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ABSTRACT: Void ratio and compactness are two of the principal parameters used 

for the geotechnical characterization of soils. Amongst others, they determine the 

deformation, settlement or liquefaction potential, which in turn might significantly 

impair the quality as well as the performance of any soil foundation. Direct 

measurement of the natural void ratio, i.e. the parameter typically used as indication 

for the soil compactness, is particularly difficult since it requires undisturbed samples. 

Because of the difficulty to obtain such samples in their undisturbed state, indirect 

methods such as: SPT, NSPT or CPT, to mention only the most commonly used ones, 

have been developed and are widely used. However, such indirect methods have their 

limitations and often fail, especially with heterogeneous soils also containing coarser 

materials. Additionally, results interpretation is done by indirect, empirical 

correlations, and is often affected by uncertainty. This situation gave rise to develop a 

more reliable and flexible approach, allowing a direct quantitative measure of the in-

situ void ratio of saturated soils. In this article a newly developed, partially automated, 

measuring system based on microwaves, is presented. The measurement method and 

an application example will be illustrated.  

 

INTRODUCTION 

 

One of the most important geotechnical properties of granular soils is their degree of 

compaction. This property exerts considerable influence on the bearing capacity, 

deformability characteristics, shear strength, and last but not least, permeability. It is 

expressed in terms of the void ratio, which is defined as the volumetric ratio of  void 

spaces in a soil. As such, it has two limiting values, emin, emax, representing the densest 

and loosest state of the soil, respectively.  

Given the void index of a defined soil, the ratio of the in situ void ratio to the 

abovementioned limit values, which are determined in the laboratory, is known as 

relative density, DR. The relative density is the parameter that indicates the soil 

compaction level. Amongst others, this is a determining parameter assessing the risk 

of liquefaction of loose materials subjected to dynamic loads. The relative density is 

expressed by the relation: 
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where,   

emax void ratio of the soil in its loosest state 

emin void ratio of the soil in its densest state 
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e in-situ void ratio 

The relative density, Dr, varies between 0% for a very loose soil and 100% for a very 

dense soil. A corresponding classification of granular soils based on values of DR as 

suggested by Lambe and Whitman (1969) [2] is indicated in table 1. Note that the 

relative density is a characteristic property of course grained soils having no fine 

particles, or just of insufficient quantity to impart any measureable cohesion to the 

soil. 

Accordingly, in order to solve equation 1 for determining the relative density of a soil, 

the three previously mentioned void ratios, i.e. emin, emax and e, should be known. 

While the first two parameters, i.e. the densest and loosest possible state are obtained 

by means of rather simple laboratory tests on representative samples of the 

corresponding soil, the determination of the void ratio of the soil in its natural state on 

the other hand is very challenging. This is especially true for the recovery of 

undisturbed soil samples from deep-lying strata. Even though appropriate equipment 

might permit obtaining undisturbed samples, such an expense would nevertheless not 

be justifiable with respect to the overall project schedule and costs. If a sufficient 

budget is available, the in-situ void ratio can also be determined from laboratory 

analysis of frozen samples, or from neutron or gamma-ray density logging. There are 

also tables available that provide corresponding soil property correlations. However, 

these values should be referred to only in exceptional cases, and should be used only 

with a certain degree of caution.  

This is the reason why the natural void ratio is typically estimated indirectly through 

empirical correlations with standard-penetration-test (SPT) and conventional cone-

penetration-test (CPT) results. 

The SPT test requires a sample tube with a hammer and provides information on the 

sleeve friction resistance. It is quite simple and inexpensive to perform. It is also the 

best solution for testing soil in areas that are difficult to access with vehicles. The SPT 

is therefore usually recommended as a quick, easy and low-cost soil testing solution. 

Its main drawback is that it is inaccurate, especially when sampling coarse sands, or 

clays. Furthermore, when gravels are encountered, the SPT results get unreliable and 

mostly unusable.  

The CPT, which provides a result in terms of the tip resistance, is considered to be 

more reliable than the SPT, since it is less subject to errors. CPT is becoming 

increasingly more popular for site investigations and geotechnical designs. For many 

construction projects, it is common to use SPT for the preliminary soil investigation, 

whereas CPT is used for detailed soil investigations and construction quality controls. 

However, this method requires estimating the content of fines, which presents one of 

the weaknesses of the method, should no soil samples be available. 

In summary, penetration resistance testing is generally subject to both operator and 

mechanical errors, which impairs results finding and as a consequence, limits the 

applicability of these methods to certain soil conditions. As such, they finally also 

affect the reliability of the overall geotechnical analysis based on these tests. In this 

context it is emphasized that, especially for the determination of the liquefaction risk 

for instance, proper knowledge of the relative density is fundamental.  
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DEVELOPMENT OF A RELIABLE SOIL COMPACTION TEST 

The limitations of the currently available testing methods [1] and the necessity for 

more reliable measurements arising from actual project experience, have called for the 

development of a new device. The main requirements are to have a user-friendly 

apparatus, which provides a quantitative measure of the natural, thus in situ void ratio 

[3]. Such apparatus shall be applicable in a wider range of soil conditions than current 

instruments, and shall be easily integrated in the general project workflow, thereby not 

compromising it.  

 

Description and physical background 

The basic idea of the elaborated soil compaction testing is to determine the water 

content in saturated granular soil, and thereby to obtain a direct measure for the void 

ratio. As such, it represents a procedure already known to other industries (i.e. 

ceramics and cement), where it is used to control the moisture content during 

manufacturing processes.  

 

The fundamental concept is based on electromagnetic waves of radio frequency [5], 

with which the average dielectric constant of the soil can be derived. With this 

dielectric constant being directly related to the soil water content the void ratio in a 

saturated soil is obtained immediately.  

 

To verify the effective applicability of this concept for different soil conditions, as a 

first step, it was tested in how much the dielectric constant depends on the soil 

granulometry and humidity. Some of the test results for different soil granulometries 

in not saturated conditions are shown in figure 1. It appears that, despite of the 

different composition, particle size and grading, the initial dielectric constant is with a 

value of around 3 very similar for all samples. The same applies for the increase of the 

dielectric constant in function of the water content, which turns out to be similar for all 

samples. 

 

Consequently, the average dielectric constant depends mainly on the volumetric ratio 

between water and soil particles. With the dielectric constant of water being about 30 

times greater than that of the soil particles, the soil water content can thus be 

determined in a good approximation by evaluating the propagation speed, which is 

related to the dielectric constant by 
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where: 

c: is the speed of light 

ɛr: is the relative dielectric constant 

 

The actual wave propagation speed is additionally affected by various delays caused 

by cables, antennas, and air that have to be taken into account. Knowing the distance 
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between the sender and receiver, and calibrating the measurements with respect to the 

mentioned delays, the propagation velocity of the electromagnetic waves can be 

determined. Provided that the test is performed in saturated soil conditions, the 

electromagnetic signal propagates through two material types, i.e. water and soil. 

Thus, the dielectric constant measured by the SCT device is a combination of these 

two values and can therefore directly be correlated with the soil-water content. 

Hereafter, the corresponding analytical conversion is briefly presented. 

 

By knowing the values for the dielectric constant of dry soil, εsoil, that of water, εwater 

(i.e. ~80) as well as the borehole distance, it is possible to determine the soil-water 

percentage. The analytical solution for the determination of the water content is [4], 

[5]: 
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with d being the borehole distance, defined by  
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and with x being the corresponding content of the soil and water, respectively, defined 

by  
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expressed in percentage: 
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watersoil %100%            (8) 

 

Consequently, as given by equation (3) a simple linear relation between the mean 

dielectic constant, ɛmeasured, and the water content can be considered. This last-

mentioned equation presents the analytical description of the measured dielectric 

constant, according to which the dielectric constant of dry soil can be considered the 

same for different soil compositions. 

 

Prototype and pilot tests 

With the objective of determining the still unknown dielectric constant of dry soil, ɛsoil, 

required for equation (3), as well as to test the functionality of the new measurement 

system, a series of pilot tests were performed. To do so, tests using a box filled with 

different soil types were prepared. As shown in figure 2, the emitter and receiver were 
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simultaneously lowered within PVC tubes at a distance of 0.76 m. The actual water 

content was determined by oven-drying test samples taken from the box. These values 

were then compared with the water content measured by the SCT instrument.  

 

These previous considerations and tests showed that the developed instrument is 

generally applicable and can be used for the following two measurements: 

1) Dielectric constant and water content for non-saturated soils, respectively, 

2) Percentage of water content in saturated soils in order to determine the soil 

compactness. 

 

With the pilot tests being performed in controlled conditions regarding soil 

composition and set up, it was also possible to quantify the instrumentation accuracy.  

Accordingly, the water content can be determined with a precision of about 5%. 

 

After proving the functionality of the measuring system, a first prototype version for 

in situ tests was created. A schematic illustration of this device is shown in figure 3. It 

consists of a portable main unit and two sensors, i.e. a sender and a receiver, 

respectively. The equipment can be placed in boreholes down to 75 mm (3”) in 

diameter. For a reasonable and economically feasible device capacity, which in turn 

determines the signal strength, a testing range distance between the boreholes of up to 

20 m can be reached. The tests are carried out in common PVC tubes or similar, as 

steel casings would impede signal propagation, rendering tests impossible. As 

mentioned above, the medium to be tested should be a saturated granular soil – only in 

this way can the assumption of a two phase medium rightly be applied. This applies 

for example for most dam foundations, with a major part being below the ground 

water table.     

  

Before starting with the main measurement, an air-calibration is required. To do so, 

the sensors are located on the surface, right above the two boreholes to be tested, and a 

single measurement is done. In this way the signal passes exclusively through the air 

medium - an important constellation which is required for the automatic post-

processing. Subsequently, the location of the ground water level is determined. This is 

necessary to ensure that the readings start in the saturated conditions. The sensors are 

then stepwise lowered in the two boreholes, while for each depth interval a 

corresponding measurement is performed. The increment size is selected based on the 

necessary detail and accuracy required for the project. In most of the cases a range of 

0.5 and 1 m appears reasonable. The readings are then performed along the entire 

depth of the borehole. For a consistency check, it is recommended to measure every 

borehole couple in both directions, i.e. by alternatively switching the sender and 

receiver in the holes. Since the signal attenuation and delay is independent of the 

travel direction, the inverted readings should correspond. 

After a general control of the measurements, the data is processed and archived. A 

specially developed PC-tool allows the user to read off the required information 

directly. An intuitive user-interface provides the measurement results, in the form of a 

dielectric constant profile over the measurement depth and an estimation of the water 

percentage (bar diagram) based on the previously explained analytical method. A 
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screen shot of the user interface with an example measurement is shown in figure 4. 

Further parameters, such as the signal delay are also illustrated. They give the user the 

possibility to perform verifications and to confirm the correctness, consistency and 

repeatability of the measurements.  

 

APPLICATION OF NEW SOIL COMPACTION TEST 

 

After various laboratory tests as well as on specially prepared field sites, the general 

functionality of the SCT device was verified on real sites. The main objectives of these 

tests were to (1) verify again the general functionality of the device, (2) have a 

comparison with conventional measuring devices and (3) to optimize the general 

system operation, accounting for realistic site conditions. 

 

Site description, need and execution of tests 

To do so the Nenskra HPP construction site in northwestern Georgia was chosen. In 

order to ensure the safety of the 130 m high rockfill dam, a careful evaluation of the 

foundation characteristics was of great importance already at the early design stage. 

The valley of glacial origin is filled with glacial and alluvial soils, reaching down to 

around 170 m at the dam site. These soils comprise a wide range of grain sizes, 

including silts, sands, as well as gravels up to several decimeters in diameter, all the 

way up to big boulders. In figure 5, an example of a typical borehole log indicating 

lithology, permeabilities as well as photos of the core boxes obtained from the dam 

foundation are presented. With these soil conditions, special attention was given to the 

assessment of expected settlements, as well as the degree of compactness in general.  

 

It turns out that due to the presence of coarser material and boulders, the initially 

performed penetration resistance tests (SPT) proved to be unusable for any further 

elaboration. The SPT revealed mostly blow counts indicating a withdrawal already at a 

shallow depth once coarser material was encountered. Given this situation, 

measurements by means of the new SCT device were performed in order to provide a 

better and complete data basis as required to evaluate the in-situ soil compactness. 

Considering the importance of accurate information especially in the central 

foundation part of the future dam, the SCT campaign focused on the available, 

accessible boreholes in this part. The exemplary boreholes presented here BH-L-150-

1, BH-L-150-1a and BH-L-150b have a distance of between 8 and 15 m. The 

foundation in this part is characterized by artesian ground water conditions, so that 

generally saturated soil conditions could be assumed already at shallow depth. With 

these conditions, it was therefore possible to perform the measurements basically from 

the borehole mouth down to a depth of 35 to 40 m below the surface. In view of the 

required accuracy and resolution of the void ratio profile with depth, the sensors were 

lowered in increments of 1 m. For consistency, every borehole couple was measured 

in both directions, exchanging both antennas in the holes. The general test set up is 

shown in the photographs below (figure 6).  
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Results of site tests 

The natural void ratio and water content can be directly read of the SCT PC user-

interface. For the present case, special interest was in the relative density values of the 

foundation soil. This information was essential in order to evaluate as exactly as 

possible the expected foundation behavior once being exposed to the effective project 

loads. To create a corresponding relative density profile, the available information 

from the core logs was used to get the void ratio of the foundation soil in its loosest 

state, emax on one hand, and the void ratio of the soil in its densest state, emin, on the 

other hand. Using equation 1, these values were then combined with the in-situ void 

ratio, e, obtained by means of the SCT device to calculate the relative density. The 

obtained density profile is shown in figure 7.  

 

For comparison in figure 8, the corresponding results of the standard penetration tests 

in the same study area are shown. SPT values which, due to the presence of boulders, 

were out of range (i.e. blows > 50) are not shown. Due to the large scattering of the 

SPT results it was not possible to determine a reasonable range of the relative density 

without further ado. It is at this point noted that, especially in this kind of 

inhomogeneous soil with the presence of larger boulders, this difficulty is often 

experienced. This is why it is generally indispensable to combine SPT results with 

other tests (e.g. geophysical tests) for an appropriate geotechnical characterization. 

Comparing the results of the penetration resistance testing (SPT, figure 8) with those 

obtained by electromagnetic wave technology (SCT, figure 7), it can be clearly 

observed that using the newly developed SCT device the results show significantly 

less scattering. They thus provide a more accurate insight into the relative density 

distribution with depth. The upper 10 to 15 m are generally loose to medium dense, 

while, as expected, the compactness increases with depth. The locally notable decrease 

is due to the presence of coarser material. The rather high density observed between 3 

and 4 m depth can be explained by the presence of very fine grained lacustrine 

deposits. These findings are in line with the information of the core boxes. 

 

Overall, it can be concluded that the developed SCT device permitted to obtain a 

complete relative density profile and with it a useful data basis for further engineering 

evaluations. The measurement campaign using the new device provided continuous 

and complete information over the entire soil profile under investigation, without any 

information gap, in contrast to the previously performed SPT, that in most cases 

failed. It thus provided a key basis for a safe and sound design of the future dam and 

its support structures. 

 

CONCLUSIONS 
 

In order to assess the quality and performance of any soil foundation, proper 

knowledge of the void ratio and compactness is essential. Due to the difficulties 

associated with obtaining undisturbed soil samples for direct measurements, indirect 

methods such as SPT, NSPT or CPT are usually used. However, these methods have 

their limitations and often fail, especially with heterogeneous soils also containing 

coarser materials. To overcome this limitation, a new device based on microwave 

technology, referred to as SCT (Soil Compaction Testing) has been developed and 
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tested. By means of the dielectric constant, this method permits to determine both the 

water content percentage of unsaturated soils (water-soil ratio), and also the void ratio 

and compactness of saturated soils. As such, the basic concept here is similar to the 

commonly used cross-holes georadar. The main difference to this widely-known 

geophysical testing method is the measurement scale, and accuracy of the new SCT 

device, which have been specifically defined to satisfy typical civil engineering 

requirements, and to comply with realistic testing conditions. Measurements can be 

performed between boreholes with a distance of up to 20 to 25 m. It is possible to 

determine the water content with an accuracy of about 5%. The measuring device 

itself is user-friendly, comprising an easy-to-read screen and PC device, with which 

measurements can be rapidly and conveniently taken, which are also less prone to 

errors. Moreover, complex pre-/post-processing is not required. 

Various tests on actual construction sites performed so far have already proven, not 

only the general functionality of the SCT device, but also its higher reliability and 

increased feasibility with respect to common friction based testing methods. This 

paper presents one simple application example i.e. at the foundation of a 130 m high 

rock fill dam. By means of the SCT, it was possible to easily and rapidly obtain a 

sound data basis for further geotechnical assessments such as settlements, without 

impeding the construction process. 

 

 

 



    Page 9                                           

REFERENCES 
 

[1] Shroff A. V., Shah L. D. (2003). Soil Mechanics and Geotechnical Engineering: A. 

A. Balkema Publishers. India. 

[2] Lamb T. W., Whitman R. V. (1969). Soil Mechanics. John Wiley & Sons. New 

York, Chichester, Brisbane, Toronto, Singapore. 

[3] University of Applied Sciences and Arts of Southern Switzerland, Telecom-

Telemetry-and-High-Frequency Laboratory (2013). Measurements, Specifications, 

and Device Description, (internal documents), Switzerland. 

[4] Quan CHEN et al., The simplified model of soil dielectric constant and soil 

moisture at the main frequency points of microwave band, IEEE, China. 

[5] D. P. Snowden et al., Measurement of dielectric constant of soil, IEEE, USA. 



    Page 10                                           

TABLES 

 

 

Table 1. Classification of the relative density [2] 

Description Relative Density, Dr [%] 

Very loose 0 – 15 

Loose 15 – 35 

Medium 35 – 65 

Dense 65 – 85 

Very Dense 85 – 100 
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FIGURES 

 

 
FIG. 1. Results of first laboratory tests. Percentage of water in function of 

measured dielectric constant for different soil granulometries in not saturated 

conditions 
 

 

 

 
FIG. 2. Laboratory tests. Left: set-up with holes at 67 cm distance in sand. Right: 

same box filled with gravel and coarse material. 
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FIG. 3. Schematic illustration of measuring device and test configuration 
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FIG. 4. Screen capture with example of measurement in a 12 m deep borehole. 
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FIG. 5. Left: typical borehole log indicating lithology and permeabilities. Right: 

photos of the core boxes obtained from the same part of the dam foundation. 
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FIG. 6. Photo of SCT campaign in BH-L-150-1, BH-L-150-1a and BH-L-150-1b 
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FIG. 7. Relative density in function of depth obtained by means of SCT device, 

(boreholes BH-L-150-1, BH-L-150-1a and BH-L-150-1b). 
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FIG. 8. Relative density in function of depth obtained by means of SPT.  


