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(Referenced Document: ASTM D 2922)Determining the Density and Unit Weight of Soil in Place by Nuclear Methods

Introduction
As previously discussed in Chapter 13, after a fill layer of soil has been placed by the contractor, the compacted soil’s in-place dry unit weight must be determined to ascertain whether the maximum laboratory dry unit weight has been attained. If the maximum dry unit weight (or an acceptable percentage thereof) has not been attained, additional compaction is required.

The sand-cone and rubber-balloon methods for determining density and unit weight of soil in place were presented in Chapters 13 and 14, respectively. Although widely used, these are destructive testing methods, in that a sizable hole must be dug in the ground or compacted fill. They are also fairly time consuming, a significant factor when numerous tests must be performed as quickly as possible at a construction site.

A nondestructive and relatively quick method for determining density and unit weight of soil in place utilizes a nuclear apparatus (see Figure 15–1). This apparatus contains a radioactive source and a radiation detector.

The detailed test procedure for this method is described later in this chapter, but the basic premise of the test is that the nuclear apparatus, when placed on the ground or compacted fill, emits gamma rays through the soil. Some of the rays are absorbed; others reach the detector. The amount of radiation reaching the detector varies inversely with soil unit weight; thus, through proper calibration, nuclear count rates received at the detector can be translated into values of soil (wet) density/unit weight.

This method for determining in situ unit weight is known as “density of soil and soil-aggregate in-place by nuclear methods (shallow depth)” and is designated as ASTM D 2922.

There are several modes for measuring soil (wet) density by nuclear methods. One is the direct transmission method, where the gamma radiation source is placed at a known depth up to 12 in. (300 mm) while the detector or detectors remain on the surface (see Figure 15–2). Another mode is the backscatter method, in which both source and detector(s) remain on the surface (see Figure 15–2).



Nuclear gage containing a sealed source of high-energy gamma radiation and a gamma detector (see Figure 15–1)
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This test method presents serious potential hazards. As noted previously, the equipment used in the test contains radioactive material that may be hazardous to the user’s health. No one should approach this equipment or attempt to use it without proper training. Users should be thoroughly familiar with safety procedures and government regulations. Additionally, safety procedures, such as proper storage of the equipment, testing for leaks, and recording, evaluating, and monitoring personal radioactive badge data, should be routinely and rigorously followed. (Many states require certification of operators and periodic inspection of equipment.)


Ordinarily, manufacturers of the nuclear apparatus used in this test will provide applicable calibration curves or tables. These should be verified every year or so and after any significant equipment repairs. Results of rubber-balloon tests or sand-cone tests may be used as a basis for comparison. More specific calibration instructions are presented in ASTM D 2922 in its Annex.


(1) The chemical composition of the sample may affect the measurement, and adjustments may be necessary.

(2) The test methods exhibit spatial bias in that the instrument is more sensitive to the density of the material in close proximity to the surface (backscatter method only).

Note 1—The nuclear gage density measurements are somewhat biased to the surface layers of the soil being tested. This bias has largely been corrected out of the direct transmission method, and any remaining bias is insignificant. The backscatter method is still more sensitive to the material within the first several inches from the surface.

(3) Oversize rocks or large voids in the source-detector path may cause higher or lower density determination. Where lack of uniformity in the soil due to layering, rock, or voids is suspected, the test volume site should be dug up and visually examined to determine if the test material is representative of the full material in general and if rock correction [see (6) in the “Procedure” section] is required.

(4) The sample volume is approximately 0.0028 m3 (0.10 ft3) for the backscatter method and 0.0057 m3 (0.20 ft3) for the direct transmission method when the test depth is 15 cm (6 in.). The actual sample volume is indeterminate and varies with the apparatus and the density of the material. In general, the higher the density the smaller the volume.


(1) Nuclear gages are subject to long-term aging of the radioactive source, detectors, and electronic systems, which may change the relationship between count rate and material density. To offset this aging, the gage may be calibrated as the ratio of the measured count rate to a count rate made on a reference standard or to an air-gap count [for the backscatter air-gap technique, see (5.1.3) in the “Procedure” section]. The reference count rate should be of the same order of magnitude as the measured count rate over the useful density range of the instrument.

(2) Standardization of the gage shall be performed at the start of each day’s work, and a permanent record of these data shall be retained. Perform the standardization with the gage located at least 8 m (25 ft) away from other sources of radioactive material, and clear of large masses or other items which may affect the reference count rate.

(2.1) If recommended by the instrument manufacturer to provide more stable and consistent results: (1) turn on the gage prior to use to allow it to stabilize, (2) leave the power on during the use of the gage for that day.

(2.2) Using the reference standard, take at least four repetitive readings at the normal measurement period and determine the mean. If available on the gage, one measurement period of four or more times the normal period is acceptable. This constitutes one standardization check.

(2.3) If the value obtained above is within the limits stated below, the gage is considered to be in satisfactory condition, and the value may be used to determine the count ratios for the day of use. If the value is outside these limits, allow additional time for the gage to stabilize, make sure the area is clear of sources of interference, and then conduct another standardization check. If the second standardization check is within the limits, the gage may be used, but if it also fails the test, the gage shall be adjusted or repaired as recommended by the manufacturer. The limits are as follows:


|Ns 2 No| # 2.0 =No /F
(15–1)

where:


Ns 5 value of current standardization count, 


No 5 average of the past four values of Ns taken for prior usage, and


F 5 value of prescale. [The prescale value (F) is a divisor that reduces the actual value for the purpose of display. The manufacturer will supply this value if other than 1.0.] Some instruments may have provisions to compute and display these values.

(2.3.1) If the instrument standardization has not been checked within the previous three months, perform at least four new standardization checks, and use the mean as the value for No.

(3) Use the value of Ns to determine the count ratios for the current day’s use of the instrument. If for any reason the measured density becomes suspect during the day’s use, perform another standardization check.


As indicated previously, the general procedure for determining (wet) density/unit weight of soil in place by nuclear methods is carried out by placing a nuclear apparatus on the ground or compacted fill and causing it to emit gamma rays through the soil. Some of the rays will be absorbed; others will reach a detector. Through proper calibration, nuclear count rates received at the detector can be translated into values of (wet) density/unit weight.

The actual step-by-step procedure is as follows (ASTM D 2922-96 [1]):

(1) Standardize the gage. (See the “Standardization and Reference Check” section.)

(2) Select a test location. If the gage will be closer than 250 mm 
(10 in.) to any vertical mass that might influence the result, such as in a trench or alongside a pipe, follow the manufacturer’s correction procedure.

(3) Remove all loose and disturbed material. Remove additional material as necessary to reach the material that represents a valid sample of the zone or stratum to be tested. Surface drying and spatial bias should be considered in determining the depth of material to be removed.

(4) Plane or scrape a smooth horizontal surface so as to obtain maximum contact between the gage and the material being tested. The placement of the gage on the surface of the material to be tested is always important, but is especially critical to the successful determination of density when using the backscatter method. The optimum condition in all cases is total contact between the bottom surface of the gage and the surface of the material being tested. To correct for surface irregularities, use of native fines or fine sand as a filler may be necessary. The depth of the filler should not exceed approximately 3 mm (1_8 in.), and the total area filled should not exceed 10% of the bottom area of the instrument. The maximum depth of any void beneath the gage that can be tolerated without filling shall not exceed approximately 3 mm (1_8 in.). Several trial seatings may be required to achieve these conditions.

(5) Proceed with the test in the following manner:

(5.1) Backscatter Procedure:

(5.1.1) Seat the gage firmly on the prepared test site.

(5.1.2) Keep all other radioactive sources away from the gage to avoid affecting the measurement so as not to affect the readings.

(5.1.3) Secure and record one or more readings for the normal measurement period in the backscatter position.

Note 2—When using the backscatter air-gap procedure, follow the instrument manufacturer’s instructions regarding apparatus set up. Take the same number of readings for the normal measurement period in the air-gap position as in the standard backscatter position. Determine the air-gap ratio by dividing counts per minute obtained in the air-gap position by counts per minute obtained in standard backscatter position.

(5.1.4) Determine the ratio of the reading to the standard count or to the air-gap count. From this count ratio and the appropriate calibration and adjustment data, determine the in-place wet density.

(5.2) Direct Transmission Procedure:

(5.2.1) Make a hole perpendicular to the prepared surface using the guide and the hole-forming device, or by drilling if necessary. The hole shall be of such depth and alignment that insertion of the probe will not cause the gage to tilt from the plane of the prepared area. The depth of the hole must be deeper than the depth to which the probe will be placed. The guide shall be the same size as the base of the gage, with the hole in the same location on the guide as the probe on the gage. The corners of the guide are marked by scoring the surface of the soil. The guide plate is then removed, and any necessary repairs are made to the prepared surface.

(5.2.2) Proceed with testing in the following manner:

(5.2.3) Set the gage on the soil surface, carefully aligning it with the marks on the soil so that the probe will be directly over the pre-formed hole.

(5.2.4) Insert the probe in the hole.

(5.2.5) Seat the gage firmly by rotating it about the probe with a back-and-forth motion.

(5.2.6) Pull gently on the gage in the direction that will bring the side of the probe against the side of the hole that is closest to the detector (or source) location in the gage housing.

(5.2.7) Keep all other radioactive sources away from the gage to avoid affecting the measurement.

(5.2.8) Secure and record one or more readings for the normal measurement period.

(5.2.9) Determine the ratio of the reading to the standard count. From this count ratio and the appropriate calibration and adjustment data, determine the in-place wet density.

Note 3—Some instruments have built-in provisions to compute the ratio and wet density and to enter an adjustment bias. Additionally, some instruments may have provisions to measure and compute moisture content and dry density.

(6) If the volume tested as defined in (4) in the “Interferences” section has excess oversize material with respect to the limitations in the appropriate Test Methods D 698, D 1557, or D 4253, then a correction for wet density (unit weight) and water content must be applied. This correction will be done in accordance with Practice D 4718. This test method requires sampling from the actual test volume.

(6.1) If samples of the measured material are to be taken for purposes of correlation with other test methods or rock correction, the volume measured can be approximated by a 200-mm (8-in.) diameter cylinder located directly under the center line of the radioactive source and detector(s). The height of the cylinder to be excavated will be the depth setting of the source rod when using the direct transmission method or approximately 75 mm (3 in.) when using the backscatter method.

(6.2) An alternative to the correction for oversize particles that can be used with mass density methods or minimal oversize situations involves multiple tests. Tests may be taken at adjacent locations and the results averaged to get a representative value. Comparisons need to be made to evaluate whether the presence of a single large rock or void in the soil is producing unrepresentative values of density. Whenever values obtained are questionable, the test volume site should be dug up and visually examined.


The density/unit weight determined by nuclear methods is the in-place, wet density/unit weight. If dry unit weight is needed, as is usually the case, the soil’s moisture content can be determined by the conventional oven method (Chapter 3), the microwave oven method (Chapter 4), or a calcium carbide gas moisture tester (Chapter 12); the dry unit weight can then be found using Eq. (15–2):



(15–2)

where:



gd 5 dry unit weight


gwet 5 wet unit weight



w 5 water content, in percent.

Alternatively, a nuclear instrument that determines moisture content by neutron thermalization may be used to find the soil’s moisture content. If this method (ASTM Test Method D 3017) is used, dry unit weight is computed simply by subtracting the lb/ft3 of moisture found from the lb/ft3 of wet unit weight.

Some models of the nuclear density device give readouts not only of wet density/unit weight but also of moisture content and dry density/unit weight, in which case a separate moisture content determination is not needed.


A field test was conducted to determine soil densities by the nuclear method. The following direct readings from a nuclear density device were obtained:


Test
Test
Wet
Moisture
Dry

No.
Depth
Unit Weight
Content
Unit Weight


(in.)
(lb/ft3)
(%)
(lb/ft3)


1
8
124.9
 9.6
114.0


2
8
126.9
 8.4
117.1


3
8
122.3
10.1
111.1


4
8
124.2
 9.8
113.1


5
8
126.3
 8.4
116.5


6
8
128.2
 8.2
118.5

Additionally, the following information was known from a previous laboratory compaction test:


Test
Max. Lab.
Optimum

No.
Dry Unit Weight
Moisture Content


(lb/ft3)
(%)


1
119.6
8.9


2
119.6
8.9


3
120.5
8.8


4
120.5
8.8


5
121.5
8.3


6
121.5
8.3

The specified minimum compaction is 95.0 percent for each test. The percent compaction for each test is determined by dividing the dry unit weight, as determined by the nuclear density device, by the maximum laboratory dry unit weight. For example, for test no. 1, the percent compaction is 114.0/119.6 5 0.953, or 95.3 percent. This value is compared to the specified minimum compaction to see if the compaction effort is satisfactory. In this example, a specified minimum compaction of 95.0 percent was indicated; hence, this particular compaction effort (i.e., test no. 1) is acceptable. The remaining tests (nos. 2 through 6) are treated in the same manner.

All data are presented on the form shown on page 227. (At the end of the chapter, two blank copies of this form are included for the reader’s use.)


The nuclear method is considerably faster to perform than the sand-cone and rubber-balloon methods. It has the disadvantage, however, of potential hazards to individuals handling radioactive materials. The nuclear apparatus is also considerably more costly than the apparatuses used in the other two methods. Additionally, certain soil types (e.g., micaceous ones) may not yield accurate results by the nuclear method.

Recall that Chapters 11 through 15 are all used in an overall compaction operation. Chapter 11 describes the laboratory compaction test, which determines optimum moisture content and maximum dry unit weight of the soil that is to be used for fill material. Chapter 12 discusses the method for rapid evaluation of moisture content. Chapters 13, 14, and 15 cover three methods of finding the in-place dry unit weight of soil, which in turn is used to determine whether and when the laboratory maximum dry unit weight (or an acceptable percentage thereof) has been achieved in the field.

[1] ASTM, 2001 Annual Book of ASTM Standards, West Conshohocken, PA, 2001. Copyright, American Society for Testing and Materials, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959. Reprinted with permission.

Soils Testing Laboratory
Nuclear Density Test

Project  SR 1180
Location of Test  Charlotte, NC
Test Instrument  Troxler 3440

Tested By  John Doe
Date  March 22, 2002


Test
Test
Elevation
Wet
Moisture
Dry
Max. Lab.
Optimum
Percent
Specified
Remarks

No.
Depth

Unit Weight
Content
Unit Weight
Dry Unit Weight
Moisture Content
Compaction
Compaction



(in.)

(lb/ft3)
(%)
(lb/ft3)
(lb/ft3)
(%)
(%)
(min.) (%)




(1)
(2)
(3)
(4)
(5)
(6)
(7)


 1
8
Subgrade
124.9
9.6
114.0
119.6
8.9
95.3
95.0
O.K.


 2
8
Subgrade
126.9
8.4
117.1
119.6
8.9
97.9
95.0
O.K.


 3
8
Subgrade
122.3
10.1
111.1
120.5
8.8
92.2
95.0
N.G.


 4
8
Subgrade
124.2
9.8
113.1
120.5
8.8
93.9
95.0
N.G.


 5
8
Subgrade
126.3
8.4
116.5
121.5
8.3
95.9
95.0
O.K.


 6
8
Subgrade
128.2
8.2
118.5
121.5
8.3
97.5
95.0
O.K.


 7


 8


 9


10

Note: (1), (2), and (3) are direct readings from a nuclear density device.
(4) and (5) are obtained from a laboratory compaction test. (See Chapter 11.)
(6) 5 [(3)/(4)] 3 100%.*
(7) 5 contract specifications.

*With some models, the maximum laboratory dry unit weight [column (4)] can be entered into the nuclear density device prior to the test and the percent compaction [column (6)] will be output, eliminating the need for a manual calculation.

##
Chapter 15Figure 15–1  Nuclear Moisture-Density Apparatus (Courtesy of Troxler Electronic Laboratories, Inc., North Carolina).Apparatus and SuppliesFigure 15–2  Different Modes for Measuring Soil Density and Moisture Content by Nuclear Methods: (a) Direct Transmission Density Measurement; (b) Backscatter Density Measurement; (c) Backscatter Moisture Measurement (Courtesy of Troxler Electronic Laboratories, Inc., North Carolina).##
Chapter 15HazardsCalibrationInterferences [1]Standardization and Reference Check [1]
Determining the Density and Unit Weight of Soil in Place by Nuclear Methods##
Chapter 15Procedure
Determining the Density and Unit Weight of Soil in Place by Nuclear Methods##
Chapter 15Calculations
Determining the Density and Unit Weight of Soil in Place by Nuclear Methods#Numerical ExampleConclusions#
Chapter 15Reference

#Soils Testing Laboratory
Nuclear Density Test

Project  
Location of Test  
Test Instrument  
Tested By  
Date  

Test
Test
Elevation
Wet
Moisture
Dry
Max. Lab.
Optimum
Percent
Specified
Remarks

No.
Depth

Unit Weight
Content
Unit Weight
Dry Unit Weight
Moisture Content
Compaction
Compaction



(in.)

(lb/ft3)
(%)
(lb/ft3)
(lb/ft3)
(%)
(%)
(min.) (%)




(1)
(2)
(3)
(4)
(5)
(6)
(7)


 1


 2


 3


 4


 5


 6


 7


 8


 9


10

Note: (1), (2), and (3) are direct readings from a nuclear density device.
(4) and (5) are obtained from a laboratory compaction test. (See Chapter 11.)
(6) 5 [(3)/(4)] 3 100%.*
(7) 5 contract specifications.

*With some models, the maximum laboratory dry density [column (4)] can be entered into the nuclear density device prior to the test and the percent compaction [column (6)] will be output, eliminating the need for a manual calculation.#Soils Testing Laboratory
Nuclear Density Test

Project  
Location of Test  
Test Instrument  
Tested By  
Date  

Test
Test
Elevation
Wet
Moisture
Dry
Max. Lab.
Optimum
Percent
Specified
Remarks

No.
Depth

Unit Weight
Content
Unit Weight
Dry Unit Weight
Moisture Content
Compaction
Compaction



(in.)

(lb/ft3)
(%)
(lb/ft3)
(lb/ft3)
(%)
(%)
(min.) (%)




(1)
(2)
(3)
(4)
(5)
(6)
(7)


 1


 2


 3


 4


 5


 6


 7


 8


 9


10

Note: (1), (2), and (3) are direct readings from a nuclear density device.
(4) and (5) are obtained from a laboratory compaction test. (See Chapter 11.)
(6) 5 [(3)/(4)] 3 100%.*
(7) 5 contract specifications.

*With some models, the maximum laboratory dry density [column (4)] can be entered into the nuclear density device prior to the test and the percent compaction [column (6)] will be output, eliminating the need for a manual calculation.#[B] Permeability Test

(1)  Cross-sectional area of standpipe, a          cm2
(2)  Length of soil specimen in permeameter, L           cm

(3)  Cross-sectional area of soil specimen, A           cm2
Trial
Head,
Head,
Time,
Temperature,
Permeability
Ratio of
Permeability

no.
h1
h2
t
T
at T°C,
Viscosity at T°C
at 20°C,



(cm)
(cm)
(s)
(°C)
kT (cm/s)
Viscosity at 20°C
k20 (cm/s)

(1)
(2)
(3)
(4)
(5)

(7)
(8)








(see Table 16–2)

#
