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Abstract  
The permittivity of moist, compacted samples of unbound granular (UBG) road pavement materials was measured 
and compared using modified free-space (MFS), ground penetrating radar (GPR) and time-domain reflectometry 
(TDR) techniques. Separate UBG material samples were prepared and characterised using TDR and MFS 
techniques, initially targeting fixed sample density and varying moisture contents and later fixed volumetric 
moisture content and varying density values. The results were compared to each other and to values determined 
using GPR on the same samples. Overall, there was reasonably good agreement between the different methods. 
The MFS and GPR results compared well for moisture-varying samples, though differences were noted for 
density-varying samples, most likely due to the inclusion of a nylon spacer for part of the experiment. TDR 
reported lower permittivity values for samples with lower moisture content and density and greater variation 
between samples compared to GPR. The investigation also illustrated the benefits of the MFS approach as a 
practical method of material permittivity characterisation for GPR applications. 

Keywords: Permittivity characterisation; ground penetrating radar (GPR); moisture; unbound granular 
pavements. 

1. Introduction 

The structural performance of unbound granular (UBG) materials is strongly influenced by 
moisture [1, 2]. To enable quantitative field estimates of moisture using multi-offset ground 
penetrating radar (GPR), a modified free-space (MFS) characterisation has been developed [3], 
validated [4] and optimised [5] as an alternative to existing characterisation methods for 
relating the volumetric moisture content (θV) and real permittivity (εʹr) for compacted UBG 
material samples. This extended abstract provides a brief overview of a laboratory experiment 
comparing permittivity measurements using the MFS approach to results based on two-way 
travel time measurements using time-domain reflectometry (TDR) and conventional ground 
penetrating radar (GPR). Further details of the experiment and results can be found in the 
associated journal paper [6]. 

2. Experiment 

In the first stage of the experiment a typical metamorphic base-course UBG road material, 
containing aggregate particles up to 19 mm in size, was compacted in sample containers. These 
samples were prepared targeting a range of gravimetric moisture contents and a target density 
of 95% of the maximum dry density for that material. Separate samples were prepared for MFS 
and TDR measurements, which were then tested using GPR. In the second part of the 
experiment, samples from the same source material were prepared and tested with varying 
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target densities and a constant target gravimetric moisture content. The achieved gravimetric 
moisture content for each sample was determined via conventional laboratory oven drying, 
using a portion of the material collected during placement within the sample boxes. The 
volumetric moisture content was then calculated from the gravimetric moisture content and the 
measured mass and volume of the sample.  

The MFS samples were compacted within form-ply sample boxes. They were then measured 
using an Agilent Fieldfox portable vector network analyser (VNA) and a pair of ground-
coupled antennas fixed within a wooden frame. The phase and magnitude of signals passing 
through the sample (S21) and reflected back to the uppermost antenna (S11) were recorded and 
the real permittivity (εʹr) was determined based on the change in S21 phase due to sample 
insertion, compared to a reference measurement through a ply sheet, via [7]: 
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where λ0 = free space wavelength for a given frequency; ΔΦ = measured phase shift (degrees); and ε'r 
is the real component of the relative complex permittivity (εr). The change in time-domain arrivals 
of S21 and S11 measurements was also used to determine the apparent permittivity of the 
samples.  

The TDR samples were prepared in a polyvinyl chloride (PVS) box, targeting similar 
compaction and moisture conditions as the MFS samples. A conventional 300 mm long three-
prong probe was embedded between the sample layers and a Campbell Scientific TDR100 
control unit was used to collect the TDR measurements. These were then interpreted using a 
custom Matlab script to determine the apparent permittivity, using both the method of peaks 
and also the method of tangents [8]. Impulse GPR was used to measure the two-way travel time 
and apparent permittivity through the prepared MFS and TDR samples. A Geophysical Survey 
Systems (GSSI) SIR-3000 GPR control unit and 1.5 GHz ground-coupled antenna (model 
5100B) was used for the measurements. Permittivity results from all methods were then 
compared to each other, and to relations from the literature [8-11]. 

3. Results 
Overall the MFS and GPR permittivity results showed good agreement, with all values being 
within 3.8% of the mean for samples with varying moisture and within 5.8% for samples with 
varying density. Variations were noted between GPR, MFS time-domain and phase-shift 
results for the density-varying samples, which were greatest when comparing results 
determined using GPR and S21 phase measurement. This effect is most likely due to internal 
reflections within the sample affecting the VNA phase measurements, a result of using an 
additional nylon spacer and thinner sample boxes for this part of the experiment. 

While the overall pattern of TDR results generally agreed with GPR and MFS at higher 
moistures, for samples with lower volumetric moisture contents and lower densities the TDR 
reported notably lower permittivity values, particularly when using the method of tangents for 
the analysis. The TDR results also exhibited a wider spread in permittivity values compared to 
GPR for density varying samples, indicating TDR may be more sensitive to localised variations 
in sample density. 
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4. Conclusions 
An experiment was undertaken comparing permittivity estimates of moist, compacted samples 
of unbound granular (UBG) pavement materials using a modified free-space (MFS) approach 
to results from conventional ground penetrating radar (GPR) and time-domain reflectometry 
(TDR) techniques. Overall the investigation showed reasonably good agreement between the 
different methods, with particularly good agreement being noted between the MFS and GPR 
results for moisture varying samples. The TDR results agreed well for higher moisture samples, 
though they varied from GPR and the general trend observed in MFS samples for lower 
volumetric moisture content and density conditions. The investigation demonstrated the MFS 
approach as a relatively simple method of permittivity characterisation, which is particularly 
well-suited to measuring the bulk properties of coarse-grained conglomerate materials over the 
frequency range relevant to GPR. 
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