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WSDOT FOP for AASHTO T 3101

In-Place Density and Moisture Content of Soil and Soil-Aggregate by Nuclear 
Methods (Shallow Depth)

1.	 Scope

1.1	 This test method describes the procedure for determining the in-place density and 
moisture of soil and soil-aggregate by use of nuclear equipment. The density of 
the material may be determined by direct transmission, backscatter, or backscatter/
air-gap ratio method. The WSDOT standard method for determining density is by 
direct transmission.

1.2	 Density – The total or wet density of soil and soil-rock mixtures is determined by 
the attenuation of gamma radiation where the source or detector is placed at a known 
depth up to 12 in (300 mm) while the detector(s) or source remains on the surface 
(Direct Transmission Method) or the source and detector(s) remain on the surface 
(Backscatter Method).

1.2.1	 The density in mass per unit volume of the material under test is determined 
by comparing the detected rate of gamma radiation with previously established 
calibration data.

1.3	 Moisture – The moisture content of the soil and soil-rock mixtures is determined by 
thermalization or slowing of fast neutrons where the neutron source and the thermal 
neutron detector both remain at the surface.

1.3.1	 The water content in mass per unit volume of the material under test is determined 
by comparing the detection rate of thermalized or slow neutrons with previously 
established calibration data.

1.4	 SI Units – The values stated in SI units are to be regarded as the standard.

1.5	 This standard does not purport to address all of the safety problems, if any, associated 
with its use. It is the responsibility of the user of this standard to establish appropriate 
safety and health practices and determine the applicability of regulatory limitations prior 
to use (see Section 6).

2.	 Referenced Documents

2.1	 AASHTO Standards

	 T 99 – Moisture-Density Relations of Soils Using a 5.5 lb (2.5 kg) Rammer and a 12 in 
(305 mm) Drop

	 T 180 – Moisture-Density Relations of Soils Using a 10 lb (4.54 kg) Rammer and an 
18 in (457 mm) Drop

	 T 191 – Density of Soil In-Place by the Sand-Cone Method

1This FOP is based on AASHTO 310-11 and has been modified per WSDOT standards. To view the redline modifications, contact the 
WSDOT Quality Systems Manager at 360-709-5412. 
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	 T 217 – Determination of Moisture in Soils by Means of a Calcium Carbide Gas 
Pressure Moisture Tester

	 T 224 – Correction for Coarse Particles in the Soil Compaction Test

	 T 255 – Total Evaporable Moisture Content of Aggregate by Drying

	 T 265 – Laboratory Determination of Moisture Content of Soils

	 T 272 – Family of Curves – One-Point Method

2.2	 ASTM Test Method

	 D 2216 – Laboratory Determination of Moisture Content of Soil

	 D 2487 – Classification of Soils for Engineering Purposes (Unified Soil Classification 
System)

	 D 2488 – Description and Identification for Soils (Visual-Manual Procedure)

	 D 2937 – Density of Soil in Place by the Drive-Cylinder Method

	 D 4253 – Maximum Index Density and Unit Weight of Soils Using a Vibratory Table

	 D 4254 – Maximum Index Density and Unit Weight of Soils and Calculation of 
Relative Density

	 D 7013 – Standard Guide for Nuclear Surface Moisture and Density Gauge Calibration 
Facility Setup

2.3	 WSDOT Standards

	 T 606 – Method of Test for Compaction Control of Granular Materials

	 SOP 615 – Determination of the % Compaction for Embankment & Untreated Surfacing 
Materials using the Nuclear Moisture-Density Gauge

3.	 Significance

3.1	 The test method described is useful as a rapid, nondestructive technique for the in-place 
determination of the wet density and water content of soil and soil-aggregate.

3.2	 The test method is used for quality control and acceptance testing of compacted soil 
and rock for construction and for research and development. The non-destructive 
nature allows repetitive measurements at a single test location and statistical analysis 
of the results.

3.3	 Density – The fundamental assumptions inherent in the methods are that Compton 
scattering is the dominant interaction and that the material under test is homogeneous.

3.4	 Moisture – The fundamental assumptions inherent in the test method are that the 
hydrogen present is in the form of water as defined by ASTM D 2216, and that the 
material under test is homogeneous.
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3.5	 Test results may be affected by chemical composition, sample heterogeneity, and, to 
a lesser degree, material density and the surface texture of the material being tested. 
The technique also exhibits spatial bias in that the gauge is more sensitive to water 
contained in the material in close proximity to the surface and less sensitive to water 
at deeper levels.

4.	 Interferences

4.1	 In-Place Density Interferences

4.1.1	 The chemical composition of the sample may affect the measurement, and 
adjustments may be necessary.

4.1.2	 The gauge is more sensitive to the density of the material in close proximity 
to the surface in the Backscatter Method.

	 Note 1: The nuclear gauge 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. Density measurements with direct transmission is the 
WSDOT standard method for soil and soil aggregate.

4.1.3	 Oversize rocks or large voids in the source-detector path may cause higher or 
lower density determination. Since there is lack of uniformity in the soil due 
to layering, rock, or voids the test site beneath the gauge will be excavated and 
a representative sample will be taken to determine the gradation per WSDOT 
SOP 615.

4.1.4	 Keep all other radioactive sources at least the minimum distance recommended 
by the manufacture away from the gauge to avoid affecting the measurement.

4.2	 In-Place Moisture Content Interferences

4.2.1	 The chemical composition of the sample may dramatically affect the measurement 
and adjustments may be necessary. Hydrogen in forms other than water, as 
defined by ASTM D 2216, and carbon will cause measurements in excess of 
the true value. Some chemical elements such as boron, chlorine, and minute 
quantities of cadmium will cause measurements lower than the true value.

4.2.2	 The water content determined by this test method is not necessarily the average 
water within the volume of the sample involved in the measurement. The 
measurement is heavily influenced by the water content of the material closest 
to the surface. The volume of soil and rock represented in the measurement is 
indeterminate and will vary with the water content of the material. In general, the 
greater the water content of the material, the smaller the volume involved in the 
measurement. At 10 lbs/ft3 (160 kg/m3), approximately 50 percent of the typical 
measurement results from the water content of the upper 2 to 3 in (50 to 75 mm).

4.2.3	 Keep all other neutron sources at least the minimum distance recommended 
by the manufacture away from the gauge to avoid affecting the measurement.



T 310 	 In-Place Density and Moisture Content of Soil and Soil-Aggregate by Nuclear Methods (Shallow Depth)

Page 4 of 10	 WSDOT Materials Manual  M 46-01.25 
	 July 2016

5.	 Apparatus

5.1	 Nuclear Density/Moisture Gauge – While exact details of construction of the gauge may 
vary, the system shall consist of:

5.1.1	 A sealed source of high energy gamma radiation such as cesium or radium.

5.1.2	 Gamma Detector – Any type of gamma detector such as a Geiger-Mueller tube(s).

5.2	 Fast Neutron Source – A sealed mixture of a radioactive material such as americium, 
radium, or californium-252 and a target material such as beryllium.

5.3	 Slow Neutron Detector – Any type of slow neutron detector such as boron trifluoride 
or helium-3 proportional counter.

5.4	 Reference Standard – A block of material used for checking instrument operation, 
correction of source decay, and to establish conditions for a reproducible reference 
count rate.

5.5	 Site Preparation Device – A plate, straightedge, or other suitable leveling tool which 
may be used for planing the test site to the required smoothness, and in the Direct 
Transmission Method, guiding the drive pin to prepare a perpendicular hole.

5.6	 Drive Pin – A pin not to exceed the diameter of the rod in the Direct Transmission Gauge 
by more than ¼ in (6 mm) or as recommended by the gauge manufacturer used to prepare 
a hole in the material under test for inserting the rod.

5.7	 Hammer – Hand-held hammer of sufficient size and weight to drive the drive pin into the 
material being tested. A slide hammer with an attached drive pin is an acceptable alternate 
to the Drive Pin, Hammer, and Drive Pin Extractor.

5.8	 Drive Pin Extractor – A tool that may be used to remove the drive pin in a vertical 
direction so that the pin will not distort the hole in the extraction process.

6.	 Hazards

6.1	 This gauge utilizes radioactive materials that may be hazardous to the health of the users 
unless proper precautions are taken. Users of this gauge must become familiar with 
applicable safety procedures and government regulations.

6.2	 Effective user instructions together with routine safety procedures, such as source leak 
tests, recording, and evaluation of film badge data, etc., are a recommended part of the 
operation and storage of this gauge.

7.	 Calibration

	 Nuclear gauges used for the purpose of acceptance testing, independent assurance testing, 
or dispute resolution shall be calibrated 

	 WSDOT-owned nuclear density gauges will be calibrated by WSDOT using the manufacturer’s 
recommended procedures or may be calibrated by an external calibration facility that has been 
approved by the State Materials Engineer.

	 Nuclear gauges that are not owned by WSDOT shall be calibrated in accordance with AASHTO 
T 310 Annexes A1, A 2, and A3. 
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8.	 Standardization

8.1	 Turn the gauge on and allow it to stabilize for a minimum of 45 minutes prior to 
standardization. Leave the power on during the day’s testing.

	 Note 2: If for any reason the gauge loses power or is turned off during the work period, 
the Standard Count must be re-established prior to use.

8.2	 Standardize the gauge at the start of each day’s work and as often as deemed necessary 
by the operator or agency. Daily variations in Standard Count shall not exceed the daily 
variations established by the manufacturer of the gauge. Compare the daily Standard 
Count to the Density Standard Decay Sheet (Note 3) to ensure the Standard Count 
falls within acceptable limits. If the daily variations are exceeded after repeating the 
standardization procedure or if the daily Standard Count is outside the range of the 
Standard Decay Sheet, the gauge should be repaired and or recalibrated.

8.3	 Record the Standard Count for both density and moisture in the Daily Standard 
Count Log. The exact procedure for standard count is listed in the manufacturer’s 
operators manual.

	 Note 3: The Density Standard Decay Sheet is located in the calibration documentation. 
This sheet shows the anticipated Standard Count range based on the calculated decay 
rate of the gauges radioactive source over the passage of time.

9.	 Procedure

9.1	 Select a test location per WSDOT SOP 615.

9.2	 Prepare the test site in the following manner:

9.2.1	 Remove all loose and disturbed material and additional material as necessary 
to expose the top of the material to be tested.

	 Note 4: The spatial bias should be considered in determining the depth at which 
the gauge is to be seated.

9.2.2	 Select a horizontal area sufficient in size to accommodate four gauge readings 
that will be 90° to each other. Plane the area to a smooth condition so as to 
obtain maximum contact between the gauge and the material being tested.

9.2.3	 The maximum void beneath the gauge shall not exceed ⅛ in (3 mm). Use native 
fines or fine sand to fill the voids and smooth the surface with a rigid plate or 
other suitable tool. The depth of the filler shall not exceed approximately ⅛ in 
(3 mm).

9.3	 This section has been deleted because WSDOT does not use this method.
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9.4	 Direct Transmission Method of In-Place Nuclear Density and Moisture Content

9.4.1	 When selecting a test location, the tester shall visually select a site where the 
least compactive effort has been applied. Select a test location where the gauge 
will be at least 6 in (150 mm) away from any vertical mass. If closer than 24 in 
(600 mm) to a vertical mass, such as in a trench, follow gauge manufacturer 
correction procedures.

	 The test location should be at least 33 ft (10 m) away from other sources of 
radioactivity and at least 10 ft (3 m) away from large objects or the minimum 
distance recommended by the manufacturer, whichever is the greater distance.

9.4.2	 Make a hole perpendicular to the prepared surface using the guide and the hole-
forming device (Section 5). The hole shall be a minimum of 2 in (50 mm) deeper 
than the desired measurement depth and of an alignment that insertion of the 
probe will not cause the gauge to tilt from the plane of the prepared area.

9.4.3	 Mark the test area to allow the placement of the gauge over the test site and 
to allow the alignment of the source rod to the hole. Follow manufacturer 
recommendations if applicable.

	 Note 5: For alignment purposes, the user may expose the source rod for 
a maximum of ten seconds.

9.4.4	 Remove the hole forming device carefully to prevent the distortion of the hole, 
damage to the surface, or loose material to fall into the hole.

	 Note 6: If the hole cannot be maintained, contact the Regional Materials 
Laboratory for directions on how to proceed.

9.4.5	 Place the instrument on the material to be tested, making sure of maximum 
surface contact as described above.

9.4.6	 Lower the source rod into the hole to the desired test depth. Pull gently on the 
gauge in the direction that will bring the side of the probe to face the center of 
the gauge so that the probe is in intimate contact with the side of the hole in the 
gamma measurement path.

9.4.7	 If the gauge is so equipped, set the depth selector to the same depth as the probe 
before recording the automated (gauge computed densities, moisture contents, 
and weights) values.

9.4.8	 Secure and record one, one minute dry density and moisture content readings, 
then turn the gauge 90º and perform another set of readings. If the two dry 
density readings are not within 3 lbs/cf (50 kg/m3) of each other, see Note 7.

	 Note 7: If two readings are not within tolerances stated, rotate gauge 90º and 
retest. Again compare both 90º readings. If after four readings the results are 
not within the tolerances stated, rotate gauge 90º and retest. Again compare both 
readings. If these reading are still not within tolerances stated, move to another 
location to perform test.
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10.	 Calculation of Results

10.1	 If dry density is required, the in-place water content may be determined by using the 
nuclear methods described herein, gravimetric samples and laboratory determination, 
or other approved instrumentation.

10.1.1	 If the water content is determined by nuclear methods, use the gauge 
readings directly.

10.1.2	 If the water content is determined by other methods and is in the form of 
percent, proceed as follows:

	 d = 100 
100+W  (m)

	 where:

	 d	 =	 dry density in lb/ft3 (kg/m3) 
m	 =	 wet density in lb/ft3 (kg/m3) 
W	=	 water as a percent of dry mass

10.2.	 Percent Compaction

	 WSDOT has deleted this section. Refer to WSDOT SOP 615 for determining the 
percent compaction.

11.	 Report

	 WSDOT has deleted this section. Refer to WSDOT SOP 615 for reporting.

12.	 Precision and Bias

	 WSDOT has deleted this section. Refer to AASHTO T 310 for precision and bias information.

Appendix

WSDOT has deleted this section. WSDOT uses the manufacturer’s software to calibrate the gauge.
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Performance Exam Checklist
In-Place Density and Moisture Content of Soil and Soil-Aggregate by  
Nuclear Methods (Shallow Depth) 
FOP for AASHTO T 310

Participant Name      Exam Date 

Procedure Element Yes No
1. The tester has a copy of the current procedure on hand?
2. All equipment is functioning according to the test procedure, and if required,  

has the current calibration/verification tags present?
3. Gauge turned on and allowed to stabilize?
4. Gauge standardized and standard count recorded?
5. Test location selected per WSDOT SOP 615?
6. Loose, disturbed material removed?
7. Flat, smooth area prepared?
8. Surface voids filled with native fines (⅛ in (3 mm) maximum thickness)?
9. Hole driven 2 in (50 mm) deeper than material to be tested?
10. Gauge placed, probe placed, and source rod lowered without disturbing 

loose material?
11. For alignment purposes, did not expose the source rod for more than 10 seconds?.
12. Method B

a. Gauge firmly seated and gently pulled back so that source rod is against hole?
b. A one-minute count taken; dry density and moisture data recorded?
c. Gauge turned 90° (180° in trench)?
d. Gauge firmly seated and gently pulled back so that source rod is against hole?
e. A second one-minute count taken; dry density and moisture data recorded?
f. Dry density counts within 3 lb/ft3 (50 kg/m3)?
g. Average of two tests?

13. A minimum 9 lbs (4 kg) sample obtained from below gauge?
14. Oversize determined following WSDOT SOP 615?
15. All calculations performed correctly?
16. Nuclear Gauge secured in a manner consistent with current DOH requirements?

First Attempt:  Pass   Fail Second Attempt:  Pass   Fail 

Signature of Examiner 
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Comments:
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