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A B S T R A C T   

A well-developed soil structure is crucial for a fertile soil and rules its influence on the ecosystem. Slight vari
ations in the way soil components are organized and connected can greatly impact the soil mechanical and 
hydraulic characteristics. However, these features are challenging to measure at a scale that is relevant for 
agricultural management. In this study, we assess the capability of two seismic geophysical methods, i.e. Seismic 
Refraction Tomography and Multichannel Analysis of Surface Waves, to monitor the effects of compaction on 
agricultural bare soil. The purpose is to highlight the different mechanical response caused both by soil plastic 
deformation and soil water distribution due to increasing compaction. Results demonstrate that both geophysical 
techniques provide sufficient information to capture the effects of soil compaction and distinguish its signifi
cance, while traditional direct measurements, being punctual, lack sufficient spatial coverage. P-wave velocities 
carry a strong imprint of soil compaction, provided by seismic refraction, incorporating the information given by 
the multiphase medium in its entirety. On the other hand, S-wave velocity derived from Surface Waves dis
criminates the effect of solid matrix structure. This work, moreover, aims to pave the way for seismic methods to 
spatially characterize compaction at field scale, illustrating its potential and suggesting possible developments.   

1. Introduction 

Soil structure is the spatial arrangement of solid constituents and 
voids (Dexter, 1988), and reflects natural biotic (i.e. soil fauna and 
roots) and abiotic factors (e.g., sedimentation, freezing-thawing and 
wetting–drying), as well as human activities through soil tillage, organic 
matter addition and crop management. Soil compaction is one of the 
most impactful drivers of soil structure degradation, leading to densifi
cation and distortion of the soil spatial arrangement due to the break
down of soil aggregates under loads that exceed the soil’s inherent 
stability (Schjønning et al., 2019). 

Soil compaction due to traffic with modern agricultural machinery 
has dramatically increased (Gürsoy, 2021; Keller et al., 2019; Raper, 
2005), causing significant impacts on soil ecosystem services, in 
particular regulating and production services (e.g., flood control, agri
cultural production), resulting in significant ecological threats to 
biodiversity and economic damage to farmers and society (Bronick and 
Lal, 2004; Hamza and Anderson, 2005; Nawaz et al., 2012). 

Quantification of soil structure and soil compaction has been tradi
tionally conducted through direct measurements of dry bulk density and 
porosity, or inferential measurements that rely on either increase in soil 
strength (e.g., soil penetration resistance) or reduction in interconnected 
pore spaces (e.g., air and water permeability) (Johnson and Bailey, 
2002; Keller et al., 2021b). Regardless of whether they are conducted in- 
situ or in a laboratory after sampling, these methods are limited in their 
ability to quantify soil structure dynamics − including compaction −
over space and time. Soil compaction phenomena exhibit highly 
spatially and temporally variability, depending on factors such as in
tensity and distribution of the traffic of agricultural machineries and/or 
the implementation of tillage practices (Alaoui and Diserens, 2018), 
which dominate over the nonetheless present natural processes (Fabiola 
et al., 2003). 

Several geophysical techniques, as outlined by Romero-Ruiz et al. 
(2018), can complement traditional characterization methodologies. 
With the advantage of their non-invasive nature, these techniques can be 
readily applied to various spatial and temporal scales. The most 
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widespread methods for soil investigations rely on the distinct electrical 
properties of soils determined by soil texture (mainly clay content) and 
organic matter content, and changes in volumetric content and salinity 
of pore fluids. Electrical and electromagnetic techniques are very often 
used in the characterization of soil properties such as bulk density, 
gravel and clay content (Morari et al., 2009) as well as state variables 
like soil salinity and water content (Blanchy et al., 2020; Carrera et al., 
2022; Cassiani et al., 2015; Doolittle and Brevik, 2014; Hanssens et al., 
2019), and even characterize the variability of soil compaction (Islam 
et al., 2014a, 2014b). Recent works have also studied the phenomenon 
of compaction with geoelectrical methods both in the laboratory (Seladji 
et al., 2010) and on a field scale (Besson et al., 2013; Romero-Ruiz et al., 
2022). In addition, other studies tried to identify reflections of electro
magnetic waves from soil compacted layers and lateral continuity of 
shallow horizons using Ground Penetrating Radar (Jonard et al., 2013; 
Muñiz et al., 2016; Zajícová and Chuman, 2019). However, the elec
tromagnetic response of soil is influenced by a number of factors 
(mineralogy, texture, porosity, fluids, organic matter), highlighting the 
complexity inherent in understanding which factor is predominant in a 
site-specific situation. Active seismic methods have been widely 
employed for large scale crustal studies (Cho et al., 2006; Zelt et al., 
2003), mineral resources exploration (Darijani et al., 2020; Wright, 
1981), engineering and geotechnical characterization at smaller scale 
(Boaga et al., 2011, 2021; Foti et al., 2011), slope stability and land 
management (Barone et al., 2021; Samyn et al., 2012; Uhlemann et al., 
2016a). However, the application of seismic methods in agricultural 
science remains relatively unexplored, despite their potential to provide 
unique insights into the mechanical properties of materials. The pedo
sphere, being subject to deformation and changes in dry bulk density, 
exhibits corresponding variations in seismic waves velocities. Thus, 
seismic investigations can contribute to assessing soil structure changes 
and compaction phenomena in both the tilled topsoil layer and the 
untilled subsoil profile beneath. 

Interesting studies in this direction have been proposed by Keller 
et al. (2013) and Romero-Ruiz et al. (2021) to link the soil strength to 
compressional (P) wave velocity, and by Donohue et al. (2013) to 
explore the use of surface waves to evaluate soil compaction. Blazevic 
et al. (2020) emphasized the usefulness of seismic-electrical tomography 
for monitoring hydrological processes in unsaturated soils, while Uyanik 
(2010) showed pioneering information on experimental precautions to 
be taken when measuring compression and shear waves in unconsoli
dated top-soils. Given the complexity of seismic response in partially 
saturated and unconsolidated soils, laboratory experiments remain 
essential (Pasquet et al., 2016). 

Moreover, the use of these methods as monitoring over time could 
become crucial for the study of other soil dynamics, such as wetting–
drying cycles (Fomin et al., 2023) and shrinking processes (Coppola 
et al., 2012), allowing a characterization directly in the field. 

In this work, we propose the application of active seismic methods to 
retrieve information about changes in the soil structure as affected by 
compaction. Among the different techniques, we applied the Seismic 
Refraction Tomography (SRT) and the Multichannel Analysis of Surface 
Waves (MASW) to the same survey dataset, in order to retrieve the body 
(P and S) wave velocity profiles in a test site. The first technique has 
been used to obtain the compressional (P) waves velocities, and the 
latter to calculate the shear (S) waves velocities. The geophysical results 
have been compared with information derived from direct soil analysis 
(i.e. laboratory analysis on collected samples and penetration resistance 
measurements). 

The objectives of this study are to (a) contribute in the adaptation 
process of the seismic geophysical techniques, commonly used in geo
sciences and engineering, to shallow soil science applications; (b) test 
the sensitivity of SRT and MASW in identifying soil structure variability 
along a soil profile in a well-controlled compaction experiment; (c) 
explore potential future applications of agrogeophysical studies in un
derstanding the soil response to compaction, including its mechanical 

properties, plastic deformation, and water distribution. 

2. Theoretical background 

Active seismic methods rely on the introduction of mechanical en
ergy into the subsurface through either an impulsive source, such as a 
sledgehammer, a weight-drop, or an explosive, or a vibrating source, 
such as a vibroseis. The propagation of this energy is measured at 
various distances, typically using geophones (Everett, 2011; Kearey and 
Brooks, 2002). A seismic source generates several types of seismic wave 
types, including body waves (compressional P-waves and shear S- 
waves), which can propagate through the medium (in our case, the soil), 
and surface waves (Rayleigh waves and Love waves), which are guided 
along the free surface of the medium, such as the soil-air interface in our 
case (Telford et al., 1990). 

2.1. Body waves 

According to the “perfect elasticity” assumption (Pelissier, 2007), P- 
and S-waves exist as solutions of the wave equation (Fleisch and Kin
naman, 2015). 

As compressional waves propagate by uniaxial strains, and shear 
waves by shear strain, the velocities of P-waves (Vp) and S-waves (Vs) (m 
s− 1) in a homogeneous elastic medium are given by: 

Vp =
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Where k (Pa) and G (Pa) are the bulk and shear elastic moduli, ρ (kg 
m− 3) is the bulk density of the medium, E (Pa) is the Young’s modulus 
and ν is the Poisson’s ratio. The Young’s modulus E (Pa) is a ratio of the 
longitudinal stress to the longitudinal strain with no lateral constraint. 
Low values tend to indicate ductile or soft materials, high values brittle 
or stiff materials (Ma et al., 2016). The shear modulus G (Pa), also 
known as modulus of rigidity, expresses the elastic body’s response in 
terms of shear strain to a given applied shear stress. Shear strength and 
shear modulus are proportional in cohesive soil (Hara et al., 1974; 
Uhlemann et al., 2016b). The bulk modulus k (Pa) describes the volume 
change of an elastic material in case of variations in the hydrostatic 
pressure. 

Equations (1) and (2) form the basis for the use of seismic waves in 
material characterization. While soils are generally categorized as in
elastic materials, they can exhibit linear elastic behaviour within a very 
small deformation range triggered by the passage of mechanical waves. 
This behaviour is observed when the deformations remain sufficiently 
small to prevent any sliding of the grain contacts (Ammon et al., 2021; 
Telford et al., 1990). 

Note that while Vp is a characteristic of the entire medium, including 
both the solid matrix and fluids in the pore space, Vs is only associated 
with the solid matrix. Vs reflect density variations and/or re- 
arrangement of sediments, since pore fluids do not respond to shear 
stresses. Despite that, it has been observed that the shear modulus is 
sensitive to capillary forces (linked with water content) at shallow 
depths (Romero-Ruiz et al., 2021; Shin et al., 2016; Solazzi et al., 2021). 

2.2. Rayleigh waves 

Rayleigh waves are a type of surface waves that travel along the 
earth-air interface causing an elliptical soil motion (for an exhaustive 
treatment see Aki and Richards (1980) and Rayleigh (1885)). This 
characteristic allows for their detection using also conventional single- 
component (vertical) geophones. The use of Rayleigh waves to 
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determine the elastic properties of the subsurface is based on their 
dispersive behavior in vertically heterogeneous media (Thomson, 
1950). Lower frequency (longer wavelength) waves exhibit greater 
sensitivity to the elastic properties of deeper (and usually faster) mate
rials, while higher frequency (shorter wavelength) waves are more 
sensitive to shallower (and usually slower) materials. 

The velocity of individual phases within a Rayleigh wave train is 
referred as phase velocity. To infer the relationship between phase ve
locity and frequency (or wavelength), a spectral analysis of Rayleigh 
waves is conducted, also known as dispersion curve (Xia et al., 1999). 
Multiple phase velocities can coexist for a given frequency, and this 
modal behavior is represented by an infinite number of dispersion 
curves (i.e. modes), each corresponding to independently propagating 
dispersive Rayleigh wave packets (Tselentis and Delis, 1998). The mode 
exhibiting the lowest phase velocity is termed the fundamental mode. 
Higher modes are characterized by higher phase velocities and provide 
information about deeper layers, however they exist only above a spe
cific cut-off frequency (Tokimatsu et al., 1992). 

As phase velocity of Rayleigh surface wave (Vr) is strongly related, 
through Poisson’s ratio, with the S-wave velocity Vs (0.87Vs < Vr <

0.96Vs) (Richart, 1970), dispersion curves are then subjected to 
geophysical inversion in order to produce Vs depth profiles consistent 
with the data (Foti et al., 2014). Note that this inversion procedure, in 
general, is limited to 1D modelling with depth, and assumes lateral 
homogeneity, which may not always true in reality (Barone et al., 2023, 
2022; Vignoli et al., 2016, 2011; Vignoli and Cassiani, 2010). 

3. Material and methods 

3.1. Site description 

The experiment was conducted at the Experimental Farm “L. 

Toniolo” of the University of Padova in Legnaro (45◦21′ N; 11◦57′ E, 8 m 
a.s.l.), North-Eastern Italy (Fig. 1a). In the study area, the soil is classi
fied as Fluvi-Calcaric Cambisol (WRB, I.W.G., 2014) which represents 
almost 50 % of the Venetian plain in the Veneto region. It is a poorly 
layered silt-loam soil with low natural fertility due to a small organic 
carbon content (about 0.8–1 % at the 0–20 cm layer, down to 0.05 % at 
60–90 cm) and low cation exchange capacity (<20 cmol kg− 1) (Longo 
et al., 2021; Mencaroni et al., 2023). 

The experiment was carried out in late Spring 2022 (18th May) on 6 
bare soil plots, 1 m wide and 15 m long each and spaced 2 m apart, in a 
total 400-m2 area (Fig. 1b). We selected the most homogeneous field 
area based on previously collected information through Frequency- 
Domain Electromagnetic Method (FDEM) mapping (CMD Mini- 
explorer, GF Instruments, CZ) and some previous historical informa
tion provided by the L. Toniolo farm staff (data not shown). Before the 
start of the experiment, the field was used for arable cropping following 
conventional agricultural practices, which involved moldboard 
ploughing down to 0.3 m depth and disk harrowing before seeding. For 
the specific experiment setup, the soil was tilled as previously described 
in late winter/early spring period (February-March 2022). 

Two different degrees of topsoil compaction were experimentally 
recreated and compared against uncompacted conditions with two 
replications in a randomized design. The uncompacted plots (no 
compaction, hereafter called “NC”) were treated without any machinery 
traffic, considering observations from these treatments as indicative of 
natural soil structure recovery in the absence of vegetation as reported 
in Keller et al. (2018) and Keller et al. (2021). A light-compaction (LC) 
treatment was obtained with traffic of a Fiat 680H tractor of 2940 kg 
weight (front: 1060 kg, rear: 1880 kg), while heavy-compaction (HC) 
was generated with a traffic of New Holland T7.165 S tractor of 9750 kg 
weight (front: 3580 kg, rear: 6110 kg). Each compaction event was 
performed with a double tractor pass, using a single-side wheeling as the 

Fig. 1.  
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compaction strip within the elementary plots (see illustration in Fig. 1b). 
To maintain bare soil conditions, any emergent vegetation was sup
pressed through periodic application of nonselective herbicides (i.e. 
glyphosate). 

A day after the compaction event, undisturbed soil samples of 7.2 cm 
diameter were collected down to 1 m at the head of each plot (six in 
total) using a hydraulic sampler and analyzed every 10 cm. Undisturbed 
soil samples were weighed, and a fraction (two-thirds) was oven-dried at 
105 ◦C for 24 h for the calculation of the gravimetric water content and 
bulk density (BD). The other soil fraction (one-third) was air-dried and 
sieved through a 2-mm for texture analyses (soil skeleton was absent). 
Soil bulk density was estimated by the core method (Grossman and 
Reinsch, 2018) while soil texture was determined by laser diffraction 
(Mastersizer 2000; Malvern Panalytical Ltd, Malvern, UK) as described 
in Bittelli et al. (2019). Penetration resistance (PR) was measured with a 
penetrologger (Eijkelkamp, Netherland), throughout the 0–80 cm layer, 
with a 30◦ 2 cm2 cone. In each plot, three PR sampling zones were 
randomly selected, for a total of 18 in-depth profiles. 

Finally, along the centerline of each plot, active seismic surveys 
(black lines in Fig. 1b) were performed using both SRT and MASW ap
proaches. The seismic source was moved to different positions along the 
geophones (i.e. signal transducers) array (respectively red stars and 
black dots in Fig. 1c). The acquisition scheme and parameters adopted 
for each survey line are further described in Section 3.2. 

3.2. Seismic refraction Tomography (SRT) 

The SRT method consists in the measurement of the first-arrival 
times of artificially generated body waves at given locations. All wave 
phenomena follow Snell’s law and are subject to refraction and reflec
tion at interfaces between materials with contrasting propagation ve
locities (Born et al., 1959). In refraction investigations, as the name 
implies, only refracted waves are considered. One of the main conditions 
for applying the method is that, in general, the propagation velocity of 
seismic waves increases with depth. To analyze the compressional (P) 
waves, vertical geophones are used, while horizontal geophones are 

Fig. 2.  
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necessary for shear (S) waves. Since generating compressional waves is 
easier than shear waves, P-wave SRT approach is the most commonly 
adopted. Typically, several shot gathers (i.e. collection of seismic traces 
sharing common geometry) are recorded for different seismic source 
locations inside and outside the survey line. Iterative tomographic 
inversion procedure, involving raytracing, is used to obtain a 2D ve
locity model of the subsurface (Lehmann, 2007; Moser, 1991; White, 
1989; Woodward, 1992; Moser and Nolet, 1992). 

Common P-wave SRT surveys utilize sources that generate signals 
with dominant “low” frequencies (20–60 Hz − e.g., heavy hammers, 
free-falling mass, accelerated mass, and seismic guns). In this way, 
relatively large wavelengths (10 s − 100 s of meters – see Fig. 2a-c) are 
produced and, with an adequate length of the geophone array, it is 

possible to achieve large penetration depth. In our experiment, the 
target is the soil profile (ideally, down to 1–2 m) whose structure can be 
affected by mechanical stress causing compaction. Preliminary tests 
were carried out to determine the best source and receiver types and 
geometries capable of energizing and detecting sufficiently high fre
quencies, so that small wavelengths could sample the shallowest portion 
of the soil (i.e. down to 1.5–2 m). Therefore, a small-scale and high- 
resolution array has been settled with 24 vertical geophones spaced 
0.25 m, with a natural frequency of 100 Hz, and a very light seismic 
source has been chosen (1 kg hammer striking a 10 cm2 slender stainless- 
steel plate). As can be seen in Fig. 2, the excited frequencies during the 
experiment ranged between 20 and over 400 Hz (Fig. 2d), while in P- 
wave SRT surveys performed with conventional seismic sources and 

Fig. 3.  
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geophones, and with larger receiver spacing, this range is typically much 
lower (0–150 Hz, Fig. 2a-c). 

Surveys were collected using a Geode seismograph (Geonics, USA), 
acquisition scheme and profile locations can be found in Fig. 1c. In each 
dataset of the experiment, the signal-to-noise ratio remained high even 
at larger offsets, therefore no stacking procedure was applied on the 
seismic traces to attenuate noise. The picked first arrivals were inverted 
through the C++/Python-based library pyGIMLi (Rücker et al., 2017), 
discretizing the subsoil model with an unstructured triangular mesh. 
PyGIMLi utilizes a shortest path algorithm (Moser, 1991; White, 1989) 
which models seismic energy propagation as ray. We performed an L- 
curve analysis (Hansen, 2000) of the entire dataset acquired to define 
the most appropriate value of the regularization and smoothing pa
rameters to be used in the inversion process (Wagner and Uhlemann, 
2021). We also considered an absolute data error of 3 ms for inversion of 
the seismic data (around 10 %), that appears realistic since the seis
mogram traces were generally very clean. All inversions were conducted 
at 4:1 preferential horizontal smoothing. The models were updated by 
solving a regularized linear inverse problem. The ray-tracing steps were 
iterated until a satisfactory fit to the data was achieved, evaluating the 
model response with the dimensionless error-weighted χ2 criterion. All 
our inversions ended with 1.04 < χ2 < 1.89 (Fig. 5), falling within the 
range 1–5 defined by Günther et al. (2006) for reliable results, avoiding 
data overfit or underfit. 

3.3. Multichannel analysis of surface waves 

The Multichannel Analysis of Surface Waves (MASW) method (Park 
et al., 1999) uses multichannel systems to record the propagation of 
Rayleigh waves at different locations. The use of multiple geophones 
allows the simultaneous recording of a variety of wavelengths, thus each 
shot gather is analyzed in the frequency-wavenumber (f-k) domain, 
where the dispersion curve is defined by picking the maximum ampli
tudes associated with the different modes. Fig. 3 a-b shows as an 
example the analysis for the external shots of the survey on plot 6 (low- 
compaction LC). 

Although the higher modes are very energetic and rather clear for 
nearly all the shot gathers analyzed, they were not included in the final 
analysis. Higher modes correct identification is indeed complex, espe
cially when energy is distributed over them (Boaga et al., 2013, 2014; 
Zhang and Chan, 2003). If the higher modes are not properly identified, 
the obtained models may not represent the real subsoil. Therefore, 
although a forward model was created to guide the picking of the ac
quired data, to avoid the errors associated with the modal numbering, 
we only inverted for the fundamental mode. Note that the presence of 
energetic higher modes is not a surprise given the strong elastic 
impedance contrasts, and possible velocity inversions, as discussed later 
on. 

For each survey line, the two external (i.e. the most right and the 
most left) shots were used to derive an average Vs profile. The left and 
right dispersion curves obtained were averaged, and their standard de
viation was computed as an estimate of the picking error (Fig. 3c). 

As for the inversion, the soil profile model was discretized in 3 layers 
with parametrization reported in Table 1. The choice was performed 

based on the information obtained from SRT and laboratory analysis on 
the extracted samples for each station. 

The inversion was performed using the evodcinv Python library 
(Luu, 2021a), which adopts Evolutionary Algorithms for the optimiza
tion problem, in order to obtain the S-wave velocity profile as a function 
of depth. This is typically done by iteratively updating the initial model 
of the subsurface structure until the observed dispersion curve and the 
modeled dispersion curve match. In our case, we set 500 iterations for 
each inversion, using a Competitive Particle Swarm Optimization 
(CPSO) method (Luu, 2021b) with a total population size of 10, resulting 
in a misfit of the models averaging to less than 6.5 %. Since the obtained 
Vs models are composed of layers of varying thickness, they were 
resampled every 0.1 m with the mean value so as to be compared with 
the other variables in equal intervals. 

3.4. Statistical analysis 

The experimental design included 3 treatments (i.e. HC, LC, NC), 2 
replicates per treatment, and 10 depths per replicate. Soil bulk density 
(BD), S-waves (Vs), soil water content (both gravimetric and volu
metric), and penetration resistance (PR) were analyzed with a linear 
mixed-effect model considering soil depth and compaction treatment as 
categorical factors, and clay content as continuous factor. The P-waves 
(Vp) were analyzed with a linear mixed-effect model with the same 
categorical factors, but the gravimetric water content was included as 
continuous factor. Single effects and interaction between categorical 
factors were tested. Variability associated with the modelled means was 
provided by the Tukey’s HSD (honestly significant difference) test at the 
5 % level of significance. 

Relationships between soil parameters and seismic results obtained 
at different depths were investigated through a correlation matrix by 
estimating Pearson’s correlation coefficients. All depths when data were 
simultaneously collected were considered (n = 60 total observations per 
parameter). A backward stepwise multiple linear regression analysis was 
finally performed to identify the contribution of soil parameters, seismic 
measures and penetration resistance in explaining the variability of soil 
bulk density. The statistical analysis was performed using a Python 
script based on SciPy (Virtanen et al., 2020) and Statistica (StatSoft Inc., 
Tulsa, OK, USA). 

4. Results 

4.1. Soil measurements 

Experimental machinery traffic has determined significantly 
different soil bulk density values (p < 0.05) among the treatments in the 
upper soil layers (0–––0.20 m). The LC and HC treatments exhibited 
higher BD with average values of 1.36 g cm− 3 and 1.53 g cm− 3, 
respectively, compared to the NC that averaged 1.31 g cm− 3 (Fig. 4a). In 
the 0.30–––1.0 m profile, the HC treatment presented BD values within 
the range of 1.46–––1.58 g cm− 3, while both the LC and NC treatments 
showed slightly higher values, respectively from 1.41 to 1.58 g cm− 3 and 
from 1.36 to 1.50 g cm− 3. 

Moisture content did not show significant differences in all the 
treatments (Fig. 4b-4c). However, there were notable changes in their 
distribution along the soil profile. Both GWC and VWC change signifi
cantly from 0.50 m depth and in subsequent layers compared to the 
0–––0.40 m profile, with average values in depth (0.50 – 1.0 m) of 0.14 
kg kg− 1 (GWC) and 0.20 m3/m− 3(− |-) (VWC), whereas at 0–––0.40 m 
depth range the averages are 0.22 kg kg− 1 (GWC) and 0.33 m3/m− 3(− |-) 
(VWC). 

In terms of penetration resistance, compacted plots exhibited higher 
strengths compared to the non-compacted for the top 0.30 m depth 
(Fig. 4d). Down to a depth of 0.30 m, the average penetration resistance 
for the non-compacted soil was 0.32 MPa while showing higher values to 
an average of 0.81 MPa in LC and 1.20 MPa in HC. Even at greater 

Table 1 
Subsoil model parametrization for dispersion curve inversion.   

Thickness 
range (m) 

Vp range 
(m/s) 

Vs range 
(m/s) 

Poisson’s 
ratio 

Bulk 
density (kg 
m¡3) 

Layer 
1 

0.10–0.30 80–350 40–140 0.20–0.40 1200–1500 

Layer 
2 

0.60–1.0 200–400 80–160 0.20–0.40 1200–1500 

Layer 
3 

0.60–infinite 250–600 100–240 0.20–0.40 1600  
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depths, beyond 0.40 m, HC consistently showed significantly greater 
values: its average value is more than 0.54 MPa higher than LC and 0.63 
higher than NC, peaking at over 2 MPa at a depth of 0.60 m. 

4.2. Seismic refraction Tomography 

Fig. 5a shows the variation of the inverted P-velocity tomograms at 
increasing compaction level (downward) in the two different replicas 
(left and right). Note that the blanked areas within the sections are due 
to the absence of ray propagation within the mesh elements and there
fore the corresponding areas are unreliable in terms of estimated wave 
velocities. 

The seismic sections are very similar within the same compaction 
treatment. A general trend of increasing velocities with depth was 
evident for all models, exceeding 600 m s− 1 from a depth of 1.30 m. Note 
however that SRT inherently tends to favor increasing velocity profiles 
with depth, unlike surface wave methods. The upper part (down to 0.50 
m depth), exhibited the most significant variations among the different 
levels of compaction, with velocities ranging from 100 to 400 m s− 1. 
While average Vp of 185 m s− 1 were found in the uncompacted soil, from 
the ground level down to a depth of approximately 0.4 m, the HC models 
averaged 245 m s− 1,showing portions with Vp > 250 m s− 1 right from 
the surface (0–––0.25 m depth). In the same 0–––0.40 m profile, light- 
compacted soil averaged 220 m s− 1, placing it almost in the middle 
compared with previous. Furthermore, even within the depth range of 
0.50 m to 1.0 m, distinct velocity structure was observed between 
compacted (445 m s− 1, on average) and uncompacted (395 m s− 1, on 
average) soil, with localized areas exceeding 400 m s− 1 found in the HC 
treatment. 

Average 1D profiles of the two-dimensional tomographic models 
were computed to relate them to the other measurements (Fig. 5b). 
Based on Vp profiles, the velocities increased almost linearly with depth 
for all three treatments. They appeared shifted by a few tens of m s− 1 

according to the degree of compaction. 
To better appreciate the differences between the models, which is not 

immediately possible by looking at the tomograms, we computed all 
possible combinations of the inversion normalizations with respect to 
NC. To highlight the sensitivity of the results to changes in compaction, 
Fig. 6 shows the ratios that minimize (Fig. 6a) and maximize (Fig. 6b) 
the differences between the models. The figures clearly indicate that the 
shallower layer (0–––0.35 m) is most significantly affected by the 

increase in P-wave velocity with a change of more than 50 %, due to 
compaction. It is noteworthy that variations in Vp are observed even 
beyond 0.5 m, with values exceeding 40 % for the HC treatment and 
approximately 20 % for LC compared to uncompacted soil. 

4.3. Multichannel analysis of surface waves 

Fig. 7 presents six different Vs profiles obtained from the inversion of 
dispersion curves. Upon analyzing the dispersion curves themselves, it is 
observed that for NC, the phase velocity trend is monotonically 
decreasing from 100 m s− 1 at lower frequencies down to 80 m s− 1 at 
frequencies exceeding 100 Hz. Conversely, as the surface compaction 
increases, the dispersion curves exhibit a curvature indicating higher 
phase velocities at higher frequencies. In general, the greater the degree 
of compaction, the greater the phase velocities, ranging from 110 − 90 
m s− 1 (i.e. LC) to 125–100 m s− 1 (i.e. HC). 

The described trend is also reflected by the Vs profiles after inversion. 
Considering the discretization of the model space into three layers, the 
higher shear-wave velocities were generally observed in deepest layer, 
located at a depth between 0.80 and 1.0 m, with values ranging between 
125 and 150 m s− 1. The middle layer showed little variability among the 
three compaction levels with velocities ranging between 90 and 105 m 
s− 1, starting at approximately 0.20 m depth. Notably, the behavior of the 
top layer is of particular interest: the NC treatment showed lower ve
locities, averaging around 75 m s− 1. Conversely in the compacted 
treatments, the top layer exhibits higher velocities compared to the layer 
below, averaging at 107 m s− 1 for LC and exceeding 140 m s− 1 for HC. 
This is another indication illustrating the expectation that soil 
compaction influences mechanical properties at different depths. 

4.4. Relationship between soil properties and seismic geophysical values 

Seismic velocities demonstrate highly significant correlations with 
soil properties (Fig. 8). As expected, the Vp waves exhibit positive cor
relation with soil water content, either gravimetric (r = 0.75, p < 0.01) 
and volumetric (r = 0.82, p < 0.01). Additionally, a significant positive 
correlation is also found with soil bulk density (r = 0.67, p < 0.01) and 
penetration resistance (r = 0.65, p < 0.01). Similarly, positive correla
tions are found between Vs and bulk density (r = 0.63, p < 0.01), and 
between Vs and water content (r = 0.7 and r = 0.63 for volumetric and 
gravimetric respectively, p < 0.01). 

Fig. 4.  

A. Carrera et al.                                                                                                                                                                                                                                 



Geoderma 447 (2024) 116914

8

A backward multiple regression analysis was conducted to identify 
the ability of seismic wave methodology to determine the variability in 
soil bulk density. The results reported in Table 2 show that both Vp and 
Vs are selected together with GWC as significant predictors (p < 0.05) of 
soil bulk density. Their combination is in fact useful to explain 53 % of 
total soil bulk density variability. Contrarily, texture seems not useful to 
BD estimation. On the other hand, penetration resistance instead of 
seismic waves methodology is selected as significant predictor of BD 
only when associated with measures of ground truth gravimetric water 

content; in this case the explained BD variability is no more than 43 %. 

5. Discussions 

Both qualitative inspection of the subsurface geophysical models and 
quantitative analysis consistently show differences between the treat
ments under comparison. 

Initially, we utilized soil bulk density as an indicator of the state of 
compaction and compared it with the seismic response. From a 

Fig. 5.  

Fig. 6.  
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geophysical standpoint, a well-structured soil with lower BD than a 
compaction − degraded, hampers efficient propagation of seismic wave 
within the medium (Corapcioglu, 1991), establishing a direct relation
ship between BD and seismic propagation velocity (r = 0.69 and 0.63 for 
Vp and Vs respectively). 

Although the differences between treatments were not statistically 
significant in terms of water content, a higher VWC can be appreciated 
in the first 0.4 m in compacted soil than in non-compacted (Fig. 4), as 
widely reported in the literature (e.g., Romero-Ruiz et al., 2022). Also 
notable is the change in the distribution of VWC and GWV along the soil 
profile, which generally shows an increasing trend with depth, uniform 
between treatments. This fact can be explained by the superficial in
fluence of the experimental compaction, which mainly affected the first 
0.4 m of soil. 

Similarly, besides the known variability of these soils’ properties 
(Piccoli et al., 2019; Sartori et al., 2022), compacted plots showed 
higher PR strengths than non-compacted plots in the shallowest portion 
(first 0.3 m depth), a phenomenon also widely recognized (e.g., 
Benevenute et al., 2020; Hamza and Anderson, 2005; Schjønning et al., 
2015). All depth profiles of the described variables, including seismic, 
increase with increasing levels of experimental compaction (from NC to 
LC to HC). 

Soils are complex, multiphase, composite, and physically discontin
uous materials, making it challenging to accurately describe their me
chanical behavior. Although linear elastic constitutive models are just 
an approximation of the real world (Boaga et al., 2021), many seismic 
techniques are based on elasticity theory due to the low strain levels 
involved. In our study, the SRT and MASW rely on linear elastic as
sumptions. Regarding P-wave SRT, the tomograms obtained from the 
inversion process revealed the spatial impact of compaction in the depth 
dimension covered by the survey length. Consistently with Ren et al. 
(2019), we observe that the influence of tractor tire pressure was 
concentrated in the top 0.4 m (>80 % Vp), with heterogeneity extending 
to greater depths and resulting in 20–40 % increases in Vp compared to 
uncompacted bare soil. We can probably assume that a percentage of 
seismic velocity variation is due to the capillary forces distribution 
arising during experimental compaction, as known from Solazzi et al. 
(2021). However, the water contents are similar for all treatments and 
therefore the capillary forces should also be similar, making us inclined 
to attribute the differences to compaction. 

SRT is advantageous because it allows for the determination of a 2D 
velocity model of the subsoil based solely on the first-arrival time of the 
seismic energy, completely ignoring the phase and amplitude of the 
signal. However, the fundamental assumption behind SRT is that seismic 

Fig. 7.  
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velocity predominantly increases with depth. Therefore, SRT is not 
capable of identifying velocity inversions with depth (Crutchley and 
Kopp, 2018; Green, 1974), which is also the case in our study. As a 
result, both the 2D models and the velocity profiles shown in Fig. 5 
exhibit a general increase in velocity with depth, but also an increase in 
the range of velocities at the same depth compared with increasing 
degree of compaction, with the most pronounced effect at the shallowest 
depth range (0–––0.35 m, Fig. 6). This phenomenon is well observed 
from the inversion ratios, from which it can also be deduced that soil 
deformation caused by machinery likely propagates to depths greater 
than 0.50 m. 

On the other hand, surface wave methods (MASW in our case), 
although requiring slightly more complex data processing, provide re
sults that are specifically related to the solid matrix. These methods use 
the information embedded in frequency-dependent high-amplitude 
surface waves, which can be easily recognized and generated during the 
same p-wave SRT survey, to estimate shear wave velocities. The inverted 
shear wave velocities varied vertically with the level of compaction, and 
they were found significantly correlated with proxies of soil compaction 
and densification. 

The inversion of the dispersion curves (Fig. 7) revealed a “velocity 
inversion” phenomenon characterized by a soil layer with lower velocity 
than the overlying layer. This inversion was observed between the first 

two layers in both the HC and LC treatments, which were not visualized 
by the SRT method. The modelled velocities for the first 0.20 m in HC 
plots were on average 30 % higher than LC and more than 60 % higher 
than those in NC. This demonstrates the capability of the MASW method 
to effectively detect differences in soil properties which are here pre
sumably related to different degrees of soil compaction. Nevertheless, 
during the inversion phase it was necessary to define a priori (i.e., from 
ground-truth and/or literature) a layered model space with ranges of 
thickness, Vs, Vp, density and Poisson’s ratio in which to search for the 
solution. However, with more frequent use of the MASW technique in 
different sites and conditions, it is possible to populate a universal 
database enabling the standardization of search ranges without the need 
for site-specific calibration. 

Finally, the multiple regression analysis (Tab. 2) provided valuable 
insights into the potential of seismic methods for estimating bulk den
sity. The combination of shear wave velocity and compressional wave 
velocity, associated with soil water content determination, was able to 
explain 53 % of the observed variability in bulk density. In comparison, 
the traditional parameters such as penetration resistance and soil 
moisture could only account for 43 % of the variability. Texture did not 
appear to be useful for estimating BD, probably due to the uniform soil 
texture conditions within the experimental field. Although our analysis 
between measured and estimated soil compaction showed good 

Fig. 8.  

Table 2 
Multiple linear regression analysis used to predict ground-truth soil bulk density by using inferential measures (seismic waves, penetration resistance) or penetration 
resistance, gravimetric water content (GWC) and inherent soil texture properties. Both unstandardized and standardized (in brackets) regression coefficients (p < 0.05) 
are reported.    

Regression coefficients    

Intercept Sand (%) Clay (%) GWC (kg kg¡1) Vp (m/s) Vs (m/s) R2 p-value 

BD 1.08 − − − 0.30 
(− 0.59) 

0.001 
(0.65) 

0.002 
(0.33) 

0.53 p < 0.001  

Intercept Sand (%) Clay (%) GWC (m3/m¡3(¡|-)) PR (MPa)  R2 p-value 
BD 1.27 − − 0.51 

(0.26) 
0.095 
(0.54)  

0.43 p < 0.001  
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relationships, and the plots were all located in the same small area, care 
must be taken when extending these results to wider areas, where other 
external factors (e.g., variation in texture, soil cover, etc.) could lead to 
differences in BD compared to those estimated by seismic models. 

6. Conclusions 

In this work, we adapted active seismic techniques to the pedological 
scale and explored their ability to detect the compaction phenomenon. 
We specifically explored the sensitivity of these techniques in assessing 
various degrees of shallow soil compaction in a field environment. 

Both the SRT and MASW methods clearly revealed significant dif
ferences of compressional (Vp) and shear (Vs) wave velocities, among 
different levels of compaction with almost identical soil textural prop
erties. The SRT workflow, which has been long-established, primarily 
highlighted the surface compaction, especially in relative terms (Fig. 6). 
In contrast, the surface wave approach, although more complex and 
user’s experience-dependent, was able to identify velocity inversions in 
the top layers, thus proving a much superior technique for this type of 
study. 

The results obtained from the geophysical techniques were corre
lated and validated with those obtained from traditional direct soil 
measurements (i.e. bulk density, volumetric water content, texture and 
penetration resistance). 

The combined geophysical approach presented in this paper offers 
several advantages over traditional measurements. Firstly, it is a non- 
intrusive method that allows to collect a large amount of data in a 
relatively short time. Additionally, simultaneous recording of Vp and Vs 
with the same instruments provides a cost-effective two-in-one solution. 
However, it is important to note that accurate data analysis and inver
sion are crucial for obtaining reliable results. The success of the method 
relies on performing these steps diligently. Future developments of this 
work may involve the development of a system capable of mapping large 
areas in a short time. This could involve the use of geophones mounted 
on land streamers connected to motor vehicles and dragged over hect
ares of land. Furthermore, the development of software that allows for 
rapid semi-automation of data processing, both for P-wave and S-wave 
analysis, would significantly streamline the workflow. 
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