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Under pressure
University of Minnesota study evaluates alternatives for measuring soil compaction

In the construction of paved roads, one of the most important 

design aspects is the compaction of the subgrade material.

The specification for compaction of the subgrade materials 

has conventionally been set based on the Proctor compaction test 

(AASHTO T99) conducted on a particular subgrade material. The 

specification is given in terms of (optimum) moisture content at which 

the maximum density is achieved. 

The problem with the AASHTO T99 test is the need to measure the 

bulk density and the moisture content of a compacted subgrade to 

determine whether it matches the prescribed values for the particular 

subgrade materials. Methods for making such measurements include 

gravimetric sampling with oven drying of the sample, or the use of 

a nuclear density gauge to measure both the moisture content and 

the dry bulk density. The gravimetric method is labor intensive and 

requires significant time for the samples to dry, a luxury not available to 

the construction inspector during construction operations. The nuclear 

gauge is capable of providing both moisture content and dry bulk 

density quickly, but growing concerns over the hazards associated with 

using the instrument and containing its radioactive sources have led to 

restricted use or eliminating its use altogether in some states. As a result 

there is now a national effort to develop alternatives. 

Four of a kind
Several recent projects in the U.S. have evolved out of the interest 

of developing alternatives to the nuclear gauge. One such project 

was recently completed by researchers at the University of Minnesota 

in collaboration with the Minnesota Department of Transportation 

(MnDOT). In this project, which was funded by the MnDOT, four 

alternative methods for measuring moisture status of soil samples 

were evaluated to determine their ability to measure water content 

of soils compacted with the AASHTO T99 test procedure. The devices 

for making the measurements included the DOT600 instrument, a 

product of Campbell Scientific; the WP4C Dewpoint Potentiometer 

(Figure 1), a product of Decagon Corp.; a heat pulse sensor; and an 

exudation test instrument. 

The DOT600 instrument measures the volumetric moisture content 

of a sample using the principle of dielectric permittivity. The dielectric 

permittivity of a soil is related to the moisture content and salinity of 

the soil. The sample that is placed into the device is disturbed and is 

compressed to a standard compressed state (45-psi pressure) using a 

wrench to turn down a casing onto the enclosed sample. The device 

then measures the moisture content and the bulk density of the sample. 

The measurement takes only a few seconds. Preparation of the sample 

is relatively quick as well, but the sample is disturbed, not necessarily 

directly representing in situ conditions. 
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The WP4C measures the dewpoint potential of a sample of soil, 

and this is then related thermodynamically to the water potential of 

the soil sample. The instrument is suited to measuring water potential 

for potentials less than about -0.25 bars, so it will not provide accurate 

measurements for soils at moisture content above field capacity. 

Accurate measurements require 10- to 15-minute reading times. To 

operate the instrument a disturbed sample of the soil is placed in a dish 

that is then placed inside the instrument. 

Heat pulse sensors can be designed with various configurations. The 

heat pulse sensor used in this project had a configuration that gives 

it the shape of a button, so it is referred to as the Button Heat Pulse 

Sensor (BHPS). Unlike many heat pulse sensors which typically are 

composed of rods or wires that penetrate the soil, the BHPS (Figure 

2) is composed of a heater ring mounted onto a plastic button, with a 

thermistor embedded through the center axis of the button. The sensor 

is pressed into the soil sample surface. A heat pulse is applied to the 

soil through the metal ring, and the temperature response in the soil is 

measured by the thermistor (Figure 3). The time to peak response and 

the magnitude of the peak response are related to the moisture content 

and characteristics of the compacted soil. Measurement time with the 

sensor is a few minutes as seen in Figure 3. 

The exudation device (Figure 4) works by applying a variable force 

from an Instron device onto the surface of a confined compacted soil, 

and the pressure point where water first begins to exude out of the 

sample bottom is called the R-value. Many state DOTs use the R-value 

of the subgrade soil to design pavement thickness. Minnesota uses a 

design R-value of 240-psi exudation pressure for pavement design, so 

presumably the exudation pressure for a soil compacted at the optimum 

moisture content should be close to the 240-psi value. Measurement 

time with the instrument, not including sample preparation time, is 10 to 

15 minutes. 

Figure 2. How the Button Heat Pulse Sensor works.

The metallic heater ring is 
situated below the plastic 
cylinder (above) to make contact 
with the soil. A thermistor sensor 
in the center of the ring measures 
the rise in temperature in the 
soil. To the right, the sensor is 
pressed down onto a compacted 
soil sample. 

Figure 1. The dewpoint 
potentiometer.

The WP4C dewpoint 
potentiometer provides 
a measure of the water 
potential in the soil sample. 
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Turn up the heat
In the University of Minnesota study three soil subgrade materials, 

differing from each other by texture and mineral composition, were 

used in the trias of the alternative testing methods. These soil materials 

are ones commonly used in Minnesota for roadway construction. The 

textures represented by these three materials were loam, silt and silty/

clay. These soils were each compacted using the AASHTO T99 compac-

tion procedure to determine the optimum moisture content/density 

for each. The four measurement methods were then applied to each of 

the compacted samples to determine their sensitivity to both dry bulk 

density differences as well as moisture content differences. In short, 

it was desired to know how accurately these devices would represent 

known soil-moisture conditions of the compacted samples. 

Of these devices, the BHPS is the only one that is capable to make 

a measurement on compacted soils in situ. The other three methods 

require that a sample be collected from the compacted soil for testing. 

Results with the various measurement devices can be summarized as 

the following:

1. The factory-calibrated moisture content for the DOT600 did not 

fi t well with the measured gravimetric moisture content of the soil 

samples. However, the output signal for the DOT600 was found 

to correlate well with the gravimetric moisture content of the 

compacted samples. This indicates that with calibration for each 

subgrade soil material the instrument should be able to measure the 

moisture content well. The instrument is built for use in the fi eld or 

in the laboratory, so it is suited for fi eld applications;

2. With an independent laboratory procedure it was determined that 

the water potential for all the tested soils at AASHTO T99 optimum 

moisture content was in the range of -0.2 and -0.3 bars, just on the 

edge of the accuracy limit for the WP4C instrument. The results 

showed that the instrument was not capable of yielding accurate 

measurements of the water potential for compacted soils at the opti-

mum moisture content or wetter, even for very long measurement 

times. For water contents below the optimum moisture content, 

the instrument was able to accurately reproduce the independently 

measured water potential. The instrument is best suited for use in 

Figure 3. Typical temperature response of the BHPS. 

The rise in temperature on the graph, 1.8°C in this case, is the output 
used to correlate to sample water content. 
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50 YEARS OF BUILDING FUTURES MEANS

WE PULL FROM EXPERIENCE TO MEET CHALLENGES 

Smart crane operations can be planned for, envisioned, and acted upon. We have the experience 
to prepare and prevent. We do it better because we’ve been there before.
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clean, temperature-controlled environments, so it may not be a 

good choice for application to fi eld conditions; 

3. The output from the BHPS, temperature rise as exemplifi ed in 

Figure 3, was found to correlate well with the water content of the 

compacted samples. The relationship, however, is soil dependent and 

therefore it would be necessary to develop a calibration curve for each 

soil type. Such calibration should not be a problem since it could 

be determined ahead of time during AASHTO T99 testing of the soil 

prescribed for the particular construction site. The BHPS developed 

for the project is a prototype of what could be developed for general 

application. The prototype is not strong enough for the rugged condi-

tions of the fi eld, but with further developments the sensor could be 

designed to be more resilient to rugged fi eld conditions; and

4. For two of the soils the exudation pressure of 240 psi was reached 

for the soil compacted at a moisture content within 1% of the 

optimum moisture content. However, this was not the result for the 

silt soil. A much higher exudation pressure was required for the silt 

soil even when its compacted moisture content was 2% above the 

AASHTO T99 optimum.  

Of the four methods used in this study the one with promise for 

in situ measurement of water content of compacted soils is the BHPS, 

but before it can be used in the field a rugged design would need to be 

developed. The DOT600 instrument is suited for use in the field, but 

would need to be made somewhat more rugged. With proper calibra-

tion it should provide accurate measures of water content. It does, 

however, require the use of a disturbed sample of soil. The exudation 

pressure test could be applied in the field if undisturbed cores can be 

collected from the compacted soil. However, additional experiments on 

more soils are needed for the exudation pressure to determine just how 

well the Minnesota design standard R-value (240 psi) corresponds to the 

AASHTO T99 optimum moisture content of subgrade soil materials.
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Figure 4. Setup of a 
compacted soil for use 
with the exudation test. 

The sample is pressed with an Instron 
instrument that applies increasing 
pressure to the top of the sample 
until moisture exudes out of the 
bottom as observed in the mirror at 
the bottom of the image. 
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