INCH 

Ames, Iowa Tulsa County, Oklahoma 

Date of Soil Hourly Date of Soil Hourly 
Measurement Moisture (in.) Frequency Measurement Moisture (in.) Frequency 

July 1954 0. 1 1 Sept. 1,1966 I. 97 10 
July 1955 1.4 8 Oct. 1, 1966 2.02 7 
July 1956 0.0 3 Nov. 1,1966 2.05 4 
July 1957 I. 7 9 Dec. 1, 1966 I. 96 1 
July 1958 1.3 23 Jan. 1, 1967 I. 90 10 
July 1959 0.8 4 Feb. 1, 1967 I. 91 5 
July 1960 0.9 8 March 1, 1967 1. 93 2 
July 1961 1. 1 21 April 1, 1967 I. 92 4 
July 1962 1. 3 11 May 1, 1967 I. 90 15 
July 1963 1.4 12 June 1,1967 I. 93 18 

July 1, 1967 2.02 12 
Aug. 1, 1967 2.20 20 

3 

The results for Ames in silt clay loam soil are given in Table 2. The soil moisture 
values are in inches depth of water in the 1- to 2-ft depth on about August 1. It was 
assumed that at this time of year hourly precipitation amounts less than 0.10 in. would 
not infiltrate but w9uld be evaporated almost immediately on reaching the soil surface. 
Thus , because the infiltration rate of this soil would be somewhere in the range of the 
next higher class, internal 0.10 to 0.24 in. of Table 1, it was assumed that the thresh
old for infiltration was 0.10 in. per hour. Although this may appear to be a somewhat 
arbitrary choice of threshold, it is clear that if there is a correlation with the true 
threshold, there will also be correlations with thresholds near the true one. Every 
hour with 0.10 in. or more is then counted as an hour of infiltration. These were 
counted for all measurements in July, 1954 to 1963, and are given in Table 2 in rela
tionship to the corresponding soil moisture depths in the 1- to 2-ft layer. Some cor
relation is evident, the higher frequencies in general being associated with high depths 
of soil moisture. The very high frequencies, however, do not lead necessarily to the 
highest depths of soil moisture and this could be explained in several ways, one of 
which is by previous saturation. 

The results for the highway shoulder at site 29C in Tulsa County are also shown in 
Table 2. Marks and Hailburton's soil moisture percentages (1) have been converted 
to inches of water in the depth from 1 to 2 ft by using the value at 1 ft 6 in. as an aver
age for this layer. The correlation here is poorbecause, although the hourly frequency 
of precipitation at the infiltration rate is high for some months, this is not generally 
reflected in the soil moisture depths. These depths remain fairly constant around the 
field capacity except on August 1 when it rises to 2.2 in. with a high hourly frequency 
during July. One explanation for this constancy might be the good slope from the 
shoulder that would allow rapid removal of runoff. This complicates the development 
of data for design because factors affecting the runoff will have to be added. Many 
other factors could, of course, affect the soil moisture, further complicating the prob
lem of obtaining experimental data. 

THE TEMPERATURE REGIME 

The simplest way of approximating the temperature regime in the subgrade would 
appear to be by using maximum and minimum daily temperatures of the pavement or 
soil surface and by propagating these temperatures to the subgrade by Fourier's law 
of heat transmission. This law is discussed in detail by Carslaw and Jaeger (5) and 
others. -

Although there are some difficulties in the application of Fourier's law itself, the 
principal difficulties arise from the estimation of the required maximum and minimum 
surface temperatures needed for its application. The minimum temperature of the 
surface is the simplest because it can be assumed to be approximately equal to the 
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minimum shelter temperature at all times of the year for all surfaces. The maximum 
temperature is much more difficult because the absorption properties vary more with 
radiation. After review of a number of papers on the problem, Gloyne (6) concluded 
that, for bare ground and grass cover, the daily maximum temperature in degrees F 
for the uppermost few millimeters would be approximately given by T = 2t - 50, where 
tis the shelter maximum temperal111·e . For skin temperature of the same surfaces, 
he states that T' = 2t - 35. For asphalt skin-surface maximum temperature, the John
son and Davies (7) data suggest that TN = 2t - 25. For concrete surfaces, the formula 
for skin-soil surface may be employed. These formulas, together with Fourier's law, 
should serve to approximate the diurnal temperature waves at required depths. Daily 
maximum and minimum temperatures are available for some 6,000 stations for many 
years of record (_!!). 

CONCLUSIONS 

Others have concluded that the problem of subgrade moisture variation is a very dif
ficult one and requires much more data before answers to design problems can be 
given. See, for exam pie , the conclusion and recommendations of Marks and Haliburton 
(1). If we were to conclude anything from this brief study, it would be (a) that use 
could possibly be made of more detailed data sources referred to in the preceding, and 
(b) that more attention could be given to the solution of the drainage problem that has 
provided the basis for design in other circumstances (~). 
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Subgrade Moisture Studies by the 
British Road Research Laboratory 
KENNETH RUSSAM, British Road Research Laboratory 

Moisture is a fWldamental variable in all problems of soil stability. It has 
special significance for roads and airfields because the shallow foW1da
tions of such structures are, of necessity, constructed in the surface soil, 
which is usually subject to large variations in moisture content. Studies 
of the factors that give rise to these variations in moisture content have 
stimulated research into the forces responsible for the migration of water 
in soils. The civil engineer has foWld it necessary to draw on the expe
rience of research workers in agriculture, hydrology, and other related 
subjects in order to obtain a greater understanding of these factors. 

At the Road Research Laboratory, the importance of the energy concept 
of soil moisture has long been accepted (1) and the influence of the environ
ment and soil properties on the pore water tension in road subgrades has 
continued to receive attention. Initially, the work at the Laboratory was 
concerned with the influence of the water table in the climate of Great Brit
ain. In drier climates, water tables are too deep to exert the dominant 
influence on the subgrade moisture, and more recently the research has 
been extended to include these conditions. This paper summarizes the 
results from the subgrade investigations and shows how subgrade condi
tions fit into a pattern that permits methods to be given for the determina
tion of the critical moisture conditions in road subgrades for the purposes 
of pavement design in temperate and tropical environments. 

• THE MAIN AIM of the early experiments in Great Britain was to study seasonal 
variations in soil moisture and to determine if the moisture conditions Wlder relatively 
impervious pavements became stabilized, and, if so, whatfactors influenced thefinaldis
tribution of moisture. Concrete slabs 30 ft square were laid at three sites covering soils 
of sand, sandy clay, and clay (2). Measurements of the pore water tension were made 
over a period of several years at various depths and positions under the slabs and Wlder 
the adjacent grass. The usual meteorological measurements were made with the addi
tion of soil temperature data and observations of the levels of the water tables. 

The results showed that Wlder vegetation considerable seasonal variations of 
moisture content occurred in the top few feet of soil, e.g., about 13 percent in the 
sand clay at a depth of 1 ft. Where the vegetation was removed, the change was much 
smaller, only 2 to 3 percent at a depth of 1 ft, showing that transpiration played a very 
large part in producing soil moisture content variations Wlder natural conditions. 

Under the concrete slabs the moisture distribution with depth in the soil was largely 
determined by the position of the water table. A water table fluctuating near the sur
face resulted in comparatively large variations of moisture content. If the water table 
remained below 6 ft, however, the moisture changes at the top of the subgrade were 
small. When a pore water pressure/tension distribution consistent with the highest 
position of the water table was assumed, the corresponding moisture content esti
mated from laboratory suction tests gave a close approximation of the highest moisture 
content occurring Wlder the middle of each slab. Edge effects, resulting from the 
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varying moisture contents in the soil at the edge of the slab, caused appreciable mois
ture content changes only in the zone within 2 to 3 ft of the edges of the slabs. 

The experiments indicated that in Great Britain estimates could be made of the ulti
mate moisture distribution beneath roads from the results of laboratory soil tests, 
provided that the pavement structure was impermeable and the position of the water 
table was known. Investigation of several roads indicated, however, that in many 
cases the pavement was not impermeable. 

Permeability tests have shown that bituminous roads with a double-surface dressing 
in good condition have a low permeability to water of the order of 10- 5 yd/day, as does 
the hot-rolled asphalt wearing course with a 30 percent stone content that is now widely 
used on British high-speed roads. Wearing courses of asphaltic concrete have perme
abilities ranging from 10- 2 to 10- 5 yd/day depending on the binder content while bitumen
macadam ranges from 1 to 10- 3 yd/day. In order to act as an effective seal by reducing 
the rate of entry of water into the subgrade, the surfacing should have a permeability of 
at least one order of magnitude smaller than the permeability of the subgrade. 

Clay subgrades can have permeabilities as low as 10-1 yd/day; thus, on these soils 
many road pavements cannot be considered as being impermeable. On the other hand, 
with sands and other permeable soils, any bituminous surfacing wearing course is sat
isfactory to seal the subgrade from the ingress of water. Special precautions need to 
be taken to seal the joints of concrete roads, but often the small cracks that develop in 
concrete pavements increase the overall permeability of the pavement to 10-2 yd/day. 
In one experiment on a clay subgrade of permeability 10- 5 yd/day, it was found impos
sible to seal a concrete pavement adequately and subsoil drainage was found to be in
effective (3). 

One of the current investigations is concerned with the effectiveness of a permeable 
layer laid over an unprotected subgrade and also subgrades protected by surface 
dressing or a sheet of polyethylene. Experience has shown that a drainage layer, which 
will permit the lateral movement of water, prevents the road base from becoming satu
rated under a pervious surfacing. Because the pore water in the coarse drainage layer 
usually has a pressure or tension close to zero, a subgrade in contact with the layer 
will ultimately tend to a wet condition. This wetting process is common where pervious 
bases are used over clay subgrades in arid climates and the subsequent heave of the clay 
results in cracking of the pavement. 

Because the position of the water table is of great interest to the road engineer, 
other investigations include analog studies and field observations of the effect of longi
tudinal drains on the depth of the water table under the road. Figure 1 shows the theo
retical relationship between the drawdown and the depth and spacing of drains where 
the water table is maintained in the surface of a deep soil profile just outside the shoul
ders of the road. Observations are being made of the position of the water table in 
shallow road embankments constructed over waterlogged soils. It is often assumed 
that the water table position does not change following construction of the embankment, 
but it appears likely that, if the surface water runoff is shed onto the road shoulders, 
the water table will tend to rise within the body of the embankment and some of the 
benefits of embankment construction may be lost. 

INVESTIGATIONS AT OVERSEAS AffiFIELDS 

Following the slab experiments in the United Kingdom, it was decided to investigate 
subgrade conditions in tropical and subtropical countries where the water table is often 
deep and where there is a possibility of temperature gradients affecting the moisture 
distribution. With the cooperation of the Air Ministry, investigations were carried out 
at ten overseas airfields that were chosen to give a wide range of climatic conditions ( 4). 

The main object of the workwasto examine the seasonal variations in moisture con-:
tent at different depths: (a) in unpaved natural soil supportingthe normalsurface vege
tation of the area; and (b) beneath a pavement. To investigate "edge" effects, the mea
surements under the pavement were made in boreholes at different distances from the 
edge of the pavement. At each station, a suitable site (generally on a taxiway or perim
eter track) was selected and each month a line of four borings at right angles to the edge 
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Figure 1. Water table depth at midpoint between longitudinal road 
drains of various depths and spacings in deep, homogeneous soil. 
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of the paved area was put down monthly. One boring was in the unpaved soil at a dis
tance of about 25 ft from the pavement; the other three were beneath the pavement at 
distances of 3, 10 , and 25 ft in from the edge of the pavement. Moisture contents were 
measured at 6-in. intervals of depth down to 6 to 10 ft , and plasticity and particle-size 
data were obtained from some of the samples. In addition, undisturbed samples from 
some sites were sent to the Road Research Laboratory for suction and shrinkage test
ing. The individual lines of borings were spaced at about 3-ft intervals so that as the 
work progressed the observations moved along the pavement; a length of about 36 ft 
was covered in a 1-year measurement period. 

TABLE 1 

DETAILS OF THE AIRFIELD SITES 

Annual Water 
Sile Name oi Location Subgrade Cllm.ate Rainfall Table 
No. Station Depth (In .) 

(It) 

Khormllksar Sea short of the Sand Arid 21/t to 31/: 
Gull of Aden, near 
the port of Aden 

Kabrit Junction or the Sand Arid '!, 10 
Little and Great 
Bitter Lakes, 
Suez Canal Zone 

Kai Tak Low-lying coast.al Clayey sand Tropical 95 2 to B 
reglon or Hong Kong monsoon 

Tengah Low -lying coastal SUty clay Tropical 106 1 to 2 
region of Malaya, monsoon 
near Singapore 

Habbaniya Western Mesopotamian SUty clay Arid e 4 to 9 
valley, near the 
Euphrates 

Thornhill Near Owelo, Sandy clay Dry, seasonal 2T Temporarily 
Southern Rhodesia rainfall at 3 

Heany Near Bulawayo, Silty clay Dry, seaaonal 30 No tn!ormaUon 
Southern Rhodeaia rainfall 

Kumalo Near Bulawayo, Silty clay Dry, seasonal 25 No information 
Southern Rhodesia ralnlall 

Khartoum Budan, on the banks Clayey sand Arid 71/2 23 to 32 
of the Nile 

10 Abu Sueir Near IBmallla, Sand Arid '!, Very deep 
Buez Canal Zone 
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The locations of the stations involved in the work are given in Table 1, which also 
gives details of the soil, climate, rainfall, and position of the water table. Five of the 
sites had arid climates, but at three of these a relatively high water table was main
tained by adjacent lakes or watercourses; at the fourth there was a deeper water table, 
determined in this case by the Nile River; and at the fifth, no water table was located. 
Of the remaining sites, two had heavy monsoon rainfalls and a high water table, and 
three had a medium seasonal rainfall with indications of a temporary water table during 
the wet season. 

Sites 1, 2, and 10 (Khormaksar, Kabrit, and Abu Sueir) can be conveniently con
sidered together. In each case the subgrade was sand and the climate was arid. The 
principal difference was that at site 10 a water table was not located during the mea
surements and, because of the general topography and climate, it was assumed to be 
at a great depth. 

At the first two sites, the distributions of moisture content with depth beneath the 
pavement agreed satisfactorily with the distributions calculated from the position of 
the water table, considered in conjunction with the results of suction tests carried out 
on samples of the soil. Figure 2 shows a typical example from site 1 at Khormaksar. 
The two calculated distributions, which correspond to the limiting density conditions of 
the soil at the site, lie on either side of the measured moisture contents. At both sites 
the moisture distribution in the uncovered soil was little different from that beneath the 
pavement. The rainfall was too small to have any significant effect on the moisture 
content of the exposed soil, and the close proximity of the water table to the surface 
apparently enabled any evaporation loss to be made up readily from the water table 
below. At neither site was there vegetation likely to influence the moisture content 
of the upper layers of the exposed soil. At Kabrit, the upper few inches of the subgrade 
beneath the pavement were on the average 2 to 3 percent wetter than the soil below. 
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This was partly explicable in terms of a change of soil type near the surface, but it 
appeared that, by limiting evaporation, the pavement had given rise to slightly wetter 
conditions than those prevailing at the same depth in the uncovered soil. The effect 
was not seasonal and there was no evidence to suggest that it was associated with vapor 
migration in the soil. 

At site 10 in Abu Sueir, where conditions were more typical of the desert areas of 
the Middle East in that no water table was located, the moisture content of the top few feet 
of the soil was of the order of 3 to 5percent. Laboratory tests showed that such a level 
of moisture content was consistent with the soil moisture being controlled by the aver
age humidity of the air. There was no significant difference between the average mois
ture content of the sand under the pavement and at the same level in the unpaved soil, 
suggesting that the dimensions of the pavement were small in relation to the depth of 
the water table. There was again no evidence of a buildup of moisture that could have 
been attributed to condensation of moisture moving in the vapor phase. 

Sites 3 and 4 at Kai Tak and Tengah can also be considered together; they have a 
similar climate and rainfall and, in each case, the heavy rain and possibly the proxim
ity of the sea give rise to a high water table. The pavements were constructed on soils 
derived from decomposed granite of very variable properties. Suction tests carried 
out on samples of the soil showed that the moisture contents observed under the pave
ments were consistent with the position of the water table. At both sites, conditions 
under the pavements were wetter than in the adjacent unpaved soil. This suggests 
that, in the very hot conditions prevailing, the evaporation taking place from the sur
face of the soil more than counteracted the effect of the very heavy rainfall. Edge ef
fects arising from this difference in moisture content were not significant 10 ft in from 
the edge of the pavement. 

At site 5 in Habbaniya the low rainfall at the site was sufficient to cause the mois
ture content of the exposed soil to vary between about 4 and 22 percent with the chang
ing season. Under the pavement the variations were very much smaller. The percentage 
of average moisture content over the period of the measurements was lower in the un
covered soil than under the pavement. This gave rise to some edge effects. At dis
tances of 3, 10, and 25 ft from the edge of the pavement, and at a depth of 1 ft below 
the surface, the average moisture contents of the subgrade were 23.1, 24.5, and 26.1 re
spectively compared with 19.2 percent at the same depth in the unpaved soil. The agree
ment between the measured and estimated moisture distributions at Habbaniya over the 
top 7 ft of the soil beneath the pavements is shown in Figure 2. 

The results from site 9 in Khartoum were regarded as being of special interest, 
because of the intermediate depth of the water table at the site. The moisture content of 
the exposed soil fluctuated seasonally between 4 and 7 percent and the small rainfall had 
little effect other than on the top 2 ft of soil. During the 5-year period of the measure
ments, the moisture content of the soil beneath the pavement increased progressively 
from about 6 to 18 percent, suggesting the establishment of an equilibrium moisture 
condition some years after the construction of the pavement. There was evidence that 
water was moving upwards from the water table, and that some water was infiltrating 
through the pervious surfacing. Under the edges of the pavement, the increase in mois
ture content was more rapid than under the center, owing to the availability of water as 
runoff. The moisture contents measured under the pavement were reasonably consis
tent with values estimated from suction tests carried out on undisturbed samples of the 
soil. It was considered at this particular airfield that deterioration of the pavement in 
the area of the measurements was caused in part by the loss of strength of the subgrade 
associated with the increase in moisture content. 

The results from remaining sites 6, 7, and 8 at Thornhill, Heany, and Kumalo are 
of particular importance because they have given some indication of vapor migration 
as a factor affecting the moisture content of the sub grade. The average moisture content 
of the soil immediately under the pavements was found to be between 4 and 7 percent 
wetter than that of the uncovered soil. Figure 3, which is typical of the results from 
the three stations, shows the variation in moisture content in the top foot of soil during 
the period of observations in the uncovered soil and under the pavement 3, 10, and 25 
ft in from the edge. The figure also shows the distribution of rainfall. At the begin-
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Figure 3. Variation of rainfall and moisture content of top 1 ft 
of subgrade in Heany, Southern Rhodesia. 

ning of the period during the wet 
season, the moisture contents 
both under the pavement and in 
the unpaved soil were high. The 
measurements were consistent 
with the formation of a tempor
ary water table at depths of 3, 
5, and 7 ft below the surface at 
Thornhill, Kumalo, and Heany 
respectively, which were again 
based on suction tests carried 
out on the soils from the three 
sites. 

After the main rainfall in Jan
uary and February (Fig. 3), the 
moisture contents fell progres -
sively until the end of the wet 
season, thus suggesting a rapid
ly falling water table. This fall 
was followed by a subsequent rise 
in moisture content beneath the 
pavement during May, June, and 
July. Temperature conditions 
are such that it is during these 
months that the greatest fall in 

air temperature occurs, giving rise to temperatures in the surface soil that are lower 
than those occurring at greater depths. The rise in moisture content could therefore 
be satisfactorily explained, at least qualitatively, in terms of vapor migration and con
densation beneath the pavement. The subsequent decrease in moisture content after 
August could be attributed to the reverse flow of water vapor following the reversal of 
the temperature gradient. It would therefore appear that, in the circumstances present 
at these sites (i.e., a fall in temperature at the end of the rainy season and an unsatur
ated sandy or silty clay subgrade), vapor movements may play a significant part in de
termining the moisture content of the foundations of roads and airfields. 

None of the airfields represented a condition, probably fairly common in many dry 
climates, in which the yearly climate cycle contains rainy periods and in which no de
finable water table is formed in the soil, even in the wet season. Road subgrade.s in 
this category were therefore considered to merit most attention in the next phase of the 
work. 

INVESTIGATIONS UNDER ROADS IN THE TROPICS 

Trinidad was the first location chosen for study because the high annual rainfall of 
between 60 and 120 in. resulted in wet soil conditions that are not greatly different from 
those found where the groundwater level is near the surface. The small seasonal vari
ation of 3 C precluded temperature affecting the moisture distribution. 

Samples taken from beneath the roads showed that edge effects were similar to those 
found in Great Britain, and that th_e moisture condition under the central part of the road 
appeared to be the result of a water balance between the amount removed by the shoul
ders during the dry season and returned by lateral flow from the edges during periods 
of rain. 

Further measurements obtained during a traverse of Nigeria, from the heavy rain
fall zone near the coast to the arid .region of the north, indicated that under bituminous 
surfacings at least 5 years old the subgrade at formation level appeared to be in equi
librium with the soil at depths below those affected by seasonal moisture changes, 
Furthermore, there appeared to be a relationship between the climate at the site and 
the pore water tension in the subgrade. 
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The moisture deficit is a measure of the desiccation of the soil and can therefore be 
related to the tension in the soil water, whereas an annual moisture index may be ex-
pected to be related to the ultimate moisture condition in the central part of the sub-
grades of well-constructed roads. The Thornthwaite moisture index (~, given by 

TMI 100D - 60d 
= Ep 

where 

D = the annual sum of monthly surpluses (rainfall exceeds evapotranspiration), 
d = the annual sum of monthly deficits (evapotranspiration exceeds rainfall) , and 

Ep = the annual evapotranspiration, 

gave a good correlation with observed subgrade moisture conditions when applied to 
particular soil groups. 

In a given climatic region, sand subgrades were found to have a lower pore water 
tension than clays (~. The probable reason is that, although water can evaporate from 

TABLE 2 

LOCATION AND SUMMARY OF TEST RESULTS AT ROAD SITES IN EAST AFRICA 

BS Compaction 
Determl.nat1ons at Subgrade Level Test 

Annual Sotl Characterletlcs Labo-

Site Rain- Pore Mols - Dry Max- Opti- ratory 

No, Location of Road Site 
fall 

Liquid Plastic Water tu re Den-
Ai, CBR !mum IDUID CBR 

(in.) 
Description of Soil Type s Limit Limit Tension 

Con-
slty 

Voids (S ) Dry Dey Moifl- Valuea 
(> ) (%) 

(p F ) tent (pc!) 
(%) Den- ture (%) 

(';) slty Content 
(pc!) (>) 

Nalrobi-Umun 1.1: 'A' , mllo 13 43 Friable red clay 80 40 3,3 34 75 17 27 Bl 36 12 
Nairobl-5-IIIM,ll , mile ·331/, 36 Friable red clay 70 35 2,5 31 80 16 18 85 34 12 
Nair0bi-~t;on1t, mile ~1

/ , 40 Heavy black clay 102 39 4.1 31 73 19 16 74 39 10 
Nairobi-Mombasa, mtle 12 33 Heavy black clay 84 34 3,6 27 78 19 19 78 36 
Nairobi-Mombasa, mile 27 23 Black sandy clay 32 17 2.4 16 96 16 12 101 20 12 
Nalrobi-NaJ.vaaha, mile 50'i'• 24 Ash and pumice 36 24 2.8 29 74 19 17 82 29 10 
Nalru ru -Eldoret, mile 8 36 Ash and pumice 67 44 2.3 43 55 27 23 58 50 10 
Kericho 72 Friable red clay 79 43 3,3 36 67 21 32 71 40 13 

9 Kericho 72 Friable red clay 85 43 2.6 42 64 24 22 74 44 11 
10 Satik 53 Friable brown clay 55 27 2.2 27 Bl 17 23 90 29 13 
II Lltein 60 Friable red clay 79 38 2,5 36 75 14 25 77 39 15 
12 Jamj l Tea Estate 63 Friable red clay 76 38 2,6 35 75 15 16 78 39 12 
13 Lumbuwa 45 Heavy brown clay 78 32 3,5 32 84 8 14 80 38 9 
14 Kericho-Lumbuwa, mile 6 69 Friable red clay 79 43 2.7 39 66 21 22 74 44 13 
15 Ke richo-Lumbuwa, mile 14 52 I).;ul( brOYJ:n cb.y 79 35 3.1 34 76 14 17 75 40 9 
16 Dar ee Salaam, mile 5 40 Or;ay u ndb 1.9 5 Ill 25 57 116 11 30 
17 Morogoro, mlle 40 37 Gr.a.)' H.ndb 2.1 4 114 23 58 116 12 20 
18 Morogoro 35 Frl.a.bla rcrd/brown clay 52 23 3,3 18 83 32 38 97 26 15 
19 Tanga Airport 53 C.Hiy nndb 2.1 4 107 30 70 113 10 12 
20 Tanga-Korogwe , mile 12 47 Gray sandy clay 37 13 2.2 17 111 5 8 114 15 11 
21 Tanga-Korogwe, mile 24 49 Friable brown sandy clay 40 16 2.1 16 105 12 23 111 16 12 
22 Tanga-Korogwe, mlle 36 50 Friable brown clay 38 18 1.8 20 100 10 52 106 19 9 
23 Tanga-Korogwe, mile 48 52 Friable red clay 42 20 2.8 18 107 8 28 104 21 10 
24 Tanga-Korogwe, mile 58 43 Friable red clay 48 21 2.3 19 97 14 28 104 20 16 
25 Dodoma 21 Light brown sandh 2.1 7 Ill 21 86 125 9 35 
26 Entebbe 62 Friable brown clay 56 29 3 ,3 2; 87 16 22 BB 31 15 
27 Kampala-Entebbe , mile 11 54 Friable brown clay 36 18 3,7 14 90 25 39 106 19 16 
28 Kampala-Port Bell, mile 4 51 Friable red clay 46 20 3,4 19 100 II 31 99 22 13 
29 Maeindl 51 Gray grave lly soil ;s 22 10 90 28 22 116 16 18 
30 Fort Portal 58 Friable brown clay 30 25 3 .6 19 BO 34 34 105 22 12 
31 Mbarara 36 Brown silty clay 27 15 4.3 9 90 34 31 116 14 15 
32 Masaka 42 Friable red clay 46 20 2.2 15 104 14 10 101 21 25 
33 Kampala-Jlnja, mile 34 52 Friable brown clay 66 22 3.2 22 103 6 38 IOI 21 18 
34 Jtnja-Tororo , mile 11 49 Friable red clay 44 21 2.4 21 82 24 25 102 21 12 
35 Mbale-Soroti, mile 4. 46 Red sandy clay 30 14 3,2 11 100 22 71 108 17 12 
36 Tororo-Ka.mpala, mile 1 55 Friable brown clay 46 22 2.2 20 82 29 26 103 24 23 
37 Namanga 27 Friable red/brown clay 37 17 4.5 11 99 26 SB 113 16 10 
38 Arusha-Namanga, mile 54 21 Friable red/brown clay 26 15 4 .6 7 99 32 88 128 11 30 
39 Arueha-Namanga, mile 44 20 Fawn volcanic soil 39 23 4,0 18 88 25 25 96 25 17 
40 Aroeha-Namanga, mile 29 20 Fawn volcanic sollh 2.7 11 90 33 53 100 22 35 
41 An.isha bypass 49 Black volcanic ash 5B 33 1.7 3B 79 5 8 83 36 13 
42 Arusha-Mottht, mile 25 30 Black volcanic ash 64 29 1.8 32 77 17 5 88 31 15 
43 Moahl 41 Dark brown clay 52 28 3.0 25 85 18 26 91 28 18 
44 Moehl-Hlm o, mile Hi 31 Friable brown clay 45 27 3,3 18 80 33 19 99 25 15 
45 Mal:lndJ 41 Brown clayey sand 28 13 3,6 9 95 32 37 117 15 10 
48 Mom basa-Tanga, mile 5 47 Red eandb 2.8 B 98 31 21 121 11 30 
47 Chamgamwe 41 Yellow clay sand 43 16 2.8 14 111 9 30 114 15 14 
4B Mombaea-Nalrobl, mlle 47 23 Friable sand clay 22 15 4.7 9 101 26 77 115 15 9 
48 Mombaea-Nalrobl , mtle 55 20 Friable u.nd c lay 25 12 4.3 9 109 20 63 118 13 12 
50 Nanyuk.1-lelolo, mile 22 35 Heavy brown clay 32 37 4.0 30 Bl 14 18 76 40 10 
51 Nyerl 36 Friable red clay 63 34 3.6 26 72 28 29 83 34 13 
52 Eldoret 41 Friable brown clay 55 28 4.5 18 78 34 25 91 27 20 
53 K.11.ale 45 Friable brown clay 45 24 4.2 17 95 18 30 100 21 13 
54 Klllwnu 44 Clay sand and gravel 30 19 2.7 17 104 10 14 120 14 30 
55 1rlnga-Mbeya, mile 1 31 Gray eandb 2.7 4 105 31 66 130 9 50 

a0etermined !or sample at BS maximum dry densi ty and loptimum m oisture contents , bpercentagee of liquid and plastic limits not determined , 
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sands and clays at broadly similar rates, sands can more readily accept the small 
amount of water needed to bring the soil to field capacity. The suction or pore water 
tension of sands at field capacity is 2 to 3 ft of water, whereas heavy clays may have 
values ranging up to 40 ft of water (7). 

The general approach given in the preceding was further confirmed by a series of 
monthly measurements made over a period of 18 months on 7 roads in the Kenya High
lands, followed by a single set of measurements made at 48 widely scattered road lo
cations in Kenya, Tanzania, and Uganda (8). Each set consisted of moisture content, 
plastic limit, and pore water tension measurements in the subgrade at several positions 
under the shoulder and road pavement and at least two different levels. Samples were 
taken for laboratory compaction and CBR tests, while in situ CBR and density tests 
were also made on the top of the subgrade. 

Table 2 gives the location of the sites and a summary of the results of this subgrade 
investigation including data on the British Standard compaction test (similar to the 
AASHO compaction test) and the laboratory CBR value for a sample at the maximum 
dry density and optimum content for this compactive effort . It should be noted that the 
specimen for the CBR test was not soaked. The moisture conditions under the pave
ments were found to be generally stable during the period of measurement and any var
iations that occurred had no engineering significance except for seasonal fluctuations 
confined to within 3 ft of the pavement edge. 

Permeability and diffusivity measurements on soil samples provided the explanation 
for the narrowness of this zone. The permeability is highly dependent on the pore water 
tension and decreases rapidly as soil dries. fu the dry season, therefore, when the 
gradient in the pore water tension between the shoulder and subgrade is large, the soil 
permeability is small. Conversely, during the rainy season when the soil is wet, the 
gradient is small when the permeability is at its highest. 

The moisture content tended to vary across the width of the roads, being at a maxi
mum near the edge of the pavement and decreasing near the centerline of the road. 
The suction measurements showed, however, that the pore water tension at the major
ity of the sites was relatively uniform across the road section. There would be little 
or no tendency, therefore, for moisture to move from the slightly wetter zone near the 
edge of the pavement toward the drier subgrade under the central part of the road. The 
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gradient in moisture content across the subgrade 
was probably attributable to the hysteresis be
tween the wetting and drying characteristics of 
soil (1). The moisture content of the subgrade 
was generally lower than the plastic limits, and 
at formation level the average moisture content 
was equal to, or less than , the optimum mois
ture content for the British Standard compaction 
test. Figure 4 shows the distribution of the re
sults. 

The determinations of density showed that 
low states of compaction were common and the 
weaker subgrades were associated with the low
est levels of compaction. However, the in situ 
CBR determinations showed that subgrade 
strengths were generally quite high with values 
usually in excess of 10 percent. The excep
tions, which represented about 10 percent of the 
total, were caused by the low-density conditions 
mentioned previously or by poor drainage, par
ticularly across the shoulders. The laboratory 
CBR determinations on unsoaked specimens 
molded at the maximum dry density and the op-
timum moisture content of the British standard 

Figure 4. Subgrade conditions under roads in compaction test provided a slightly conservative 
East Africa. estimate of the in situ CBR values. 
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The importance of the shoulder in affecting the moisture distribution under the road 
pavement was further examined in an experiment at Muguga, Kenya, where the soil was 
a red loam containing halloysite as the main constituent of the clay fraction. No water 
table existed within 20 ft of the ground surface at the site. A road with a cement
stabilized base was built with shoulder slopes of 1 in 14 and 1 in 35, while the treat
ment of the shoulders was varied in three ways. The natural vegetation on shoulders 
in that area is the deep-rooted Kikuyu grass (Pennisetum clandestinum) that was thought 
likely to remove water infiltrating into the road subgrade in the wet season. This was 
used as the first shoulder treatment. Excessive drying_ of the soil near and under the 
road increases the risk of cracks appearing in the pavement, and the second shoulder 
treatment of a 2-in. thick layer of single-sized gravel was designed to allow the maxi
mum infiltration of water into the shoulder with a very low rate of extraction during the 
dry season. The third treatment was a layer of polyethylene sheeting laid across the 
shoulder at the level of the road base in an attempt to reduce to a minimum the season
al changes in moisture content. 

Grids of gypsum blocks formed the main instrumentation to follow the moisture 
changes but tensiometers and access tubes for neutron-scattering methods of measuring 
moisture content were also installed. Thermistors were used to provide temperature 
data, while movement gages were installed to measure the horizontal movement of the 
shoulder relative to the center of the road pavement and to measure the vertical move
ments of the shoulder and pavement relative to a level 15 ft below. 

The slope of the shoulders had a considerable influence on the rate of infiltration into 
the permeable red loam, the effect of increasing the slope being to reduce the quantity 
of water infiltrating. The Kikuyu grass dried the shoulder to a depth of 10 ft, but the 
continued existence of a moist region just inside the edge of the pavement demonstrated 
that few roots spread laterally under the road although this might change during a period 
of prolonged drought. The polyethylene membrane excluded light rain from the shoulder 
but was not effective against prolonged heavy rain. Once the shoulder was wet below the 
membrane, however, the membrane prevented evapotranspiration losses and the mois
ture distribution changed little. The net result was that fairly wet conditions were main
tained under the edge of the pavement. The gravel shoulder, as expected, permitted the 
maximum penetration of water into the soil, and consequently under the road, while ef
fectively reducing evapotranspiration losses so that marked drying took place only to a 
depth of 3 ft. The shoulder and much of the subgrade were therefore maintained in a 
uniformly relatively wet condition when compared with conditions under the Kikuyu grass 
shoulder. It must be emphasized that the subgrade at no time approached the condition 
of zero pore water pressure, i. e., the soaked condition, and the pore water tension was 
only rarely within the measuring range of the tensiometers (0 to 10 lb/sq in.). In gen
eral, therefore, the subgrade remained drier than the optimum moisture content for 
the British Standard compaction test (Proctor). 

The movement gages gave results that were thought to be particularly significant and 
some are shown in Figure 5. The experiment was constructed when the soil profile was 
dry following a period of severe drought. The heavy rains of October 1961 to January 
1962 caused a general increase in moisture content and resulted in an upward movement 
of O. 3 in. on the center line of the road pavement. Thereafter, the central part of the 
road pavement appeared to be stable. 

The results from the graveled shoulder showed a pattern similar to that at the center 
of the road pavement, except for very small shrinkage movements in times of severe 
drought. The magnitude of the swelling was approximately twice that under the center 
of the road and was consistent with the soil moisture changes. The large moisture 
changes under the Kikuyu grass resulted in large vertical movements of up to 0. 75 in. 
in phase with the rainfall pattern. 

The horizontal movement gages showed a slow movement during work of 1961-1962 
that was associated with the wetting and swelling of the road subgrade. The pattern of 
movement was that the shoulders moved away from the center of the road in times of 
drought and back again with the onset of rain. Slight drought conditions toward the end 
of 1962 caused a slightly increased movement of the shoulder from the road center, 
while the severe drought conditions of early 1963 produced particularly marked move-
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Figure 5. Measurements of the vertical and horizontal movements of road 

pavement and shoulders in Muguga, Kenya. 

ments. The effect of increasing the slope of the shoulder was to reduce the moisture 
content and volume changes. This can be easily seen in the lower part of Figure 5. 
The change in shoulder slope affected the horizontal movements more than the vertical 
movements presumably because the former are caused more by moisture changes in 
the upper part of the soil profile. The roots of the Kikuyu grass affect the rate of dry
ing of both the upper and lower parts of soil profile and, thus, influence both horizontal 
and vertical movements of the shoulders. The gravel restricts the moisture changes to 
the upper part of the soil profile, thus vertical movements are minimized while hori
zontal movements still occur. 

Cracks in the road pavement at a distance of about 18 in. from the shoulder were 
first noticed opposite the shallow sloped, grassed shoulder as early as August 1961, 
and these were followed by cracks opposite the steeper grassed shoulder in Febr uary 
1962. Smaller cracks later developed along all the test sections, usually at a distance 
of 18 to 24 in. from the edge of the pavement, and were particularly bad in October
December 1964. The pattern of cracks can be correlated with the horizontal movements 
of the shoulders, and the crack width corresponded to a linear change of just under 2 
percent in the 18 to 36 in. band of soil at the edge of the pavement that was subjected to 
the seasonal changes. This figure is consistent with the results of laboratory measure
ments of the soil properties . It appeared that the cracks developed near the wet/ dry 
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interface under the road pavement, and it was thought that the cracks were most likely 
to be formed on the weakest and therefore wettest side of this interface, i.e., within 
the ridge of moist soil near the pavement edge. 

The red loam halloysite is the predominant clay mineral and would not be classified 
as an expansive soil. Consequently, the vertical and horizontal movements of up to 0. 75 
in. cannot be considered as abnormal, but indicate instead that considerably larger 
movements occur on expansive soils such as those containing a large proportion of 
montmorillonite in the clay fraction. A similar experiment to that described previously 
is now in progress on an expansive soil of this type near Nairobi. 

PORE WATER TENSION AND SOIL SUCTION 

In recent years engineers have become concerned with problems caused by moisture 
migration caused by changes in salt concentrations in the soil water. The importance 
of dissolved salts in soil has been apparent for a long time to agricultural workers con
cerned with soil/plant interactions, and they have distinguished between the matrix 
suction (which is similar in magnitude to the pore water tension) and the solute or os
motic suction caused by dissolved salts (9). It is now apparent that it i s the total suc
tion, i. e., the sum of the matrix and solute cmctions , that is related to environmental 
conditions and thus to the Thornthwaite index. In soils containing salts, the engineer 
must be aware of the possible consequences of any changes in the salt concentrations 
that may result from his work. 

During construction of the Tullamarine Airport at Melbourne the soil was found to be 
very unstable after rain. The unusual sensitivity to rainfall was fow1d to be resulting 
from a high concentration (0. 42 percent) of sodiwn chloride in the soil together with 
approximately 40 percent of the clay mineral montmorillonite (10) . When the salt con
centration was reduced by the rain, the montmorillonite tendedto disperse and swell, 
resulting in very high moisture contents and a rapid decrease in strength. Considerable 
care was taken in the disposal of surface water runoff to prevent local leaching of the 
soil with consequent serious effects. 

The solute suction of seawater is of the order of 2 times 10 5 cm. Many soils have 
been affected either by incursions of seawater or by wind-blown salt. In Australian 
soils, high salt concentrations are not uncommon (11) and similar soils are undoubtedly 
to be found in the drier regions of the United States-as well as in other parts of the 
earth. 

CONCLUSIONS FROM THE INVESTIGATIONS 

1. Under natural vegetation, large seasonal changes in moisture content can occur, 
and in dry climates the soil profile can be desiccated to depths of 6 ft or more. In the 
absence of vegetation, seasonal changes of moisture content are much reduced. 

2. When the ground is covered by a relatively impervious surface, the seasonal 
moisture changes are reduced, and, except for a zone close to the pavement edge, the 
moisture condition tends to a relatively stable value. 

3. The movement of water in the vapor phase is not generally a factor in controlling 
subgrade moisture conditions. Such movements may be significant only where a sharp 
seasonal fall in temperature occurs in sandy clay and silty clay soils that have a zone 
of wet soil not far below the surface and from which the water can be transferred. 

4. Rapid wetting of the subgrade usually occurs by surface water infiltrating through 
the pavement or through the shoulders. In designing pavements to utilize maximum sub
grade strengths, it is therefore important to exclude any features that allow water to 
reach the road formation easily or that form reservoirs for water to infiltrate adjacent 
materials over long periods of time. For example, a crushed stone base over a dry 
clay subgrade will usually result in the subgrade becoming wetter than if a stabilized 
gravel base is used. 

5. Subgrades can be classified into three main categories and, provided the pave
ment is impermeable, design methods can be used to estimate the ultimate moisture 
conditions. The categories are as follows: 



16 

Category 1-Subgrades where a water table exists close to the sul'face at depths less 
than 20 ft in clays, 10 It in sanely clays or silts, and 3 ft in sands. In this category 
(which includes areas where the wate1· table is maintained by rainfall and impeded drain
age as well as coastal strips and flood plains of rivers where the wator table is main
tained by sea lake, or river water), the depth to the water table is the mai:n factor to 
be considered in relation to the soil type. Under a relatively impermeable surface, the 
soil water will tend toward equilibrium with the water table level, and the highest posi
tion of the water table should therefore be taken to estimate the wettest and weakest con
dition in the subgrade. 

Suction plate, pressure plate, or membrane apparatus are well known and can be 
used for this purpose although due allowance should be made for any surcharge effects 
(1). It should be noted, however, that with soil containing appreciable quantities of 
soluble salts, the water in all apparatus must contain a similar salt concentration in 
order to obtain a true control of the moisture condition. 

Category 2-Subgrades where the water table is deeper than that described in cate
gory 1 and the rainfall is more than 10 in. per year. In this category, subgrades under 
impervious pavements will tend to come to equilibrium with the deeper soil that has not 
been aifected by seasonal changes. The equiUbrium condition can be estimated from 
other subgrades in areas with a similar clun.ate or from samples taken from the deeper 
soil horizons. If equipment for the measurement o! the suction of po1·e water tension 
is not available, then a useful guide to the design moisture content can be obtained by 
assuming that the ratio of field moisture content to plastic limit is constant for sub
grades in a given climatic zo11e . A correction should be made fo1· soils with an appre
cialJle p1·oportion of coarse particles that would absorb little or no water. For such 
soils, and particularly for highway design purposes, it is convenient to use the optimum 
moisture conditions for the British Standard or Proctor compaction test at the reference 
level. 

Category 3-Subgrades where the water table is deep and the rainfall is less than 10 
in. per year. In this category the normal camber of roads and good surface water 
drainage measures are sufficient to prevent serious accumulation of water beneath 
pavements. The ultimate moisture content of the subgrade in such circumstances will 
usually differ little from the uncovered soil at the same depth. Even if pervious bases 
are used beneath impermeable surfacings, the moisture content will not exceed the op
timum for the British Standard or Proctor compaction test. 
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Degradation Control of 
Crushed Stone Base Course Mixes 
During Laboratory Compaction 
J. M. HOOVER, Engineering Research Institute, Iowa State University; 
SUBODH KUMAR, Iowa State Highway Commission; and 
T. W. BEST, U.S. Army Corps of Engineers 

Laboratory compaction of crushed stone base course mixes 
often results in a degradation of the larger particle sizes and 
a consequent change in sample gradation. The purpose of this 
study was to determine a laboratory compaction procedure 
producing uniform densification at optimum moisture content, 
while eliminating degradation and segregation of three crushed 
stone base mixes, each mix being representative of poor to 
good field service records. 

Laboratory procedures analyzed were (a) standard AASHO
ASTM compaction, (b) static compaction, (c) drop hammer com
paction, (d) vibratory compaction, and (e) modified AASHO
ASTM compaction. Results indicated that vibratory compaction 
reproduced standard AASHO-ASTM density and optimum mois
ture content of the stones while eliminating degradation and 
segregation. Compaction by vibration reduced degradation, 
with little or no visual segregation, at modified AASHO-ASTM 
density and moisture content. Vibratory compaction, however, 
was found to require a particular combination of frequency, 
amplitude, surcharge weight, and duration of vibration time. 
With the poor service record stone, gravel size content was 
reduced by an average of nearly 7 percent under standard com
paction, over 13 percent under static compaction, and inter
mediate reductions by the two other procedures. With other 
than vibratory compaction, the good service record stones also 
showed significant gradation changes. 

•LABORATORY COMPACTION of granular base course mixes frequently produces a 
change in gradation of particle sizes resulting from degradation or crushing of the 
larger particles during the compaction process. The purpose of this study was to as
certain a laboratory compaction procedure that would produce uniform, controllable 
density at optimum moisture content, while eliminating or at least minimizing degrada
tion and segregation of compacted crushed stone base course mixes. Laboratory pro
cedures analyzed were as follows: 

1. Standard AASHO-ASTM compaction; 
2. Static compaction; 
3. Drop hammer compaction (i.e., molding a whole, unlayered specimen by drop

hammering on both top and bottom); 
4. Vibratory compaction; and 
5. Modified AASHO-ASTM compaction. 

Paper sponsored by Committee on Compaction. 
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TABLE 1 

MINERAL CONSTITUENTS OF CRUSHED STONE BY X-RAY DIFFRACTION 

stone Calcite Dolomite Quartz Feldspars Calcite/ Dolomite 
Ratio 

Bedford 3 T 0 25.00 
Garner 2 T 0 1.16 
Gilmore 0 T 0 

Note: 1, predominant; 2. major amounts; 3, small ilmounts; T, trace; 0, not identi fied 

TABLE 2 

NON-HCl SOLUBLE MINERALS BY X-RAY DIFFRACTION 

Stone 

Bedford 
Garner 
Gilmore 

Montmorillonite 

0 
0 
0 

Vermic ulitechlorite 
Mi caceous 
Material Kaolinite Quartz 

2 
2 
3 

Nole : 1, predominant; 2, major amounts; 3. small amounts; 0, not identified~ 

MATERIALS 

Three crushed stone materials were used 
in this study, each crushed stone being ap
proved by the Iowa State Highway Commission 
for rolled stone bases and being representative 
of poor to good field service records. The 
three stones tested included Bedford quarry 
stone, a weathered, moderately hard limestone; 
Gilmore quarry stone, a hard limestone; and 
Garner quarry stone, a hard dolomite. Min
eralogical and chemical tests of the three 
stones are given in Tables 1, 2, and 3. Engi
neering properties of each material are given 
in Table 4. Standard and modified AASHO
ASTM moisture-density curves are shown in 
Figure 1. 

In addition to the physical property tests 
noted in Table 4, porosities (i.e., percentage 
relationship of void volume to total volume) 
of duplicate ½-in. diam eter by 1 ½-in. high 
cylindrical cores and ¾ -in. crusher-run par
ticles were determined by the gas pycnometer 
method. Quantitatively, the porosity of the 
Bedford stone was slightly over 32 percent, 
whereas the Garner and Gilmore stones were 
about 10 and 12 percent respectively. The 
difference in porosities between the Bedford 
sample and the Garner and Gilmore samples is 
considered significant. Because the Bedford 
quarry stone was the least hard of the three 
materials and had been shown in the field to be 
representative of the least stability, it was used 
as the major sample in this study. 

TABLE 3 

QUANTITATIVE CHEMICAL ANALYSIS 
OF WHOLE MATERIAL 

Stone 

Bedford 

Garner 

Gilmore 

pH 

9.40 

9.25 

8 .99 

Cation Exchange 
Capacity 

(meq/100 grams) 

10 .88 

10 .60 

5 .86 

TABLE 4 

Non-HCl 
Soluble Minerals 

(percent) 

10.92 

6.73 

<l.66 

ENGINEERING PROPERTIES OF CRUSHED STONES 

Category Bedford Garner Gilmore 

Textural composition, 
percent 

Gravel, >2.00 mma 73.2 61.6 66.8 
Sand, 2.00 to 0,074 mm 12.9 26 .0 23.3 
Silt, 0.074 to 0.005 mm 8.4 10.2 5.9 
Clay, <0.005 mm 5,5 2.2 4 .0 
Colloids, <0 .0001 mm 1.7 L4 0.9 

Atterberg limits, percent 
Liquid limit 20.0 Non- Non-
Plastic limit 18.0 plastic plastic 
Plasticity index 2.0 

Standard AASHO-ASTM 
Optimum moisture con-

tent, percent dry soil 
weight 10.9 7 .6 9.4 

Dry density, pcf 127 .4 140 .5 130.8 

Modified AASHO-ASTM 
Optimum moisture con-

tent 1 percent dry soil 
weight 8 .0 5.4 5.7 

Dry density, pcf 133 .5 147 .6 140 .8 

Specific gravity or minus-
No. 10 sieve fraction 2.73 2.83 2.76 

Textural classification - Gravelly, sandy loam -

AASHO classiCication A-1-b A-1-a A-1-a 

8Each stone was of ¾- in. maximum particle size. 
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Figure 1. Standard and modified AASHO-ASTM moisture-density 
relationships of crushed stones. 

RESULTS OF TESTING 

Standard AASHO-ASTM Compaction 

Triplicate representative samples of the Bedford material were divided into six equal 
portions, each portion being large enough to produce one standard density specimen. 
The first portion was set aside, uncompacted, to be used as the control sample for 
comparison by mechanical analysis. Increasing increments of distilled water were 
added to each of the remaining portions to produce one point on the moisture-density 

TABLE 5 

SUMMARY OF STANDARD AASHO-ASTM 
MOISTURE-DENSITY STUDIES 

Sample Optimum Moisture Content, Dry Density 
Percent Dry Soil Weight (pc[) 

A 10.4 126,9 

B 10 .8 128.2 

C 11 .5 127 .1 

Average 10.9 127 .4 

TABLE 6 

COMPARISON OF AVERAGE PERCENTAGE OF 
PARTICLE SIZE FRACTIONS BEFORE ANO 

AFTER AASHO-ASTM STANDARD COMPACTION 

AASHO-ASTM 
Particle Size 

Gravel 
Sand 
Slit 
Clay 
Colloids 

Percent of Total Dry Sample 

Control 

73.2 
12.9 
8 .4 
5 ,5 
1.7 

Compacted 

66.3 
14.6 
12.2 

8.9 
1.8 
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curve. Mixing was accomplished by hand to minimize degradation during mixing. Fol
lowing compaction, each specimen was weighed, extruded, and examined for visual seg
regation. Duplicate moisture samples were then removed from each specimen and the 
remainder was retained for mechanical analysis. 

Results of standard AASHO-ASTM moisture-density studies, Method C of ASTM Des
ignation D 698-64T and AASHO Designation T99-61 (1), are given in Table 5. Little 
visual segregation was noted in the specimens. Density and moisture content variation 
was within normally accepted limits for each sample. 

Table 6 gives a comparison of the average percentage of particle size classifications 
before and after the standard moisture-density test. The control values are the aver
age of triplicate specimens. The compacted values are the average of all compacted 
specimens. The gravel portion is reduced nearly 7 percent while the fines content (i.e., 
minus-No. 200 sieve fraction) is increased more than 5 percent following compaction 
by this method. 

In the three replications of the procedure, for the specimens compacted at less than 
standard optimum moisture content, the data indicated additional decreases in the per
centage of gravel and a corresponding increase in fines from the average values given 
in Table 6. Above standard optimum moisture content, the samples showed little ad
ditional change in degradation from the averages given in Table 6, thus indicating the 
lubricative effect of the water. 

Static Compaction 

In this procedure, compaction of the Bedford material was accomplished by applica
tion of a load to the top of the sample in a ½o cu ft standard AASHO-ASTM mold. The 
procedure was as follows: 

1. Sufficient material, hand-mixed to optimum moisture content (10. 9 percent) for 
maximum standard density (127. 4 pcf) in the ½o cu ft mold, was weighed, placed in the 
mold, and rodded full depth 25 times with a 0. 5-in. diameter rod tapered to a dull, 
rounded point. 

2. A 2,000-lb load was transmitted to the top of the specimen through a steel piston, 
with an outside diameter slightly under the 4-in. inside diameter of the mold, until the 
height of the sample was 4. 56 in. 

3. Triplicate specimens ·were produced for rates of loading of 0. 064, 0. 208, and 
0.304 in./min until the 2,000-lb maximum load was reached. 

4. Triplicate specimens were also produced for times of maximum load-holding of 
1, 2, and 5 min. 

TABLE 7 

EFFECT OF STATIC COMPACTION VARIABLES ON PARTICLE SIZE DEGRADATION 

Average Dry Average Moisture 
Average AASHO-ASTM Particle Size, 

Compaction Condition Density Content, Percent 
Percent of Total Dry Sample 

(pc!) Dry Soil Weight Gravel Sand Silt Clay Colloids 

None - uncompacted 
(control) 75 .7 9.7 9 .6 5.0 1.1 

0 .064. in ./min rate, 
1 min holding time 129.0 8.9 62.5 17 .7 13.3 6.5 2.9 

0.064. in./min rate, 
2 min holding time 129.0 8.9 63 .5 17 .7 12.2 6.6 2.4 

0.064 in./min rate, 
5 min holding time 129.1 8.6 60 .7 18.2 13,8 7 .3 2.7 

0.208 in ./min rate, 
1 min holding time 128.0 9.6 61.3 18.2 13.4 7 .1 2.4 

0 .208 in ./ min rate, 
2 min holding time 128.2 9.5 60 .7 19 .5 12 .3 7 .5 2.6 

0 .208 in ./min rate, 
5 min holding time 128.1 9.8 63 .2 16.4 12.8 7 .6 2.4 

0 .304 in./min rate, 
1 min holding time 128.4 9 .6 62.9 18.4 11.2 8.0 2.2 

0 .304 in./mjn rate, 
2 min holding time 128.4 9.7 62 .5 16.9 13.6 7 .0 2.5 

0 .304 in./mjn rate, 
5 min holding time 128.5 9.4 62.2 17 .8 13.2 6.8 2.5 
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TABLE 8 

EF FECT OF STATIC COMPACTION ON DEGRADATION 

Compaction Condition 

None-uncompacted (control ) 

static load of one ton on 1/Jo 
cu ft sample 

Averagea 

3Variation of compaction fr om cont rol 

Average AASHO- ASTM Particle Size, 
Percent of T otal Dry Sample 

Gravel Sand Silt Clay Colloids 

75.7 9.7 9.6 5.0 I.I 

62.1 17 .9 12.9 7 . I 2.5 

-13 .6 +8. 2 +3 .3 +2.1 +1.4 

Following compaction, each speci
men was weighed, extruded, and ex
amined for visual segregation. Du
plicate moisture samples were then 
removed from each specimen and 
the remainder of the specimen was 
retained for mechanical analysis. 

Segregation of particles was vi -
sually obvious in almost all of the 
statically compacted specimens. No 
correlation of segregation could be 
related to the compaction variables 

because of considerable variation of segregation ofthe samples within any one compac-
tion condition. In each specimen, water and some fines tended to ooze from around the 
piston and the bottom of the mold, thus reducing the moisture content from an initial 
averag e of 10.9 percent to as low as 8.6 percenl (Table 7). Average dry density in
creased from 0. 6 to 1. 7 pcf ab()ve that obtained by standard AASHO-ASTM compaction. 
However, lhe general var iation of obtained density and moisture content by this proce
dure was within acceptable limits. (Acceptable limits were assumed to be about ± 1. 0 
percenl moistur and ± 3. 0 pcf density, similar to that discussed in ASTM Designation 
D 560- 57. 

As noted in Table 7, no major effect on degradation was attributable to the variation 
in loading rates or load-holding times. It is obvious, however, that sizeable reduction 
occurred in the percentage of gravel , and sizeable increases occurred in all other 
particle size classes. Table 8 gives the effects of static compaction on degradation. 

Drop Hammer Compaction 

Some laboratory strength 
tests utilize specimens having 
a height to diameter ratio of 
2 to 1. It was therefore con
sidered advisable to ascertain 
the segregation and degrada
tion effects on 4-in. diameter 
by 8-in. high, cylindrical Bed
ford samples compacted sim -
ilarly to that shown in ASTM 
Method D 1632-63, Making and 
Curing Soil-Cement Compres
sion and Flexure Test Speci -
mens in the Laboratory. The 
procedure adopted was as 
follows: 

1. Sufficient material, hand
mixed to optimum moisture 
content (10. 9 percent) for max
imum standard density (127.4 
pcf) in the 4-in. diameter by 
8-in. high mold, was weighed, 
placed in the mold, and rodded 
down from the top until it was 
refused. 

2. A separating disk was 
placed on top of the specimen, 
and compaction was accom -
plished by dropping a 15-lb 
hammer (shown in ASTM 
Method D 1632-63) a height of 
12 in. 
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Figure 2. Relationship between dry density and number of blows on 
each end of specimen- drop hammer compaction. 



3. The mold was then inverted and the drop hammer was again used. 
4. To obtain the proper relationship between standard density and the number of 

blows of the hammer, a series of cylinders were molded using 10, 12, 15, 20, and 30 
hammer blows on each end of the specimen. 
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Following compaction, each specimen was measured for height, weighed, extruded, 
and examined for visual segregation. Slight segregation of the fines was noticeable at 
each end of the specimens. Duplicate moisture samples were then removed from each 
specimen and the remainder was retained for mechanical analysis. 

Figure 2 shows the relationship between dry density and the number of blows on each 
end of the specimen. Data shown in the figure represent a minimum of three speci
mens at each of the designated number of blows. The standard dry density could be 
reasonably reproduced using 15 blows of the hammer on each end of the specimen. At 
20 blows the density was much less reproducible. Variation of moisture content fol
lowing compaction from the initial mix content of 10. 9 percent was very slight with all 
specimens. 

Figure 3 shows the average 
variation of percentage of 
particle size in relationship 
to the number of blows on 
each end of the specimen. 
Maximum degradation oc
curred at 15 blows of theham
mer; there was almost 12 
percent reduction in amount 
of gravel with distributed in -
creases in the other size 
fractions between 10 and 15 
blows on each end of the 
specimen. 

The moisture content of 
each specimen point in Fig
ures 2 and 3, both before and 
after molding, showed very 
little variation. There ap
pears to be no reasonable cor
relation between amount of 
degradation and number of 
blows because of lack of varia -
tion inmoisture content. Be
cause the degradation is 
shown to be less at 20 and 30 
blows than at 15 blows, but 
still greater than at 10 blows, 
it may be that the higher num -
bers of blows cause a state of 
packing of particles that tends 
to inhibit increased degrada
tion. Such might be further 
assumed because of the slight 
reduction of density from 15 
to 20 to 30 blows as shown in 
Figure 2. Thus, there ap
pears to be only a sketchy 
correlation between degrada
tion, number of blows, anq 
density-a correlation that 
countermands logical inter-
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Figure 4. Vibratory compaction apparatus. 

pretations that degradation should increase with increasing number of blows. 

Vibration Compaction 

In the three preceding sections, state of compaction relies on either pounding or 
pushing the particles into an intimate arrangement. Vibratory compaction relies heav
ily on the proper combinations of frequency, amplitude, amount of time of vibration, 
and amount of surcharge weight on top of the specimen to produce the desired state of 
densification. In this phase of compaction, the following procedure was used: 

1. Sufficient Bedford material, hand-mixed to optimum moisture content (10.9 per
cent) for maximum standard density (127.4 pcf) in a specially built 1/Jo cu ft Proctor 
mold for attachment to the vibratory table (Fig. 4), was weighed, placed in the mold, 
and rodded until it was refused. 

2. A weight was placed on top of the specimen and vibrated under the conditions 
noted in the following. 

3. The weight was then removed and the specimen was measured for height. 

After the mold was removed from the table, each specimen was weighed, extruded, 
and examined for visual segregation. Duplicate moisture content samples were re
moved from each specimen and the remainder was retained for mechanical analysis. 

Frequency of vibration of each specimen was held constant at 3,600 cpm (cycles per 
minute) on the electric vibrator table. Dupl,icate specimens were produced for each 
of the following variables: 

1. Vibration periods of ½, 1, and 2 min; 
2. Surcharge weights of 15, 25, and 35 lb; and 

TABLE 9 

RELATIONSffiP BETWEEN MEASURED AMPLITUDE 
AND SURCHARGE WEIGHT-VIBRATORY COMPACTOR 

Surcharge Amplitude Measured Amplitude 
Weight Control Dial o! Vibration 

(lb) Setting (mm) 

15 10 0.764 
50 0.863 
90 0.915 

25 10 0,332 
50 0.705 
90 0.551 

35 10 0.330 
50 0 .320 
90 0,368 

3. Three settings of the amplitude dial, each 
causing a charge of amplitude under the three 
weights as given in Table 9. 

Amplitudes were measured by gluing a fine 
thread to the edge of the vibrator table, stopping 
the visible motion of the thread with a strobo
scope light beam, and measuring the vertical 
displacement of the thread with a cathetometer. 
A minimum of three such readings yielded the 
average values given in Table 9. An appreciable 
increase amplitude was noted for dial setting of 
50, surcharge weight being 25 lb. This occur
ranee remained unexplained following additional 
measurements. 



Table 10 gives the effect of the 
vibratory compaction variables on 
particle size degrada tion. The 
major vibratory compaction variable 
was the surcharge weight on top of 
the specimen, the greatest amount 
of degradation occurring with the 
15-lb weight. Little or no degrada
tion appeared with the combination 
of 35 lb of surcharge weight, am
plitude control dial setting of 90 
(0.368 mm of amplitude), and 2 min 
vibration time. 

Segregation was visually noted to 
vary primarily in relationship to 
surcharge weight. The 15-lb sur
charge specimens were segregated 
throughout, but segregation became 
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TABLE 10 

EFFECT OF VIBRATORY COMPACTION VARIABLES ON 
PARTICLE SIZE DEGRADATION 

Vibratory Compaction 
Variable 

Surcharge weight (lb) 
15 
25 
35 

Amplitude control dial 
setting 

10 
50 
90 

Time (min) 
½ 
1 
2 

None-uncompacted 
(control) 

Average AASHO-ASTM Particle Size, 
Percent of Dry Sample 

Gravel 

66.4 
70.0 
73.2 

69 .1 
69. 1 
71.5 

70,3 
68.9 
70.4 

73.2 

Sand 

16.2 
14.6 
12.2 

14.8 
14,4 
13 ,4 

13 .9 
14.9 
14.2 

12 .9 

Sill 

11 .4 
10.1 
9,5 

10,5 
10, 6 
10.0 

10 .2 
10, 6 
10, 1 

8,4 

Clay 

6.0 
5,3 
5,1 

5,6 
5,9 
5.1 

5,6 
5,6 
5.3 

5,5 

Colloids 

1,8 
1,6 
1.6 

1.7 
1.7 
1.6 

1.7 
1.6 
1.6 

1.7 

slightly more pronounced at the top of the specimen immediately under the weight. A 
thick slurry of water and fines oozed out of the specimen around the 15-lb surcharge 
and apparently caused the more pronounced effect of segregation of the larger particles 
at the top of the specimen. At the opposite extreme, the 35-lb surcharged specimens 
were quite uniform in their appearance with no visual segregation. 

Following compaction, moisture content and density also appeared to vary in rela
tion to surcharge weight. The 15-lb surcharged specimens varied from near 100 per
cent to as low as 87. 7 percent of the average initial mixing moisture content. Density 
of these specimens also varied from 88. 9 percent to almost 100 percent of the average 
AASHO-ASTM standard previously noted. The 35-lb surcharged specimens produced 
much more controllable density, averaging 97.3 percent of the standard. Likewise, the 
moisture content, following compaction, averaged 96. 8 percent of the initial mixing 
moisture. 

The optimum combination of variables of a surcharge weight of 35 lb, a dial setting 
of 90, and a vibration time of 2 min was also applied to a special mold for vibratory 
compaction of 4-in. diameter by 8-in. high cylinders. Degradation was again found to 
range from none to minimal. Visual segregation was found to be nonexistent, with a 
few exceptions where the samples had not been properly obtained from the bins and 
quartered. Moisture content following molding was consistently 97 percent of the stan
dard 10. 9 percent initial mixing moisture content. Density was consistently reproducible 
within less than 1. 0 pcf but averaged about 2. 0 pcf below standard. 

Garner and Gilmore Samples 

As previously noted, the Bedford sample was the least hard of the three materials 
and has been shown in the field to be representative of the least stability. It was used 
as the major sample of the compaction study. Only standard AASHO-ASTM and vibra
tory compaction procedures were compared using the Garner and Gilmore samples. 

The results followed the same general trends as with the Bedford sample with the 
following exceptions: 

1. Degradation of the Garner and Gilmore materials under standard AASHO-ASTM 
compaction was not as pronounced as with the Bedford sample; i.e., a maximumofabout 
4 percent decrease by dry soil weight in the gravel fraction with almost double this 
amount in the Bedford. 

2. Little or no visual segregation occurred in any of the vibrated Garner samples. 
3. Some slight segregation was noticeable in the 51-lb surcharged Gilmore samples. 
4. Because of the lower quantity of fines and lack of plasticity (Table 4) in the Gil

more sample, it was difficult to handle the extruded specimens, several of them falling 
apart when handled. 
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TABLE 11 

MECHANICAL ANALYSIS OF COMPACTED CRUSHED STONE SPECIMENS 

Percent of Total 
stone 

Gravel Sand Silt Clay Colloids 

Bedford 
Uncompacted 73 .2 12.9 8.4 5.5 1.7 
Modified AASHO-ASTM 65.8 15 .0 11 .8 7 .4 1.9 
Modified vibratory 68.8 14.6 10.2 6.4 2.0 

Garner 
Uncompacted 61.6 26.0 10.2 2.2 1.4 
Modified AASHO- ASTM 55.7 29.8 11 .4 3.1 1.8 
Modified vibratory 58 .3 28 .0 11.0 3.0 1.5 

Gilmore 
Uncompacted 66.8 23 .3 5.9 4.0 0.9 
Modified AASHO-ASTM 62.0 26 .2 7 .4 4. 6 1.6 
Modified vibratory 64.3 24 .8 6.9 4.0 1.4 

Modified AASHO-ASTM Compaction 

5. With each vibratory compaction 
variable, the density of the Garner 
and Gilmore specimens were near or 
above standard AASHO-ASTM values 
(Table 4). The 35-lb surcharged 
samples showed more uniform, con
trollable densities and were consis 
tently 3 to 4 pcf above the standard. 
Moisture content following compac
tion was consistently lower than mix 
content, as with the Bedford sample, 
even though the moisture content was 
still within the acceptable limits pre
viously noted. 

Modified Proctor density for each of the three crushed limestones WlS first deter
mined in accordance withASTM Designation D 1557-64and AASHO Designation T180-61, 
Method C (1). Following compaction, each specimen was weighed, extruded by hy
draulic jack, and visually examined for segregation. After moisture content samples 
were removed, the remainder of each specimen was retained for mechanical analysis 
in order to determine the amount of degradation occurring during compaction. Results 
of the moisture-density relationships are shown in Figure 1. 

To determine the combination of factors necessary for vibratory compaction to mod
ified Proctor density, with as little degradation and segregation as possible, the rela
tionship between density and surcharge weight was investigated in a manner similar to 
that noted previously for 4-in. diameter by 8-in. high cylinders. 

Average results of the mechanical analyses performed on specimens uncompacted, 
modified AASHO-ASTM compacted, and modified vibratory compacted are given in 
Table 11. A surcharge weight of 105 lb (8. 35 psi), an amplitude control dial setting of 
90, and a vibration time of 2 min produced modified Proctor density while achieving 
the most desirable degradation-segregation results. Because of the increased sur
charge weight, slight degradation was noticeable with vibratory compaction, but was 
not as pronounced as with the modified AASHO-ASTM compaction process. Initial 
moisture content greater than modified optimum was required for two of the materials; 
i.e., 1.1 percent moisture for Bedford, 0. 3 percent for Garner, no additional for Gil 
more. This increase may be caused, in part, by the relative porosities of the materials. 

Little or no visible segregation was evident in the vibratory compacted specimens 
undergoing up to 2 min of vibration. Beyond this period, a thick slurry of fines and 
water oozed from both top and bottom of each specimen. 

SUMMARY 

The purpose of this study was to ascertain a laboratory compaction procedure that 
would produce uniform, controllable densities at optimum moisture contents, while 
eliminating or at least minimizing degradation and segregation of compacted crushed 
stone base course mixes, each being representative of poor to good field service records. 
The vibratory compaction procedure met the above criteria in the following manner: 

1. Standard AASHO-ASTM compacted densities and optimum moisture contents were 
achieved within reasonable limits, regardless of the type of crushed stone. 

2. Modified AASHO-ASTM compacted densities were achieved by vibration with each 
stone. Optimum moisture contents by vibration ranged from 1.1 percent above the op
timum to equal or modified optimum for the softer to harder stones respectively. Be
cause of the heavy surcharge weight, degradation was evident, but less than that of the 
conventional modified compaction process. 

Vibratory compaction, however, was found to require a particular combination of fre
quency, amplitude, surcharge weight, and duration of vibration time for prevention of 
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both degradation and segregation. Segregation essentially varied inversely to sur
charge weight. 

With the poorer service record stone, gravel size content was reduced by an average 
of nearly 7 percent under standard compaction, over 13 percent under static compac
tion, and intermediate reduction by both drop-hammering each end of the specimen and 
the modified compaction. Segregation during compaction, other than vibratory, ranged 
from none to visually obvious. With other than vibratory compaction, the better ser
vice record stones also showed significant gradation changes, with segregation ranging 
from none to slight. 
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Deformation Measuring System for 
Repetitively Loaded, Large-Diameter Specimens 
of Granular Material 

WILLIAM M. MOORE, GILBERT SWIFT, and LIONEL J. MILBERGER, 
Texas Transportation Institute , Texas A&M University 

This paper describes a measurement s ystem designed to study 
the load-deformation characteristics of the granular-type mate
rials normally used in flexible pavements. The system consists 
of a loading apparatus, triaxial cell , measurement transducers 
(including a newly developed optical tracker), and recording ap
paratus. With this system simultaneous measurements can be 
made of load and displacements at numerous points on the sur
face of large-diameter cylindrical specimens of granular mate
rial being subjected to rapid, repeated load applications. 

Because preliminary measurements made on specimens of 
granular materials were quite different than had been expected, 
a general evaluation of the system was undertaken. The eval
uation was accomplished by loading 4-in. diameter by 8-in. high 
Lexanplastic cylinders and comparing specimen deformations, 
as measured with the entire system, against strain-gage indi
cations. The system was found to give satisfactory agreement 
with the known and observable characteristics of the plastic ma
terial, and it was concluded that the system is capable of provid
ing useful and valid deformation data on specimens of granular 
materials . 

• IT IS CURRENTLY IMPOSSIBLE to estimate, with any degree of confidence the 
stresses and strains existing in granular-type soils subjected to real loading conditions 
(for example, a moving wheel load over a gravel roadway). This conclusion is reached 
from laboratory studies made by numerous researchers into the peculiar behavior of 
these materials . So long as their behavior is not completely understood and until it can 
be represented by mathematical formulas of proven reliability, engineers will remain 
in ignorance of the internal stresses acting in these materials. The design of struc
tures composed of these materials will continue to be based on empiricism until this 
can be replaced by methods built on fundamentally sound theoretical principles. 

This paper describes a measurement system designed as an aid in determining the 
load-deformation characteristics of granular-type soils subjected to both hydrostatic 
and uniaxial, dynamically applied, compressive loadings. Cylindrical test specimens, 
6 in. in diameter by 8 in. high, are loaded hydrostatically from 10 to 30 psi in a pres
sure chamber (triaxial cell) with transparent walls, and loaded dynamically along the 
cylinder axis from Oto 35 psi. The dynamic load is normally applied during a 0.2-sec. 
time interval and is repeated every 2 sec. Permanent and dynamic deformations are 
observed at numerous points on the specimen to define the radial and axial deformations 
of the cylinder's surface. 

Paper sponsored by Committee on Strength and Deformatio.n Characteristics of Pavement Sections. 
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Examination of the capabilities and limitations of existing motion sensors for this 
application indicated the need for a better noncontacting transducer. The prototype of 
a newly developed electro-optical transducer was obtained for use in the system. This 
transducer, an electro-optical displacement tracker developed by Martin Research As
sociates, Inc. , senses the position of a small reflective target and resolves motion by 
supplying continuous electrical signals proportional to the X and Y components of the 
target displacement. Its resolution, for a 0.30 in. sq target at a 10-in. working dis
tance, is below 0.000040 in. over a range of 0.070 in., with response time of the order 
of 10 µ.sec (microseconds) and stability better than 0.000040 in. per hour. 

TEST EQUIPMENT 

The test equipment consists of four basic components: (a) an apparatus for applying 
a repetitive load, (b) a triaxial cell, (c) an optical deformation measurement system, 
and (d) a recording system. 

Repetitive Loading Apparatus 

The basic loading apparatus is the same as reported by Dunlap (1) except that the 
loading station was constructed with its base embedded in concrete to provide a stable 
platform to minimize interference from vibrations (Fig. 1). The apparatus was ad
justed to provide a repetitive impulsive load of Oto 35 psi to the specimen during 0.2 
sec. The impulsive load was repeated every 2 sec. The load on the specimen is mea
sured by a strain-gaged cylindrical load cell incorporated between the hydraulic load 
piston and the triaxial cell loading rod (Fig. 2). 

Figure 1. The loading station used for the measure
ments is embedded in about 2,200 lbs of concrete. 

Figure 2. The load cell is attached to the end of the 
hydraulic load piston. 
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Figure 3. A square triaxial cell was fabricated to 
minimize optical path distortions. 

Triaxial Cell 

The triaxial cell follows conventional 
design and is the same as reported by Dun
lap (1) except that the round lucite chamber 
was replaced with a specially fabricated 
square chamber to minimize optical path 
distortions (Fig. 3). At the top of the tri
axial cell is a strain-gaged cantilever 
beam displacement transducer that mea
sures the movement of the loading rod with 
respect to the top of the cell (Fig. 4). The 
displacement measured by this transducer 
has been assumed in the past to represent 
the compression of the test specimen. 

Optical Deformation Measurement System 

Prior to testing, several 0.3 in. (±0.002 
in. ) sq reflective targets are glued to the 
curved surface of the test specimen (Fig. 
5). To provide a uniform reflective sur
face, 3M Scotchlite Reflective Sheeting 
Number 3280 is placed on the targets. The 
targets are located so that changes in the 
horizontal and vertical dimensions of the 
specimen caused by loading can be ob-
served optically (Fig. 6). When a target 

is obser ved with the optical tracker, the motion of the target relative to the optical axis 
of the tracker produces two output signals. One of the signals is proportional to the 
horizontal and the other to the vertical movement of the target. 

The optical tracker and its accompanying projection lamp, which illuminates the tar
gets, are placed on an X-Y slide assembly (Fig. 7). The projection lamp is a modified 
35mm slide projector operated from a regulated 120-volt de power supply. The pro
jector is mounted on the slide assembly and focused so that it illuminates an area in the 
object plane of the tracker approximately O. 6 in. in diameter. 

Figure 4. The displacement of the loading rod with 
respect to the top of the triaxial cell is measured 

with a strain-gaged cantilever beam. 

Figure 5. Several reflective targets, glued to the 
curved surface of the test specimen, are spaced on 
1-in . centers in two vertical, diametrically opposed 

lines. 



Figure 6. A specimen ready for testing. 
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Figure 7. The optical displacement tracker and the 
projection lamp are mounted on a micrometer X-Y 

slide assembly. 

The X-Y slide assembly is equipped with precision micrometer screws that are ac
curate to 0.001 in. in 12 in. and has dials graduated in 0.001-in. increments (Fig. 8). 
The optical axis of the tracker is centered on a target by using the micrometer screws 
to move the tracker until two meters mounted on the tracker control box read zero 
(Fig. 9). One meter registers horizontal and the other registers vertical relative dis
tance between the target center and the optical axis of the tracker. 

The final zeroing of the meters is accomplished in the interim (approximately 1.8 
sec) between dynamic load impulses. After alignment, the micrometer screw settings 
are recorded and long-term creep can be 
measured by observing changes in the mi-
crometer readings; however, the accuracy 
is limited by the readability of the dials to 
about ±0.0005 in. Dynamic deformations 
up to ±0.030 in., accurate to within 1 per
cent (±0.00004 in.), are measured by ob
servingthe output signals from the tracker 
during the period of dynamic load (ap
proximately 0.2 sec). If only one target is 
involved, creep canbemeasuredwith sim
ilar accuracy, up to 0.030 in., by leaving 
the micrometer screw settings untouched. 

Recording System 

The recording system consists of Figure 8. The tracker is aligned on a target by 
a Honeywell 1508 Visicorder, a 130C manual operation of the micrometer screws. 
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Figure 9. When the meters on the tracker control 
box are zeroed, the optical axis of the tracker is 

aligned on a target. 

Figure 10. A typical visicorder record obtained for 
one target during an impulsive load. From top to 
bottom the four traces represent (a) load, (b) hori
zontal displacement, (c) vertical displacement, and 

(d) rod displacement. 

Hewlett-Packard Oscilloscope, together with appropriate bridge balance units for the 
strain-gaged transducers. There are four inputs to the recording system: (a) the ver
tical component of target displacement, (b) the horizontal component of target displace
ment, (c) the magnitude of the load, and (d) the vertical displacement of the loading rod. 
The oscilloscope is preceded by a switching unit that allows any of the four signals to 
be displayed on either the horizontal or vertical input of the scope. Also, any one of 
the four signals can be displayed vertically on the scope versus time horizontally. For 
example, this switching allows (a) the viewing of a plot of X versus Y motions of a gi v
en target, (b) load versus rod displacement, or (c) load versus time. In addition, four 
inputs are continuously recorded by galvanometer traces on the light-sensitive paper of 
the visicorder. Figure 10 shows a typical visicorder record with the four traces for 
one cycle of loading. 

Before usable data can be taken with the optical tracker, it must first be calibrated 
on each indi victual target along both the vertical and horizontal axes. This calibration 
is accomplished after the tracker is aligned on a given target by moving the tracker 
with the micrometer screw for one axis to the extreme of its visicorder range. The 
micrometer screw is then turned back in incremental steps (for example, in 5-mil in
crements) through center to the other extreme of the range. A short visicorder re-

,..,....._ _ _.. __ .__. 

,,· 
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Figure 11. A typical visicorder record made for the 
calibration of one axis of motion for one target . 

cording is made at each incremental step 
(Fig. 11). This procedure is followed for 
both the vertical and horizontal axis on 
each target. For each individual target, 
a calibration curve for each axis is pre
pared by plotting chart di visions on the 
record versus micrometer screw move
ments in mils (Fig. 12). If all targets 
were of identical size and reflectance, the 
calibration curves for all targets would be 
alike. 

The accuracy attained by this calibra
tion procedure is limited principally by the 
readability of the micrometer dials. It is 
estimated that the calibration curve ob
tained from a sequence of ten steps using 
the 0.001-in. dial graduations is valid 
within 1 percent or better. 



MEASUREMENTS AND DATA 
REDUCTION 

Eighteen targets are used for a single 
test (Fig. 13). On each side of the speci
men, seven of t he targets ar e glued to the 
specimen's s urface, one to the top load
ing plate, and one to t he base of the b:i
axial cell. The seven targets on the side 
of the specimen are spaced vertically on 
1-in. centers, beginning 1 in. from each 
end of the 8-in. high specimen. 

For a single test , two complete sets 
of readings are made. The first set of 
readings consists of 18 visicorder re
cords, one for each target. The first set 
is obtained by beginning at the top right 
target, then testing each target in turn in 
a clockwise direction and ending at the top 
left target. The second set is obtained 
similarly, except that the order of target 
testing is reversed. As previously men
tioned, a single visicorder record consists 
of four continuous galvanometer traces 
plotted against time during one load im
pulse, namely (a) horizontal target dis -
placement, (b) vertical target displace-
ment, (c) rod displacement, and (d) load. 
The scale along the length of the record 
represents time. 

Although it requires approximately 2 
hours to make the two complete sets of 
visicorder records representing one test, 
the first set of data is normally in very 
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Figure 12. A typical calibration plot for one axis of 
motion for one target. 

close agreement with the second set. In other words, the specimen evidently undergoes 
no significant change during the testing period, and the load and rod displacement traces 
shown on all 3 6 records are almost identical. 

The 36 visicorder records are digitized by measuring the height of each trace at reg
ular time increments (normally 0.01 sec). This information, along with appropriate 
scale factors , is punched on IBM computer cards. Thus, the four measurements ver
sus time are available for computer data processing. Through standard techniques of 
interpolation and data processing, each visicorder record is reduced to the following 
four records versus regular load increments (normally 200 lb): 

1. Horizontal target displacement for 18 targets (averages of data from 2 records); 
2. Vertical target displacement for 18 targets (averages of data from 2 records); 
3. Rod displacement (average of data from 36 records); and 
4. Loading rate (average of data from 36 records). 

Typical sets of data reduced from a test are given in Tables 1 and 2. These data 
were obtained while testing a low-modulus plastic for equipment evaluation purposes as 
explained in more detail in the next section. In Tables 1 and 2, cylindrical coordinate 
sign convention is used for presentation of displacements (radial and vertical dis -
placements are represented by u and w respectively). From the data given, one can ob
serve that the displacements measured are not axially symmetrical. This is because 
of (a) imperfectly aligned load , (b) imperfections in both material and dimensions of 
the test cylinder , and (c) imperfections in top and bottom loading plates. Displacements 
of like kind measured on opposite sides of the cylinder were averaged and these aver-
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Figure 13. Schematic showing target pos1t1ons on a test speci
men and the coordinate system used for representation of dis

placements. 

TABLE 1 

TYPICAL VERTICAL TARGET DISPLACEMENT, 
w, VERSUS LOAD IN TEST 6 

Load (lb ) 

200 400 600 800 1,000 1,200 1,400 1,600 1,800 

0.569 1.121 1.583 2.050 2.505 2 .930 3.331 3.723 4.049 
0.474 0.915 1.290 1.683 2.083 2.417 2.715 3 .140 3.552 
0 .413 0.804 1.125 1.448 1.832 2.085 2.399 2.749 3.019 
0 .375 0 .738 1.053 1.362 1.701 1.915 2.154 2.442 2 .715 
0.355 0.621 0.898 1.157 1.413 1.607 1.805 2.021 2.258 
0.293 0.542 0.804 1.006 1.216 1.385 1.578 1.744 1.900 
0.261 0.472 0.635 0 .818 0.976 1.125 1.230 1.364 1.523 
0.194 0.341 0.502 0.593 0.708 0.790 0.885 0 .994 1.067 
0.017 0.061 0.084 0.109 0.125 0.149 0.170 0.188 0.207 
0.065 0 .096 0.136 0.179 0.221 0 .276 0.328 0 .368 0.404 
0.240 0.413 0.534 0.643 0.726 0.856 0.971 1.049 1.138 
0 .221 0.437 0.623 0 .774 0.917 1.072 1.219 1.327 1.449 
0 .300 0.511 0 .771 0 .960 1.126 1.331 1.559 1.727 1.889 
0 .335 0.587 0.867 1.074 1.263 1.515 1.769 1.978 2.177 
0 .364 0.653 0.955 1.213 1.475 1.755 2.030 2.310 2.544 
0.372 0.749 1.119 1.370 1.680 2 .025 2.352 2.633 2.917 
0.370 0.783 1.220 1.563 1.920 2.318 2.722 3.045 3.364 
0.723 1.273 1.843 2.216 2.652 3 .214 3.741 4.056 4.336 

2,000 

4.332 
3 .800 
3 .264 
2.954 
2.466 
2.079 
1.602 
1.144 
0 .235 
0 .455 
1.229 
1.599 
2.100 
2.407 
2.774 
3.249 
3.790 
4.862 

Note: Vertical displacements (mil) in body of table are the average of two measurement records made on each target . 



TABLE 2 

TYPICAL HORIZONTAL TARGET DISPLACEMENT, 
u, VERSUS LOAD IN TEST 6 

Load (lb ) 
Target 

200 400 600 800 1,000 1,200 1,400 1,600 1,800 2, 000 

1 0.000 0.042 0.083 0.107 0.118 0.100 0.064 0.016 -0.030 -0.088 
2 0.049 0.098 0.136 0.173 0.184 0.193 0.198 0.199 0.200 0,199 
3 0.048 0.080 0.109 0.127 0.136 0.143 0.149 0.153 0.150 0.150 
4 0.032 0.063 0.096 0.116 0.123 0.129 0.135 0.140 0.147 0.156 
5 0.044 0.082 0.101 0.129 0.144 0.153 0.165 0.174 0.183 0.200 
6 0.044 0.069 0.092 0.108 0.119 0.132 0,147 0.158 0.164 0,174 
7 0.020 0.043 0.059 0.069 0 .080 0 .09 1 0 .101 0.113 0 .128 0.140 
8 0.028 0 .041 0.047 0 .062 0 .080 0.095 0.106 0.119 0 ,133 0 . 144 
9 0.000 -0.013 -0.012 -0.015 -0.027 -0 .032 -0.032 -0.039 -0 .050 -0 .051 

10 0.003 0.007 0.030 0.040 0.042 0.047 0.054 0.060 0.068 0.075 
11 0.022 0.066 0.112 0.159 0.196 0.241 0.287 0.333 0.373 0.405 
12 0.020 0.068 0.131 0.186 0.231 0,300 0.365 0.422 0.479 0.537 
13 0.051 0.105 0.155 0.216 0,259 0.317 0.377 0.440 0.504 0.561 
14 0.038 0.063 0.101 0.156 0.202 0.247 0.301 0.372 0.441 0.499 
15 0 .025 0.067 0.103 0.155 0.216 0.269 0 .334 0.409 0.474 0,541 
16 0,032 0.053 0.070 0 . 127 0 .172 0.223 0 .284 0.352 0.424 0,494 
17 0,035 0.036 0.039 0.063 0 .089 0.128 0 .187 0.261 0,336 0.400 
18 -0.065 -0.137 -0. 222 -0.262 -0.293 -0.310 -0.304 -0.283 -0 .257 -0.224 

Note: Horizontal displacements (mil) in body of table are the average of two measurement records made on each target~ 

ages were assumed to represent the displacements for an axially symmetrical test 
specimen. 

EVALUATION TESTS 
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Because preliminary measurements made on soil specimens were quite different 
than had been expected, an evaluation of the system was made utilizing two 4-in. diam
eter by 8-in. high Lexan thermoplastic cylinders. The setup for testing the plastic 
cylinders was similar to the schematic shown in Figure 13 except that 6-in. diameter 
aluminum spacers, with machined 4-in. diameter depressions for centering the cylin
ders, were used in place of the 6-in. porous bronze discs shown in the figure. The 
thermoplastic material was selected because of its reported temperature stability and 
its fairly low modulus of elasticity; the reported average modulus is 345,000 psi (2). 

On the periphery of each cylinder at mid-height, 2 Micro Measurements EA13.:-
062TH-120, 90-<leg rosette gages were placed 180 deg apart. The gages on the 2 cyl
inders were wired to form 2 Wheatstone bridges, one for measuring vertical strain and 
the other for measuring circumferential strain. Each bridge consisted of two active 
and two dummy gages. To ensure maximum temperature compensation, one cylinder 
was tested utilizing its gages as the active arms of the bridge while the gages on the 
other cylinder served as the dummy arms. 

strain-gage signal conditioners were used to amplify the bridge output signals and 
to excite the bridges with approximately 0.3 volt rms, at 400 Hz. These low excitation 
voltages were used to minimize local heating around the gages. Both bridges were cal
ibrated by measuring the bridge unbalance with a digital strain indicator when the ac
tive gages were shunted with an appropriate precision calibration resistor. Just prior 
to testing, the calibration resistor was used to shunt the active gages to obtain a scale 
factor for the visicorder recorder. 

Targets were placed on the test cylinder and measurements were made as described 
in the preceding section on measurement and data reduction. The outputs from the two 
strain-gage bridges (gages were used only for the evaluation tests) were put on the 36 
visicorder records. As would be expected, all 36 records of circumferential and ver
tical strain were approximately alike. Using the same procedure described for reduc
ing the rod displacement data, these strain records were digitized and processed to 
yield strain versus load data (average of 36 records). 

Values of vertical and radial displacement, loading rate, and rod displacement-re
duced as described in the preceding section-are given in Tables 3 and 4. In these 
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TABLE 3 

DISPLACEMENTS, STRAINS, AND LOADING RATE VERSUS LOAD IN TEST 5-FAST LOADING RATE 

Load (lb) 
Measurement 

200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000 

Vertical displacement, mil 
z, in. 

oa 0.631 1.155 1.653 2.140 2.583 3.000 3.442 3.893 4 .296 4.664 
1 0.429 0.876 1.235 1.616 1.988 2.3 51 2 .725 3.108 3.485 3.837 
2 0.377 0.756 1.081 1.424 1.745 2.048 2.346 2.658 2.980 3.305 
3 0.351 0.674 0.984 1.260 1.549 1.839 2.098 2.363 2.638 2.914 
4 0.321 0.594 0.853 1.071 1.318 1.574 1.791 1.998 2.215 2.428 
5 0.265 0.520 0.751 0.948 1.136 1.349 1.545 1.720 1.888 2.061 
6 0.236 0.455 0.618 0.771 0.936 1.081 1.213 1.348 1.468 1.576 
7 0.197 0.347 0.476 0.596 0.707 0.811 0.923 1.010 1.088 1.158 
8a 0.031 0.061 0.098 0.141 0.179 0 .214 0.249 0.280 0.309 0,334 

Radial displacement, mil 
z, in . 

oa -0.009 -0 .021 -0.057 -0.075 -0 .082 -0.100 -0.122 -0.138 -0.147 -0 .165 
1 0.022 0.050 0.081 0.107 0 .140 0.174 0 .202 0.225 0.252 0.284 
2 0.030 0.059 0.085 0.116 0.150 0.183 0.216 0 .250 0.285 0.319 
3 0.038 0.077 0.117 0.143 0.182 0.217 0 .249 0.285 0 .323 0.360 
4 0.037 0.068 0 .109 0 .146 0 .182 0 .218 0 .254 0.287 0 .320 0 .352 
5 0.031 0.066 0.102 0.137 0.171 0.206 0.239 0.274 0.309 0.342 
6 0.032 0.064 0.098 0.136 0.172 0.207 0,241 0.276 0.306 0.336 
7 0.016 0.044 0.070 0.100 0.132 0.158 0 .185 0 .214 0 .244 0 .272 
8a 0.006 0.015 0.011 0.009 0.007 0 .006 0.005 0.006 0.007 0 .009 

Loading rate, lb/ sec 6,950 15,800 23,500 31,500 39,850 44,850 47,300 49,900 52, 650 52,000 
Rod dlsplacemcnt,mH 0.783 1.604 2.233 2.878 3 .482 4.063 4.646 5.253 5.832 6.393 
Clrcumfcrentl~ sl.r~inb, mil/in. 0.013 0.026 0.040 0.055 0.069 0.083 0 .098 0.113 0 .128 0.144 
Ve rlic!ll strnln , mll/in. -0.032 -0 .066 -0.101 -0.137 -0.171 -0.205 -0 .242 -0 .279 -0.316 -0.351 

aolcplaccm~nt shown to, z = 0 in. and z = 8 in. is the displacement for the top loading plate and triaxial cell base respectively 
bMc;uurod by strain g~o. 

TABLE 4 

DISPLACEMENTS, STRAINS, AND LOADING RATE VERSUS LOAD IN TEST 6-SLOW LOADING RATE 

Load (lb) 
Measurement 

200 400 600 800 1,000 1, 200 1,400 1,600 1,800 2,000 

Vertical displacement, mil 
z, in. 

oa 0.646 1.197 1.713 2.135 2 .579 3.072 3.536 3.890 4.193 4.597 
1 0.422 0.849 1.254 1.619 1.993 2.3 56 2.707 3 .081 3.449 3.784 
2 0.393 0.777 1.122 1.409 1.756 2.055 2.376 2.691 2.968 3.257 
3 0 .370 0.696 1.004 1.288 1.588 1.835 2.092 2.376 2 .630 2.864 
4 0.345 0.604 0.883 1.116 1.338 1.561 1.787 2 .000 2 .218 2.437 
5 0.297 0.527 0.788 0.983 1.171 1.358 1.569 1.736 1.895 2.090 
6 0.241 0.455 0.629 0.796 0.947 1.099 1.225 1.346 1.486 1.601 
7 0.217 0 .377 0 .518 0 .618 0 .717 0 .823. 0 .928 1.022 1 .103 1.187 
ea 0.041 0.079 0.110 0.144 0.173 0 .213 0.249 0.278 0,306 0.340 

Radial displacement, mil 
z, in. 

oa -0.033 -0 .048 -0.070 -0.078 -0.088 -0.105 -0 .120 -0.134 -0 .144 -0.156 
1 0.042 0.067 0.088 0.118 0.137 0.161 0.193 0.230 0.268 0.300 
2 0.040 0.067 0.090 0.127 0.154 0 .183 0.217 0 .253 0.287 0.322 
3 0.029 0.065 0.100 0 .136 0.170 0.199 0.235 0.275 0.311 0.349 
4 0.041 0.073 0.101 0 .143 0.173 0.200 0.233 0 .273 0 .312 0.350 
5 0 .048 0.087 0.124 0.162 0 , 189 0 .225 0.262 0 .299 0.334 0.368 
6 0.020 0.056 0.095 0.128 0.156 0 .196 0 ,233 0.268 0.304 0.339 
7 0.025 0.054 0,080 0 .111 0.138 0.168 0.197 0.226 0.253 0.275 
ea 0.002 -0.003 0.009 0.013 0 .008 0.008 0.011 0 .011 0 .009 0 .012 

Loading rate, lb/ sec 6,900 14,600 21,850 28,250 32, 150 35,700 36,300 36,100 34, 100 31,250 
Rod displacem cr1t, mil 0.989 1.737 2.445 3.112 3 .736 4 .333 4.924 5.495 6.041 6.570 
Circumferential Slrainb, mil/in. 0.014 0.029 0.045 0.061 0.076 0.092 0 .108 0.125 0.141 0.157 
Vertical stratnb, mil/in . -0.032 -0.066 -0 .099 -0.134 -0.167 -0 .201 -0 .235 -0 .269 -0.303 -0.336 

aDlsplacement shown for z = 0 in. and z = 8 in_ is the displacement for the top loading plate and triaxial cell base respectively. 
bMr.a1ured by strain gig<!. 
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tables, the motions of the top loading plate and the base of the triaxial cell are shown 
at z equal to O and 8 in. respectively. The circumferential and vertical strains mea
sured with the strain gages are also given. The data in these tables represent two tests 
that differ only in the loading rates that were used for testing. 

Plots of vertical and radial displacements versus z from the two tests are shown in 
Figures 14 and 15. From these curves vertical and circumferential strains were com
puted. The vertical strain, Ez, was taken as the slope of the w versus z curves, and 
the circumferential strain, Ee, as the radial displacement, u, divided by the original 
radius of the specimen. 

Plots of load versus vertical strain for the two tests are shown in Figures 16 and 1 7. 
The strains given are as follows: 

1. Change in specimen height measured by the rod displacement, divided by the 
specimen height; 

2. Change in specimen height measured by the difference in the vertical displace
ment of the top loading plate and the base of the triaxial cell, divided by the specimen 
height; 

3. The vertical strain computed from the tracker data-the slope of thew versus z 
curves (Figs. 14 and 15); and 

4. Direct strain-gage measurement. 

From Figures 16 and 1 7 it is clear that the determination of vertical strain is highly 
dependent on the measurement method used. The vertical strain indicated by the track
er, believed to be the actual strain in the boundary of the specimen, is less than that 
computed from the loading-rod displacement. It is also less than that computed from 
the difference in the vertical displacement of the top loading plate and the base of the 
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Figure 14. Test 5-vertical displacement, w, and 
radial displacement, u, versus z (fast loading rate). 
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Figure 15. Test 6-vertical displacement, w, and 
radial displacement, u, versus z (slow loading rate). 
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Figure 16. Test 5-load versus comparative vertical 
strains computed from (a) rod displacement, (b) 
relative motion of loading plates, (c) w versus z 
curves, and (d) direct strain-gage measurements. 
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Figure 17. Test 6-load versus comparative vertical 
strains computed from (a) rod displacement, (b) 
relative motion of loading plates, (c) w versus z 
curves, and (d) direct strain-gage measurements. 

triaxial cell. These disparities must be caused by strains resulting from the seating 
of the loading rod, top plate, and specimen ends. It is also clear that the strains mea
sured with the tracker are about 2 5 to 30 percent higher than those measured with the 
strain gages. 

A difference of this magnitude is attributable to the reinforcement effect of the strain 
gages when used on low-modulus materials. Effective gage factors were reported (3) 
to differ less than one percent from the manufacturer's gage factor for conventionaC 
gages attached to material of modulus 106 psi, but to become 5 to 15 percent less when 
attached to materials of modulus 6. 5 + 10 5 psi. Accordingly, it appears reasonable to 
expect 25 to 30 percent lower than the normal gage factor on a material whose modulus 
is 3.5 + 105 psi. Thus, it is concluded that serious errors can be incurred with low-

TABLE 5 

COMPARATIVE STRAINS AT SPECIMEN MID-HEIGHT 

Test 
No. 

5 

6 

Load 
(lb) 

400 
800 

1,200 
1,600 
2,000 

400 
800 

1,200 
1,600 
2,000 

'z (mil) 

w vs z strain 
Curves Gage 

-0.089 -0.066 
-0.171 -0.137 
-0.254 -0.205 
-0.341 -0.279 
-0.452 -0.351 

-0.079 -0.066 
-0.164 -0.134 
-0.254 -0.201 
-0.341 -0.269 
-0.425 -0.336 

,
9 

(mil/in.) 

u vs z Strain 
Curves Gage 

0.037 0.026 
0.074 0.055 
0 .110 0.083 
0.146 0.113 
0.180 0.144 

0.040 0.029 
0.077 0.061 
0.108 0.092 
0.143 0.125 
0.182 0.157 

modulus materials through the use of con
ventional strain gages that are not subject 
to direct calibration procedures. 

TABLE 6 

COMPARATIVE DETERMINATIONS OF 
ELASTIC MODULI 

Elastic Moduli (psi) 
Method of strain Measurement 

Test 5 Test 6 

Rod displacement 210,000 210,000 
Relative plate motion 310,000 325,000 
w versus z curves 355,000 365,000 
Strain gages 450,000 470,000 
Manufacturers' average valuea 345,000 

•5ee Modern Plastics Encyclopedia (2.) 
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Table 5 contains comparisons of strain determinations at mid-height made from 
tracker data-wand u versus z curves-with those from direct strain-gage measure
ments . Again it is clear that the strain-gage determinations are about 2 5 percent low. 
Table 6 contains comparisons of elastic moduli computed from the slopes of the lines 
in Figures 16 and 1 7. 

CONCLUSIONS 

Listed in the following are the more significant conclusions that were reached as a 
result of the development and evaluation of the measurement system described in this 
report. 

1. Vertical displacement of the loading rod or of the end plates is always greater 
than the test specimen deformation. 

2. General purpose foil-strain gages, when used on low-modulus materials, intro
duce errors by effectively reinforcing the specimen in the region of gage attachment. 

3. Tracker data appear to represent more reliably the deformation of low-modulus 
test specimens than any other method known to the authors. 

4. Measurements made with the tracker are adversely affected by the inability to 
achieve axially symmetrical specimens and load distribution. The average of observa
tions made on opposite sides of a test specimen is believed to approximate an axially 
symmetrical case. 
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Minimizing Errors in Gamma-Ray 
Surf ace-Type Density Gages: 
Existing Gages and New Design Concepts 
WILLIAM L. DUNN and FRANK H. McOOUGALL, North Carolina State University 

Backscatter-type nuclear density gages have been in existence for many 
years. They have been slow in gaining widespread commercial accept
ance because the question of their accuracy has not been satisfactorily re
solved. The work to date on identifying, measuring, and minimizing 
gage errors is reviewed, and suggestions for improving gage accuracy 
on present-generation commercial gages are included. 

The dual-gage principle offers much promise for the improvement of 
the performance of these gages. Optimum dual-gage systems are being 
designed on the basis of maximizing a quality factor that is a function of 
all the gage errors and the measurement volume. Two prototype gages 
have been constructed to aid in this evaluation: one using Geiger-Mliller
type detectors, and the other a Nal(Tl) crystal detector. Results from 
initial testing of both of these systems are presented and indicate that a 
significant improvement in accuracy is possible. 

•THIS PAPER summarizes the present capabilities of gamma-ray surface-type den
sity gages, discusses techniques that may be applied to existing gages to obtain the 
best possible performance, and proposes some new design concepts for developing 
more accurate and efficient gages. 

HISTORY OF NUCLEAR DENSITY GAGE EVALUATIONS 

Since about 1959, nuclear density devices have been available commercially for use 
by state highway departments and by others interested in measuring soil and aggregate 
densities. The Virginia Correlation and Conference was held in July 1965 to correlate 
these devices for variations in measurements among different gages (1). In April 1969, 
the North Carolina State University Nuclear Soil Gauge Workshop-Symposium (re
ferred to as the NCSU Workshop) was held to present methods of improving nuclear
gage calibration techniques (2). Each of these conferences reported certain gage er
rors and provided information leading to the sources of these errors. 

The most significant result of the Virginia Correlation and Conference was the evi
dence showing high sensitivity of density gages to soil composition variations. Stan
dard errors were reported for backscatter and direct transmission gages based on 
least squares fits to straight-line density versus response relationships (1). For 
backscatter-type gages the average standard error was reported as ±11.0pcf, and for 
transmission-type gages the average standard error reported was ±7. 53 pcf. It was 
concluded that the magnitudes of these errors were large enough to warrant further 
research to reduce them to acceptable levels. 

By the time the NCSU Workshop took place, some improvements in commercial 
gages had been successful in reducing the composition errors reported at the Virginia 

Paper sponsored by Committee on Nuclear Principles and Applications and presented at the 49th Annual 
Meeting. 
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Conference; moreover, the NCSU Work
shop demonstrated the dual-gage air-gap 
technique that minimizes composition 
error so that it is no longer of primary 
concern. The results of the NCSU 
Workshop show that, based on devia
tions from the actual densities of four 
optimum laboratory standards (3), the 
average standard error, or averag e dif
ference between measured and actual 
densities, for backscatter gages was 
±3.81 pcf and for direct transmission 
gages was ±2.60 pcf. However , the 
average standard deviations, or average 
differences in readings among individ
ual gages from their average readings, 
remained essentially the same for the 

TABLE 1 

HISTORY OF DENSITY GAGE ERRORS 

Error 
Definition a 

Average standard error, 
backscatter gages 

Average standard error1 

transm ission gages 
Average standard deviation, 

backscatter gages 
Average standard deviation, 

transmission gages 

Virginia 
Conference 

±11.0b 

• 7. 53c 

2 .0b 

3.lc 

a All errors are measured in pounds per cubic foot (pcf) 
bTwentv-nine gages were used to determine these results. 
cEleven QafJDS we re used to drtli&rm ine these result s 
d Four 91196' were used to douumYne thew· results. 
er wo gages were used to determine these resu lts , 
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NCSU 
Workshop 

±3.Bld 

±2.60e 

2.29d 

3.!Be 

NCSU Workshop as the readings for the Virginia Conference. Table 1 presents a break
down of the errors discussed for both of these conferences. 

One density-gage error, the surface-effect or surface-roughness error, which was 
recognized as existing in surface gages prior to both conferences, was discussed and 
studied during the NCSU Workshop. When compared to the present status of other er
rors, the magnitude of this error often looms as the largest and the most difficult to 
define or measure. 

MATHEMATICAL MODELING OF NUCLEAR DENSITY GAGES 

Previous research sponsored by the Highway Research Board has r e sulted in the 
formulation of mathematical models for nuclear density gages. One of these calibra
tion models for backscatter gages is used in this study as the basis for defining gage 
errors and for presenting a dual-gage technique for minimizing these errors. The 
model was taken from a report by Gardner and Roberts ~) and is presented here as 

R = c 10a + bC + cP (1) 

where R is the gage response; C and P are the Compton and photoelectric interaction 
probabilities respectively; and a, b, and c are model constants determined for each 
gage configuration by a least squares analysis of data taken on calibration standards. 
The Compton interaction probability, C, is directly proportional to density and only 
very slightly dependent on chemical composition, whereas the photoelectric interaction 
probability, P, is directly proportional to density and is strongly composition
dependent. These parameters are defined as follows: 

C 

p 
n Z 5 '°' wi i p LJ --

i = 1 Ai 

where p is the soil density, Wi, Zi, and Ai are the weight fraction, atomic number, 
and atomic weight respectively of element i, and n is the number of elements. 

(2) 

(3) 

In this model, the density dependence and the composition dependence of nuclear 
density gages are effectively separated. This fact leads directly to formulation of a 
dual-gage principle for solving two calibration models simultaneously for p while elim
inating P and thus minimizing the dependence on composition. The mathematics of 
such dual-gage solutions for density are discussed elsewhere ~ ). 
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DISCUSSION OF GAGE ERRORS 

Nuclear density gages offer some obvious advantages over their non-nuclear coun
terparts. These advantages include speed of measurement, ease of measurement, 
reproducibility, and, in the case of backscatter gages, nondestructiveness. Errors 
in nuclear density measurements caused by (a) the inherent uncertainties in counting 
rate measurements, (b) the effect of variations in composition among different soils, 
and (c) the effect of rough and irregular soil surfaces have been identified, defined, 
and studied in a National Cooperative Highway Research Program project. In this 
section these errors will be discussed individually and a means of combining them in
to a quality factor, by which gages can be compared, will be presented. 

Counting Rate Measurement Error 

A series approximation for the logarithm of density may be used to obtain a qua
dratic equation either for a single gage or for a dual gage using two calibration models 
(!). This equation is of the form 

Ap 2 + Bp + C = 0 (4) 

where p is density and A, B, and C are functions of the model constants and of the gage 
response(s) and are given by Gardner et al. (4) for a dual-gage combination. Equation 
4 can be solved for density to yield -

-B ± (B 2 
- 4AC)-½ 

p = 2A (5) 

The statistical nature of radiation counting places an uncertainty on each gage re
sponse, R, which is denoted by a(R). The propogation of these uncertainties results 
in an uncertainty in the value of density obtained from the responses. A measure of 
this uncertainty is given by the counting rate measurement error, defined as 

(6) 

where n is one for a single gage and two for a dual gage, and ap/aRi is calculated from 
Eq. 5, that is 

Response, R, is usually defined by 

2B(oB/oRi) - 4A(oC /oRi)] 

(B 2 
- 4Ac//2 

R = ~ 
r 

(7) 

(8) 

where r is the measured counting rate on the sample to be tested and f is a measured 
counting rate on a reference sample. The use of this ratio response is designed to 
minimize system instabilities, which should affect both counting rates in the same 
manner. Thus r and f are not truly independent and in the region r, r '? 10,000 total 
counts; where a(r) ~ 0.0lr, it is assumed that, in Eq. 6, 

a(Ri) = 0.01 Ri (9) 

Thus, the counting rate measurement error is an indication of how sensitive a gage is 
to normal fluctuations in measured responses. 
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Composition Error 

Gardner and Roberts (3) presented the argument, called the dual-gage principle, 
that if two gage calibration mode ls were solved simultaneously for density, while elim
inating the term P, the composition dependence should be reduced. If f,, represents 
the dens ity of sample i determined by the dual -gage principle and if Pi r epresents the 
actual density of sample i, then a composition error, crc(P), can be defined as 

(10) 

where m is the number of samples ~ 4. Therefore, this error is a measure of how 
sensitive a dual gage is to variations in sample composition and/or how well the model 
fits the actual responses . This error is also a standard error if the samples chosen 
are representative of the standard deviations of density and composition variations 
found in soils and if the approximation that density and composition can be assumed 
linear functions of gage response can be made. 

The photoelectric absorption interaction probability is strongly energy-dependent, 
becoming negligible near 0.2 MeV for most materials. The Compton scattering inter
action probability is only slightly energy-dependent for gammas of less than 0.2 MeV. 
Because of this physical situation, it is believed that it is possible to reduce composi
tion error significantly by energy discrimination (6) . Energy discrimination may be 
performed in two major ways. With a gamma-ray-spectrometry system, those pulses 
(responses from detected gammas) falling below the voltage corresponding to the energy 
discrimination level are neglected, and the remaining response is used as the response 
to determine density. With a GM tube system, energy discrimination may be performed 
using energy filters, such as iron sheets, wrapped around the GM tube. Such filters, 
which are carefully selected, will absorb essentially all of the gamma rays below the 
desired energy level. 

Energy discrimination may have one distinct disadvantage ; it may increase the 
surface-effect error. Because low energies will be discriminated out, the effective 
sample depth will be decreased because most low energy gammas come from greater 
depths in the soil. The decrease in effective sample depth may tend to increase surface
effect error as will be indicated in a later section. Results of current research indi
cate that the magnitude of this increase in surface-effect error offsets the advantage 
of discrimination against low energies. 

Surface-Effect Error 

Rough, warped, or irregular soil surfaces provide poor seating for a gage , and this 
introduces the surface-effect error. It is impractical to attempt to reproduce every 
type of surface condition that is likely to be encountered and to somehow measure er
rors caused by each of these, but it is possible to simulate a surface-effect error by 
calculating the difference between a density measurement, f,, taken flush on a smooth 
sample surface and a measurement, p', taken at some small distance, h, above the 
sample surface . Thus a surface-effect error is defined as 

Ese = \p - t>'(h) \ (11) 

where his arbitrarily taken as 1/is in. This surface-effect error gives an indication of 
how sensitive a gage is to the irregularities of soil surfaces. 

One possibility that is being evaluated for reducing the surface-effect error is colli
mation of source and detector and angle of incidence of the collimators into the sample. 
By collimation is meant the use of lead (or other) shielding to exclude all gamma rays 
except those leaving the source or approaching the detector along a particular path of 
fixed dimensions. 

In a physical sense, the surface-effect error can be thought of as being caused by 
small heterogeneities or density differences at the sample surface. Therefore , colli-
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mation is used to increase the effective sample depth to minimize the surface hetero
geneity and to attempt to "see" more of the gamma rays from far below than from near 
the surface. It is significant to note that in order to get a representative density mea
surement for the soil sample one would want the gamma rays to reach, and be detected 
from, all portions of the sample and, therefore, effectively carry more information 
about the density. 

A .Quality Factor Technique for Combining Gage Errors 

Combining all of the major gage errors into one representative error is difficult be
cause composition and counting rate measurement errors are normally distributed but 
surface-effect error is not. The authors have developed a quality factor that is a num
ber describing, by its magnitude, the quality of a gage in terms of the three major gage 
errors and the measurement volume. A combined normal error , crn(p), is defined as 

(12) 

The total error, Et, is defined here as 

(13) 

If we define the level, L, as the lowest probable total error and the range, D, as the 
difference between the lowest and highest probable total errors we have 

(14) 

(15) 

From the report by Gardner and Roberts ~), an effective sample depth, x, was defined 
as 

X 
1 
k (16) 

where K is a constant determined from a least squares fit to response versus sample 
depth data for a particular gage . A volume factor, V, is then defined as 

(17) 

where w is the effective sample width measured (usually taken as 4 in.), d is source
detector separation, and 288 is an arbitrarily selected maximum effective sample vol
ume measured in cubic inches. 

We can now define the quality factor, QF, as 

(18) 

where the positive sign is taken when Lis positive and the negative sign when Lis nega
tive. The factor 2 in Eq. 18 is used to normalize the equality factor to 1.0 for a gage 
having V = 1.0, Es = 1 pcf, and an(p) = 1 pcf. 

Finally, it shoufd be noted that the quality factor is not strictly a combined error, 
but a figure of merit for selecting among gages based on their accuracy and measure
ment volume (the gage with the highest quality factor is the preferred gage). The def
inition of the quality factor represents an initial attempt to combine gage errors; there
fore, it may be subject to some refinement after it has been tested more extensively. 
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OPTIMUM USE OF EXISTING GAGES 

General Practices 

There are several techniques that may be employed to reduce the errors in existing 
gages. Some of these are already in common practice, but will be included here for 
completeness. 

It is considered good engineering practice to account for any drifts or instabilities 
in counting rate measurements by defining the gage response as the ratio of a test count 
to a standard count. Changes that might occur in the equipment or the electronics or 
any decrease in source intensity with time, for the most part, should affect the stan
dard count in the same proportion as the test count so that the ratio of the two will not 
change. Most commercial gages are accompanied by reference standards on which 
standard counts should be taken relatively often. 

If the mathematical model (Eq. 1) is used to calibrate a gage, some improvement of 
model fit may be possible if background is removed from the total count response. 
This is evident when it is realized that the model gives zero response for zero density, 
a condition that can be met experimentally only if net counts are used to define the 
gage response. 

A practice that minimizes surface-effect error is that of preparing the soil surface 
so that it is as smooth as possible and free of extraneous material. Similarly, the bot
tom of the gage should be kept clean and undamaged. 

The significance of using proper calibration standards cannot be over-emphasized. 
The choice of calibration standards should be based on the optimum box concept (3), 
that is, the minimum number of standards that covers the full range of all the impor
tant variables. The variables of significance for density gage standards are density 
and chemical composition. 

Dual-Gage Air-Gap Nomograph Calibration 

Results of the NCSU Workshop indicate that the best calibration technique applied 
to backscatter-type commercial gages to date is the dual-gage air-gap nomograph cali
bration (2). This calibration technique, when applied to a set of optimum laboratory 
standards, almost totally eliminates the composition error. The mathematics of the 
dual-gage principle and the least squares fit required for the nomograph calculation 
can be found elsewhere (2, 3, 4). The experimental procedure requires flush and air
gap gage readings on each of four laboratory standards; further improvement of the 
technique is possible using an optimum air gap. 

Results of NCSU Workshop evaluations indicate that direct transmission-type gages 
are more accurate than present backscatter gages, showing smaller surface-effect and 
composition errors (2). However, application of the dual-gage air-gap nomograph cali
bration makes backscatter gages more competitive with transmission gages because of 
a reduction in composition error. For direct transmission gages significant improve
ment in errors is not likely, but for backscatter gages there is room for further im
provement by using the dual-gage principle. 

An Optimum Air-Gap De termination 

Air-gap measurements are now often used with backscatter gages. The present 
method (4) of determining the air-gap height to be used is based on minimizing the com
position error. A better method would be to find the optimum air-gap height on the 
basis of quality factor; an evaluation of such a method follows. 

The data used to perform this optimum air-gap study were taken from the model by 
Gardner et al. (4) and consisted of responses taken on each of four blocks "with a Troxler 
nuclear density -gage at ¼ inch intervals from a flush position on the blocks to a total 
gap distance of 3 inches." The four blocks used were tufa, chalk, limestone, and gran
ite, all representative of the range of densities and compositions in highway soils. The 
study was conducted in the following manner: 
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TABLE 2 

QUALITY FACTORS FOR EACH DUAL-GAGE AIR-GAP COMBINATION 

Dual-Gage 
Air-Gap 

Combination 
(in .) 

0 and 1/, 
0 and½ 
0 and'/., 
0 and 1 
0 and 1 '/ , 
0 and 1 '/, 
0 and 1'/, 
0 and 2 
0 and 2'/., 
0 and 2'/, 
0 and 2'/, 

Tufa 

0.1315 
0.2094 
0.2554 
0.3026 

_a 
_a 

0.4180 
0.4445 
0.4596 
0.4414 
0.4576 

Chalk 

0.1294 
0.1842 
0.2064 
0.2199 
0.2817 
0 .3155 
0.3396 
0.3639 
0.3752 
0.3634 
0.4133 

Quality Factors 

Lime • 
stone 

0.1467 
0.2175 
0.2260 
0.2435 
0.2922 
0.3159 
0.3342 
0.3505 
0.3596 
0.3468 

a 

Granite 

0.1533 
0.2002 
0.2603 
0.2910 
0.3202 
0.3285 
0.3356 
0.3305 
0.3367 
0.3451 
0.3264 

Average 

0.1402 
0.2028 
0.2370 
0 .2643 

0.3568 
0.3724 
0.3828 
0.3742 

aone of the gage responses was larger than the corresponding maximum response of the calibration 
model and, thus, no solution for density using the calibration model was available . 

1. Model constants for each 
air-gap height from O to 2. 75 
in. were determined based on 
the calibration model (Eq. 1). 

2. The calibration model 
for the flush gage was used 
with the models of each air 
gap gage to form 11 different 
dual-gage combinations. 

3. The quality factor for 
each dual-gage combination 
was determined for each of the 
four standard blocks. 

4. The quality factors were 
averaged over the four blocks. 

The results of this study are 
given in Table 2 where the qual
ity factors for all dual-gage 

combinations are given. To determine optimum air-gap height, the average quality 
factors were used because, in general field work, soils of various densities and com
positions will be tested. The maximum average quality factor, 0.3828, is associated 
with the optimum air-gap height, 2¼ in. 

Commercial Gage Combinations 

In a further effort to illustrate how existing gages can be used in an optimum man
ner, the results of a limited study of commercial gages in dual-gage combinations are 
now presented. Data to determine gage errors on a pyrex sample were taken for each 
of four commercial gages at the NCSU Workshop. Table 3 gives the surface-effect 
errors calculated for each single gage, for each air-gap dual gage, and for all possible 
combinations of the individual gages. It is obvious from the table that the dual-gage 
surface-effect errors are smaller than the corresponding single-gage surface-effect 
errors in every case except one (B and C ). 

The four commercial gages can be arranged into six different dual-gage combina
tions. These six combinations are compared on the basis of their gage errors and 
their quality factors in Table 4. It is notable that the quality factor for one of these 
dual-gage combinations, A and C, is comparable to those given in Table 2 for air-gap 
dual gages. Thus, possibly a good way to use existing gages is to use two different 
commercial gages as a dual-gage system, thus utilizing the dual-gage principle (1, i). 

NEW DESIGN CONCEPTS 

New design concepts are being consid
ered for improving gage errors and ver
satility. It is hoped that from these con
cepts will emerge a new generation of 
nuclear backscatter density gages. Two 
prototype gages have been constructed: 
one containing Geiger-Muller (GM) tube 
detectors and the other containing a 
Nal(Tl) crystal detection system capable 
of energy discrimination. The GM tube 
system is more suited to routine field 
work, whereas the Na! system is research
oriented to give insight to the understand
ing and evaluation of gage errors. 

The calibration standards used cur
rently by the authors in their research are 

TABLE 3 

SINGLE- AND DUAL-GAGE SURFACE-EFFECT ERRORS 
FOR COMMERCIAL GAGES 

Gage or Gage Combinations 

A 
B 
C 
D 
A with air gap 
B with air gap 
C with air gap 
D with air gap 
A and B 
A and C 
A and D 
Band C 
Band D 
C and D 

Surface-Effect Error, E8 e 
(pcf) 

12.2 
13.0 

6.7 
12.3 
8.5 

12.5 
6.1 

11.7 
3.6 
1.1 
3.1 

10.8 
2.5 
4.5 



magnesium, chalk, limestone, and alu
minum. These particular standards are 
18 by 18 by 6 in. except for limestone, 
which is 17by 14by 9 in. These dimen
sions have been shown to be effectively 
infinite volumes for the usual ranges of 
gage design parameters. By closely ap
proximating the box concept, these stan
dards represent an improvement over 
most of the standards currently in use (1), 

Geiger-Miiller Tube Detection System 

Research is being conducted using a 
gage, as shown in Figure 1, in which the 
following parameters can be varied: 

TABLE 4 

EVALUATION OF COMMERCIAL DUAL-GAGE 
COMBINATIONS 

Dual-Gage Ese "n(P) VFa 
Combination (pcf) (pcf) 

A and B 3.55 5.87 1.0 
A and C 1.06 3.18 1.0 
A and D 3.06 4.88 1.0 
Band C 10.84 9.85 1.0 
Band D 2.49 5.87 1.0 
C and D 4.47 6.68 1.0 
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QF 

0.1738 
0.3335 
0 .2086 
0.0546 
0 .1779 
0.1518 

avolume factor taken as 1.0 because no data were available to determine effec-
tive ~mple volumes, 

gamma-ray source energy, E; detector efficiency as a function of energy, E(E); source
detector separation, d; and source collimation length, s. The GM tube detector is 
well suited for use in commercial gages because of its ruggedness, stability, and low 
cost. The study of this prototype gage is concerned with varying these gage param
eters to observe their effects on gage errors and measurement volume, and to find an 
optimum dual gage on the basis of maximum quality factor and feasibility of commer
cial production and use. 

Three different gamma-ray sources are being studied at present: Ba-133, Cs-137, 
and Co-60 with low, medium, and high gamma-ray energies respectively. The sources 
are easily interchanged so that only one source is contained in the gage during gage op
eration. A 3/is-in. diameter by 2-in. long hole from the source to the gage bottom is 
used for collimation as shown in Figure 1. The collimation is normal to the sample 
surface. GM tube efficiency, dE), depends on the tube-wall material and thickness 
as well as on the gamma-ray energy to be detected. This is a more complex param
eter than the others because detector efficiency is, in general, a complicated function 
of energy. Any GM detector has an efficiency spectrum and it is actually this spectrum 
that is being studied. By using GM tubes of different wall materials and/or thicknesses, 
one can vary the efficiency for detecting high- and low-energy gamma rays. At pres
ent, three GM tubes are being used in this study and they are denoted by the numbers 
1, 3, and 4. Tubes 1 and 3 have similar de tection efficiency spectra, but tube 4 is 
coated on its inner wall with platinum to increase its low-energy efficiency. The pos
sibility of shielding either tube 1 or tube 3 with a high-atomic-number material to de
crease its low-energy efficiency is being investigated, and a Monte Carlo computer 
code to calculate GM tube efficiency spectra as a function of energy is being prepared. 
The distance between the source and the detector is adjustable from 4 to 12 in. 

t-4" ---1 

T 
4" I- 2" -I 

3/4"T • source 
detector ii l" 

,~ d ~ 
Figure 1. Geiger-Muller tube prototype gage. 
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TABLE 5 

TEN BEST DUAL-GAGE COMBINATIONS OBTAINED IN INITIAL 
EXPERIMENTAL PROGRAM WITH GM TUBE PROTOTYPE GAGE 

Gage 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Dual-Gage 
Combination 

C060104-C060043 
C060104.- C 137043 
C060104-C060043a 
C060104-C137041 
C 137084-C060043 
C060104-C060044 
C137084-C060043b 
C060104-B 133044 
C137084-C137043 
C137083-C060043a 

Ese 

0 .23 
0.19 
1.92 
1.02 
0 .20 
0.11 
0.42 
0.39 
0.32 
2.16 

0 .99 
1.05 
0.89 
1.05 
1.21 
1.25 
1.17 
1.19 
1.23 
0 .99 

VF 

0 .94 
0.95 
0. 94 
0 .9 5 
0 .94 
0.95 
0.94 
0.95 
0.94 
0 .94 

QF 

1.03 
0.99 
0 .92 
0.90 
0 .85 
0 .85 
0.85 
0 .85 
0 .83 
0.82 

aJhe source collimation length for the second configuration was 11/e in. instead of S/e in. , as for 
all other configur tions. 

boata for the conft9uration C060043 were taken twice and these results are for the second set 
of data , 

A gage configuration will con
sist of any single combination of 
the four gage parameters, and 
a dual gage will refer to any com
bination of two gage configura
tions. A seven-character nota
tion will be used to describe a 
configuration, the first four 
characters specifying the source, 
the next two characters the 
source-detector separation, and 
the last character the GM tube 
used. Thus C 137083 is the nota
tion describing the configuration 
consisting of the Cs-137 source 
and tube 3, separated from each 
other by 8 in. A source colli
mation length of 5/s in. has been 

used for all configurations in this initial experimental program. 
To determine an optimum dual-gage design from the prototype system, an initial 

experimental program was undertaken in which 23 separate gage configurations were 
tested. These were then paired into their 253 possible dual-gage combinations, and 
the three gage errors, the measurement volumes, and the quality factors for all dual 
gages were calculated. This section will be devoted mainly to a discussion of the re
sults of this initial experimental program. 

On the basis of maximum quality factor, the ten best dual gages, out of the 253 pos
sible , ar e given in Table 5. Of these, six can be eliminated from fur ther cons idera
tion (gages 2, 4, 5, 7, 8, and 10) because they involve the use of two sources and it 
would require excessive expense and shielding to produce them commercially. 

As can be seen from the table, the quality factor is controlled more by the com
bined normal error, O-n(P), than by the surface-effect error, Ese· Thus, for instance, 
the gage with Et = 1.92 ± 0.89 pcf (No. 3) is chosen over the gage with Et = 0.32 ± 1.23 
pcf (No. 9). One reason for this is that for a given gage, the surface-effect error may 
be reduced by proper care of the soil surfaces, whereas the other errors are functions 
of the gage parameters and are, therefore , not reducible. Also, there is probably 
more error in the determination of surface -- effect error (because of the necessity to 
interpolate the gage response at 1/rn in.) than in the determination of combined normal 
error, and thus surface-effect error is used mainly to indicate relative sensitivity of 
gages to surface roughness. 

Several trends have been noticed in reviewing the results of this initial experimental 
program. 

1. The ten best dual gages all had one small source-detector separation (4 or 5 in.) 
and one large source-detector separation (8, 9, or 10 in.) indicating that the optimum 
use of the dual-gage principle probably involves the us.e of two substantially different 
source-detector separations. 

2. Generally, the lower the source energy, the greater the effective sample depth; 
however, the use of one source energy in place of another produces no consistent large
scale improvements in quality factor. 

3. The combinations of detectors most often found in the better dual gages are 1 
an_d 4 or 3 and 4. Tubes 1 and 3 have markedly different low-energy efficiencies from 
tube 4, and thus indications are that the optimum use of two detectors would involve 
ones having different low- and high-energy efficiency spectra. 

A comparison of the results based on these new designs with similar results for 
existing commercial gages will indicate the magnitudes of the improvements being 
made in gage accuracy. For example four commercial gages were tested for the NCSU 
Workshop (2) on the same test samples as the GM tube prototype gage. Gage errors 
and quality factors are given for combinations of these gages in Table 4. Also, quality 
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factors for a commercial gage used as an air-gap dual gage are given in Table 2. The 
quality factors for the best commercial dual gages known to the authors are approxi
mately one third as large as the quality factor for gage No. 1 in Table 5. 

Gamma-Ray Spect.l'ometry Sys tem 

The use of a gamma-ray spectrometry system is an approach aimed at isolating the 
surface-effect error while minimizing the composition and counting rate measurement 
errors. Counting rate measurement error is minimized by minimizing the terms 
op/ 3Ri and a(Ri) in Eq. 6. Composition error is reduced by use of energy discrimina
tion, made possible by use of spectrometry. The electronic system used to find an 
optimum discriminator level and to c~librate each gage configuration consists of a 
small Nal(Tl) crystal coupled with a photomultiplier and a 512-channel pulse-height 
analyzer. This system is shown in Figure 2. The detector has the capability of pro
ducing a pulse that is proportional to the energy lost by the photon being detected . The 
pulse-height analyzer can sort the pulses into channels of a certain energy range. 

The prototype gage, shown in Figure 3, was designed to provide a low background 
to total response ratio and as many variable gage parameters as possible. The pos
sible gage configurations include combinations of different source energies, source
detector separations, source and detector collimation angles , and air-gap hei ghts 
when desired. The detector collimator is 1 in. in diameter and 1½ in. long; the 
source collimator is 3/i6 in. in diameter and 1 ½ in. long. A gage configuration may 
be defined with a specific discrimination level. 

The spectrometry system in its prototype form is not practical for field work in the 
manner currently employed by portable gages because the Nal detector is not suffi
ciently rugged and the associated electronics are expensive and susceptible to changes 
in ambient conditions. However, the system can be used in carefully controlled con
ditions or in nonportable units. The possibility of the use of such a system depends on 
the demand for the accuracy that it provides. 

The number of dual-gage possibilities for this particular system is too large to pos
sibly give complete treatment to all of them. Therefore, means of reducing the num
ber of combinations have been devised. A pilot gr oup of five single gages was evalu
ated and single- and dual-gage quality factors were obtained. The results of the study 
are given in Table 6. 

The most significant r es ult of the pilot group ene rgy dis crilnination analysis sum
marized in Table 7 was that, in every gage evalua ted, ener gy discrimination reduced 
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Figure 2. Electronic system for gamma-ray spectrometry system. 
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Figure 3. Prototype gage for gamma-ray spectrometry system. 

TABLE 6 

PILOT GROUP NO . 2, SINGLE-GAGE CONFIGURATIONS 

Gage Source Detector Source-Detector Source Angle Angle Separation No. (deg) (deg) (in.) Type 

1 45 45 4.00 Cs-137 
2 30 45 4.50 Cs-137 
3 15 15 4.75 Cs-137 
4 30 15 5.50 Cs-137 
5 45 45 6.00 Cs-137 

TABLE 7 

PILOT GROUP NO . 2, BEST SINGLE-GAGE RESULTS 

Measured Quantity 2 3 4 

Lowest surface error 11. 5a 6 . 8 2 . 5 3. 3 
Energy range o-0ob 0-80 0-110 0-11'0 

Lowest combined normal error o. 7 1. 2 0.8 1. 1 
Energy range 150-290 90-290 0-210 150-1000 

Lowest counting rate measure-
ment error 2. 3 1. 5 1. 4 1. 5 

Energy range 150-290 150-290 150-290 150-290 

Best effective sample depth 3. 4C 3. 7 5. 9 5. 9 
Energy range 0-90 0-90 0-90 0-80 

Be st qua Ii ty factor 0.19 0.31 0.66 0.46 
Energy range 0-80 0-80 0-110 150-290 

aAII errors are measured in pcf. 
cEffective sample depth is measured in inches. 

bAII energy ranges are in keV (kilo electron volt) . 

4 

5 

6.1 
0-80 

0. 2 
150-290 

1.0 
150-290 

4. 7 
0-80 

0 . 36 
0-80 



each gage error, improved ef
fective sample depth, and greatly 
improved overall gage perfor
mance . When the values in Ta
ble 7 are compared to values 
obtained for the full energy range 
representing nondiscriminating 
existing gages, an improvement, 
usually a factor of two or more, 
is noted. Quality factor im
provements ranged from 10 to 
50 percent for four gages (the 
fifth gage was not evaluated in 
the full energy range). 

The medium energy range 
provides the best counting rate 
measurement errors because 
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TABLE 8 

PILOT GROUP NO. 2, BEST DUAL-GAGE COMBINATIONS 

Du:\I-Gngc 
Comblnauona 

1. lL and 5M 
2. 2F and 5F 
3. 2L and 5L 
4. 5F and lL 
5. 3M and 4M 
6. 2F and 5M 
7 . IL and 4M 

Surf.n.cc 
Er rorb 

4 .3 
0 .3 
1.5 
0.6 
2.7 
4 .8 
3.0 

Counting 
Rate 

Errorb 

1.3 
2 .2 
2.1 
2.3 
2.1 
1.5 
2.0 

Compos ition 
Errorb 

0.02 
0.61 
0 .05 
0 .26 
0. 58 
0 .19 
1.04 

Quality 
Factorb 

0.464 
0.451 
0.445 
0.437 
0.419 
0.412 
0.401 

aThe letter codes indicate the following energy ranges: L = 0 210 keV; M = 150-290 keV; 
H = 150-1000 ktN; and F = 0-1000 keV. The number indicates the single gage defined in 
Table 6. 

bAII errors are measured in pcf, 

the slope of the calibration curve is steepest. X-ray contributions at the low energy 
end and direct transmission gamma rays at the high energy end tend to flatten the slope. 
The low energy range clearly yields the best results for effective sample depths and 
surface-effect errors in accordance with concepts discussed in the section on surface
effect error. The most surprising result is that composition error, which includes 
some statistical fluctuations and model-fit error, is lowest in the high-energy region 
for only one gage, which does not confirm the advantage of energy discrimination de
scribed in the section on composition error. The quality factor is best in the low en
ergy range for four out of five gages because of the strong combined effect of surface
effect error and effective sample depth. It appears from Table 7 that use of energy 
discrimination against high energies provides a significant improvement over use of 
the full energy range for this prototype gage system. 

The design parameter of collimation clearly improves effective sample depths and 
surface-effect errors. Three of the surface-effect errors from Table 7 are lower than 
the best commercial gage evaluation in Table 3. All of the effective sample depths 
from Table 7 are comparable to or higher than those evaluated by Gardner and 
Roberts (3). 

The dua l-gage results of Table 8 indicate that all of the gage errors have been re
duced to less than one pcf except for counting rate measurement error. The quality 
factors obtained are markedly better than those obtained by existing gages as given in 
Table 4. The use of energy discrimination is further supported because the best dual 
gage in Table 8 is one utilizing discrimination. 

Optimization of gage performance by the dual-gage principle combined with the new 
gage parameters of energy discrimination and collimation leads to a substantial reduc
tion of gage errors and improvement in overall gage performance. Use of the new de
sign parameters and only single -gage calibrations proved to provide the best perfor
mance, however, and provide indications of a promising outlook on further improvements. 

CONCLUSIONS 

Three density gage errors have been defined and combined into a quality factor tech
nique for evaluating gage performance . Methods to improve the accuracy of existing 
gages have been examined. However, the possibility exists that the application of 
these techniques will not sufficiently reduce all gage errors. 

It is apparent that a new generation of nuclear backscatter density gages with marked 
improvement in gage accuracy is possible. New applications for their use might also 
emerge, one being the measurement of iron content in a two-component system by re
versing the dual-gage process to solve for P, the composition parameter, while elimi
nating the density dependence. 

The significant result of the evaluations presented herein is that backscatter gages , 
already the most convenient density gages available , can also be made the most accurate 
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by the optimwn design of a dual-gage system. Dual-gage designs subject to surface
effect errors of 1 pcf or less and combined normal errors of 1 pcf or less should soon 
be available. 

Two gage systems have been reviewed and analyzed: one a fairly uncomplicated one, 
and the other more complex, yet more versatile. Of course, whenever possible, the 
simplest gage design will be preferred over any complex system unless the application 
for which the gage will be used requires accuracy or capabilities that only the complex 
system can provide. The user must eventually decide for himself what he will require, 
and it is highly probable that he will soon be able to obtain a gage that fits his practical 
needs and accuracy requirements. 
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