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Characterization of soil structure dynamics by acoustic measurement: data analysis from worms and roots growths
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We report observations of acoustic emissions (AE), registered in a cultivated and semi-controlled soil model (10 m²), as a non-invasive method for monitoring biophysical processes that modify soil structure. This was a first prospective study, as AE registration in soil was never conduct in such conditions before. AE were registered by a MISTRAS AE monitoring system using an AE sensor installed inside the soil and a background noise sensor outside the soil. AE events were recorded by the inside soil sensor and, after filtering the background noise, they can be divided into three clusters, using PCA and cluster analysis. We hypothesis that this three clusters depict different AE source, depending on their original production process.

The results support the idea that AE monitoring could be used in a field context and may provide a window into large numbers of non-observable dynamics of soil bio-mechanical processes, which have crucial impacts on soil structure evolution.

Introduction

Soil is a critical living system. It produces many important ecosystem services, such as the production of food and fiber, recreation, and the recycling or assimilation of wastes and other by-products [START_REF] Arrouays | Generic Issues on Broad-Scale Soil Monitoring Schemes: A Review[END_REF] . The complex aggregation and arrangement of mineral and organic components give rise to soil structure [START_REF] Dexter | Advances in characterization of soil structure[END_REF] , considered central to soil agro-ecological functioning [START_REF] Bronick | Soil structure and management: a review[J][END_REF] . Soil structure is recognized to control many processes in soils. It regulates water retention and infiltration, gaseous exchanges, soil organic matter and nutrient dynamics, root penetration, and susceptibility to erosion. Soil structure also constitutes the habitat for a myriad of soil organisms, consequently driving their diversity and regulating their activity [START_REF] Rabot | Soil structure as an indicator of soil functions: A review[END_REF] . As an important feedback, soil structure is actively shaped by these organisms, thus modifying the distribution of water and air in soil [START_REF] Bottinelli | Why is the influence of soil macrofauna on soil structure only considered by soil ecologists?[END_REF][START_REF] Young | Chapter 4 Microbial Distribution in Soils: Physics and Scaling[M[END_REF] . Soil structure is fragile, it may take decades to build but seconds to alter, and recovery times from such damage range from months to centuries [START_REF] Keller | Long-term Soil Structure Observatory for Monitoring Post -Compaction Evolution of Soil Structure[END_REF] . Both fungi and roots make coarse particles, and root systems contribute directly to soil porosity. The penetration of soil by plant roots is a way to introduce pores and rearrange particles, as it introduces more disorder in mineral structures [START_REF] Griffiths | The effects of soil structure on protozoa in a clay-loam soil[J][END_REF] . The root penetration can enhance preferential flows by the creation of new pores and then impact the soil water regime [START_REF] Angers | Plant-induced Changes in Soil Structure: Processes and Feedbacks[END_REF] . Another important biological agent for soil structure formation is earthworm, often referred to as "ecosystem engineers" [START_REF] Blouin | A review of earthworm impact on soil function and ecosystem services[J][END_REF] . Earthworms form burrows through the soil when they seek for carbon rich zones [START_REF] Ruiz | Soil Penetration by Earthworms and Plant Roots -Mechanical Energetics of Bioturbation of Compacted Soils[END_REF] , and these burrows serve as also preferential paths for roots, water flow and gas transport [START_REF] Katuwal | Linking air and water transport in intact soils to macropore characteristics inferred from X-ray computed tomography[END_REF] . The network of bio-pores facilitates plant root growth by providing direct access to oxygen and less resistant mechanical paths [START_REF] Colombi | Artificial macropores attract crop roots and enhance plant productivity on compacted soils[END_REF] .

Many modern agricultural vehicles induce stresses in the soil that exceed the mechanical strength of soils under most conditions, resulting in soil compaction, and modification of the spatial arrangement of soil constituents and pores. The reduction in pore volume and the change in pore structure decrease transport capability for fluid and gas and water storage capacity, and increase mechanical resistance for root growth [START_REF] Keller | Long-term Soil Structure Observatory for Monitoring Post -Compaction Evolution of Soil Structure[END_REF] .

Since soil structure is such sensitive to agricultural activities and crop management, maintaining a favorable soil structure for crop production is particularly challenging [START_REF] Lacoste | Listening to earthworms burrowing and roots growing -acoustic signatures of soil biological activity[END_REF] . This highlights the importance of soil structure management for sustainable agricultural production and environmental protection [START_REF] Fao | Voluntary Guidelines for Sustainable Soil Management[END_REF] . Available observation methods for soil structure nowadays are more or less limited in some aspects, and the quantification often overlook the highly dynamic processes in the soil (root growth and worms burrowing) [START_REF] Lacoste | Listening to earthworms burrowing and roots growing -acoustic signatures of soil biological activity[END_REF] . Available method such as visual assessment is qualitative, and could not realize the monitoring for root system dynamics. Modern application of X-ray tomography provides insights into describing quantitatively the soil structure [START_REF] Menon | Analysing the impact of compaction of soil aggregates using X-ray microtomography and water flow simulations[END_REF] and soil bioturbation by earthworms and plant roots [START_REF] Capowiez | Using X-ray tomography to quantify earthworm bioturbation non-destructively in repacked soil cores[END_REF] , but it's lab bench based and are not available for monitoring such dynamic processes in situ [START_REF] Lacoste | Listening to earthworms burrowing and roots growing -acoustic signatures of soil biological activity[END_REF] .

Alternatively, monitoring acoustic emissions (AE) from soil could provide dynamic and in situ information, avoiding shortcomings of other conventional measuring techniques. Mechanically induced elastic waves, commonly referred to as acoustic emissions, provide a window into grain-scale processes that cannot be monitored through traditional monitoring techniques [START_REF] Michlmayr | Sources and characteristics of acoustic emissions from mechanically stressed geologic granular media -A review[END_REF] . AE are relatively high frequency (10-1000 kHz), rapid (few milliseconds), small magnitude body waves generated by sudden release of stored strain energy from a delimited source region [START_REF] Lockner | The role of acoustic emission in the study of rock fracture[END_REF] .

Crack formation, grain rearrangement, friction between solid surfaces, and other grain-scale movements are typical sources generating AE [START_REF] Michlmayr | Sources and characteristics of acoustic emissions from mechanically stressed geologic granular media -A review[END_REF] . The released energy travels as an elastic wave and is registered by AE sensors. Many engineering applications such as material testing, monitoring of civil structures [START_REF] Shigeishi | Acoustic emission to assess and monitor the integrity of bridges[END_REF] , and engineering geology [START_REF] Zang | Acoustic emission, microstructure, and damage model of dry and wet sandstone stressed to failure[J][END_REF] , make use of piezoelectric sensors [START_REF] Michlmayr | Sources and characteristics of acoustic emissions from mechanically stressed geologic granular media -A review[END_REF] , which have become a standard method for capturing and analyzing AE waves and are commercially available from several manufacturers. Piezoelectricity is the property of certain materials to generate an electric potential when mechanically strained [START_REF] Kino | Acoustic Waves: Devices, Imaging, and Analog Signal Processing[END_REF] . The piezoelectric sensor is in direct contact with the material to be monitored, or fixed to a waveguide in connection with this material (Fig. 1). Vibrations at the surface of the sensor are converted into a voltage signal that is usually amplified before transmitted to the acquisition board, where it is converted into digital form. After acquisition, the visualization, data processing and analysis of this kind of signal are completed by a conventional PC [START_REF] Michlmayr | Sources and characteristics of acoustic emissions from mechanically stressed geologic granular media -A review[END_REF] .

In soil, bioturbation by growing plant roots and earthworms leads to modification of grain contacts or sudden soil aggregate rearrangement, friction between aggregates and grains, crack formation (primarily by expanding plant roots), and changes in interfaces between gas and liquid surfaces, and thus produce AE events [START_REF] Lacoste | Listening to earthworms burrowing and roots growing -acoustic signatures of soil biological activity[END_REF][START_REF] Michlmayr | Sources and characteristics of acoustic emissions from mechanically stressed geologic granular media -A review[END_REF] .

Introducing the application of passive acoustic method in soil monitoring holds a promise for non-invasive and in situ scrutiny of soil structure dynamics (roots growths, earthworms activity, etc.), and thus help identify conditions that promote or suppress them.

In this study, semi-controlled experiments were conducted to evaluate the potential of AE measurement in soil to assess the soil structure dynamics. Our objective is to answer the basic questions: (i) Is it possible to record AE during soil structure evolution when monitoring AE in a large soil volume? (ii) Is AE signal concretely related to one process of soil structure evolution? (iii) Do different categories of AE signals have different characteristics and how to distinguish them?

We monitored AE produced in a cultivated and semi-controlled soil model (10 m²) using AE two sensors (100-1000 kHz) connected to a real-time AE acquisition system from MISTRAS. The acoustic signals fluctuate over a prescribed threshold for an extended time duration. Only the AE events above a given threshold are registered [14] .

Materials and methods

Information of the experimental container and supporting devices

The experimental container and supporting devices are shown in Fig. 2. The experimental container consists of a 2 m × 5 m × 0.3 m bin separated in the length in two equal parts (1 m for each). This configuration makes it possible to simultaneously perform two repetitions on a plot of 5 m². The device can be used with or without a slope depending on the experimental requirements. Here, the slope was set up at 3.5°.

The device has a false bottom to collect the percolation water, which is divided into 3 parts in the direction of the slope (along the length), allowing the separated collection of water coming from the upper, middle or lower part of the container. The 30 cm deep soil lays on a metal grid covered with a geotextile of hydraulic conductivity equal to 8.5 × 10 -2 m•s -1 (non-limiting for water flows). Four lights Vegeled LX 250 were installed above the container to provide adapted light for the cropping. They are characterized by two main wavelengths (red with a 664 nm peak and blue with a 445 nm peak), and they were turned on and off periodically to simulate the day and night cycle (16 hours of light per day at the beginning of the experiment and then 18 hours a day -to ensure normal plant growth, a daylight longer than a normal one is necessary). It has been checked before the acoustic experiment that the lights did not produce noise recorded by the acoustic sensors (when the light are on, but also when they are turned on and off). droplet size (from 0.5 to 3 mm), duration, and kinetic energy can be adjusted according to experimental needs. In this study, the rainfall intensity was fixed at 16

mm•h -1 .
Besides, humidity and temperature at depths of 14 and 28 cm were measured every hour by TDR (Time Domain Reflectometry) and temperature probes installed at the upper, middle and lower part of the container (two for each part, at different depths).

Soil selection and container set-up

The soil for the experiment was collected from the OS 2 site (Spatial Soil Observatory of Orleans, France) in the late August 2018. The OS 2 site is located in the valley of the Loir River (48°23′ N, 1°11′ E, elevation 202 m asl) about 30 km south-west of Chartres, consisting of 10 km 2 of cultivated fields from commercial farms (fallow land during soil sampling). Soils in this site are of great diversity, which are characterized and the pedological map has been established.

The soil was collected in the upper 0-30 cm soil layer using a compact excavator and stored in a cold chamber (4°C). The experimental container was homogeneously filled with successive layers (30 kg•m -², about 2 cm thick) of soil at 7% gravimetric humidity, sieved through a 1 cm square mesh screen. Fourteen layers were added, and each layer was compacted after its addition by applying a mass via a roller. The soil bulk density of the soil model was controlled during container filling, and the mass applied was adapted to reach a mean soil bulk density of 1.2 g•cm -3 . The applied mass was up to 143 kg for the layers 1 to 5, 55 kg for the layers 6 to 7 and 44 kg for the layers 8 to 14. The upper part of each soil layer was superficially scraped by hand before adding the next layer to minimize soil stratification. The soil was moistened during its building by the rain simulator, finished with a rainfall after addition of all layers. Properties of the experimental soil are listed in Table 1. Earthworms were removed during soil sieving to avoid multiplication of factors that can cause AE in the soil. However, earthworms were observed at the soil surface, mostly during the rainfalls. It is thus not possible to rule out their presence and their potential impacts on AE production in the soil.

Acoustic acquisition sensors and monitoring system

Two piezoelectric sensors were used to capture AE signals. Sensor 1 was installed outside the container to capture the background noise, and sensor 2 was installed inside the soil to capture AE signals produced by activities in soil (Fig. 2 a and c). The sensors had been tested using the pencil lead break test before the experiment started, which is a standard and reproducible source for test signals in AE.

The travel distances of AE depend on soil mechanical properties and water saturation degree, both contributing to signal attenuation. Actually, typical AE rarely travel beyond a fraction of a meter [START_REF] Oelze | Measurement of Attenuation and Speed of Sound in Soils[END_REF] . Due to this high attenuation of AE in soils, an acoustically conductive waveguide (25 cm glass plate, 20 cm in the soil) was used to ensure a better detection of the AE generated in soil.

A MISTRAS (https://www.physicalacoustics.com/) AE monitoring system was used for the experiment (Fig. 1). The system comprises of: (i) two WSα passive piezoelectric sensors, with a wideband frequency response (100-1000 kHz), (ii) preamplifiers, with a gain of 40 dB, and (iii) a PCI-2 digital two-channels AE-measurement system, allowing parallel AE recording with the two sensors, lifetime monitoring of the AE recording, data filtering and processing if necessary.

The contact between AE sensor and the waveguide was obtained using a silicone acoustic couplant.

In order to analyze transient acoustic emission signals, it is necessary to introduce a threshold to separate acoustic events from unavoidable noises (Fig. 1b).

An AE event starts when the signal amplitude exceeds a specified threshold (may be fixed or self-adjusted to corresponding noise level). It terminates when the signal stays below the threshold for more than a predefined duration (commonly referred to as duration-distinguishing time or rearm time). In our study, the threshold was fixed at 30 dB. In that way AE events may consist of many signal oscillation periods. After the event is determined, further analysis can provide information about the captured AE signal. The amplitude is the maximum amplitude reached during the AE event; the duration is the time difference between the first and last threshold crossings; the rise time is the time difference from the first threshold crossing to the event maximum amplitude. The square of the signal deviation from its average is integrated to calculate the wave energy captured by the sensor. Other AE parameters, such as peak amplitude and number of counts, were also used. Such characteristic numbers are used for actual AE test since they typically give enough information necessary to describe AE events, without having to deal with the entire signal.

AE events were also analyzed in term of number of events in time (cumulative AE hits), which reflects the temporal dynamics we were interested in.

Methods of data processing

After the data was collected by the monitoring system, we used the R software [START_REF] Core | R: A Language and Environment for statistical Computing[END_REF] to do data processing and exploration. We used the R package FactoMineR [START_REF] Lê | FactoMineR: An R package for multivariate analysis[END_REF] to do multivariate exploratory data analysis, using the Hierarchical Clustering on Principal

Components method (clustering method based on the classical Principal Components Analysis (PCA) method). PCA is used to extract the important information from the multivariate AE data table and to express this information as a set of few new variables (principal components). It is then followed by clustering, to do the classification of these AE events into similarity groups (clusters) according to a defined distance measure.

Results and discussion

Plant growth and soil root colonization

The mustard roots have been observed at the end of the cultivation (Fig. 3a). The roots did not colonized the entire soil (only the upper 10 cm, thus half the depth prospected but the AE sensor in the soil). Root profiles have been done at the end of the barley cultivation (Fig. 3b). They showed that the roots have grown homogeneously in the entire soil, over the 0-30 cm sol layer. 

AE parameters as function of time

AE were registered during the two periods, both for the AE sensor in soil and the background noise sensor, and their dynamics in term of cumulative AE events as well as other parameters were observed.

Fig. 4 shows the number of events in time (cumulative number of hits) during the two monitoring periods. As it is seen in the plots, the red curves which represent AE signals in the soil are steadily rising, showing the existence of AE events in the soil during the whole monitoring period. For both mustard and barley, there are obvious sudden rises of AE hits recorded by the two sensors at each raining time, for the rains have caused a lot of noises (even higher for the background noise sensor). For mustard at earlier time (between the first two rains), the red curve is above the black one, showing that there are more AE events in the soil than that at background. For barley, the number of AE recorded in the soil was much lower than the background noise However, about 7000 AE were recorded in the soil during the barley cropping, compared with less than 5000 during the mustard cropping, which suggests a higher activity in soil during the barley cropping. It may because of the more developed roots of barley that generate more AE events, even if the mustard roots are thicker, which could also have produced more AE (see Fig. 3). For barley, the shape of two curves is not so regular, indicating that there is more noise interference in the external environment for this period. For the sensor in the soil, they are period of high AE recording during two rainfall events, which could be due to the succession of different processes producing noise. Moreover, Fig. 4 shows that there are much more noises recorded by sensor 1 (background noise) during barley cropping, which could be caused by the repeated installation and removal of white tarpaulin around the soil container (used to concentrate the light for barley cropping, removed during rainfalls).

These events may produce more energetic AE than fine scale processes occurring in the soil (root growing, water infiltration, grains movements, etc.).

Fig. 5 shows the amplitude and energy of AE signals captured by the two sensors during the two periods when the soil was planted with mustard and barley. Sensor 1 is for the background noise, sensor 2 is for the soil. AE signals were recorded simultaneously by both sensors, and AE from sensor 2 were filtered according to the AE from sensor 1, keeping only the signals from inside of the soil. We can see that many AE events were recorded in the soil during the two monitoring period (sensor 2), proving that there are signals emitted from the internal soil. Both sensors have significant responses each time it rains, but sensor 1 recorded much more AE hits than sensor 2 during the rainfall, and sensor 2 recorded much more AE hits after the rain than sensor 1. This AE record by sensor 2 after the rain may be due to AE production during the water infiltration in the soil. The number of AE events after each rain may be related to the duration of the rains, which is directly linked to the potential amount of water that can percolate in the soil. The longer the rain lasts, the more signals in the soil. Moreover, AE were also recorded in the soil when there was no rainfall events and when no noise was recorded by the background noise sensor, which suggested that processes occurring specifically in soil produced AE. The big challenge in using this AE method is thus to characterize the AE regarding to these processes. The AE signals recorded by sensor 2 showed lower energy compared to sensor 1 (Table 2), which can be a result of (i) soil preventing of the external noises (such as rainfalls) from spreading to a larger scale or (ii) the processes that produced the AE. Actually, sources of background noise recorded by sensor 1 could be shots of the probes, opening and closing of the lab doors, and other maintenance work. Combined with the cumulative number of hits, it suggested that the temperature changes of the soil had no impacts on the AE production in our experiment, as the strongest observed temperature changes did not produce any increase in AE production. This can be due to the relatively low changes in temperature occurring during the monitoring. We can expect that larger temperature change could produce more AE events, for example during cracks formation due to soil freezing or soil desiccation.

Humidity and temperature variation at different depths

Besides, there is a decrease in temperature when the rain occurs, along with a sudden increase in the humidity. Soil humidity ranged from 23.3 to 40.1% during mustard cropping, and from 22.0 to 45.9% during barley cropping. The two depths show similar variations, but there are time lags in the humidity increases at 28 cm, because the infiltration of water takes time. Water infiltration after rainfalls have produced AE, resulting in the increasing number of AE registered by sensor 2.

Between two rains, the decrease of soil humidity at both depths was mostly linear, due to water evaporation and respiration consumption of plant roots. Humidity decrease may increase grain friction of soil movements, contributing to the AE production, in addition to root growing. 

AE variables and characteristics descriptions

To facilitate the description of the PCA results, the codes and descriptions of AE variables (parameters) are given as follows:

AMP: Amplitude, the maximum (positive or negative) AE signal excursion during an AE hit.

ENER: Energy, a parameter derived from the integral of the rectified voltage signal over the duration of the AE hit (or waveform), hence the voltage-time units.

DURATION: the time from the first threshold crossing to the end of the last.

PCNTS:

Counts To Peak, a measure of the number of AE counts between the AE hit start and the peak amplitude of the AE hit.

SIG-STRNGTH:

Signal Strength, mathematically defined as the integral of the rectified voltage signal over the duration of the AE waveform packet.

ABS-ENERGY:

Absolute Energy, a true energy measure of the AE hit.

A-FRQ: Average Frequency, determines an average frequency over the entire AE hit.

R-FRQ:

Reverberation frequency, the average frequency determined after the peak of the AE waveform.

I-FRQ:

Initiation Frequency, calculates the average frequency during the portion of the waveform from initial threshold crossing to the peak of the AE waveform.

C-FRQ: Frequency Centroid, a real time frequency derived feature.

P-FRQ:

Peak frequency, defined as the point in the power spectrum at which the peak magnitude occurs.

FREQPPX (X is a number from 1 to 4): partial power features related to the power of each hit on a given frequency range and are given in %. For our experiments, the frequency ranges of each FREQPPX parameter are as follows: FREQPP1: 19-263 kHz, FREQPP2: 263-507 kHz, FREQPP3: 507-742 kHz, FREQPP4: 742-996 kHz. 3 shows the contributions of variables in accounting for the variability in PC1 and PC2, given in percentage. The larger the value of the contribution, the more the variable contributes to the component. The global repartition of the variables in the variable factor map (Fig. 7) show that the AE events recorded in soil for mustard and barley show similarities. However, it seems that PC1 for mustard is mostly positively driven by AMP, and for barley is FREQPP1; PC2 for mustard is mostly positively driven by ENER, and for barley is DURATION.

a) b)

These could be explain by the fact that the AE are produce by the same type of processes (mainly induce by root growing), but differ because of different parameters such as the growth depth or the root diameter. 

Cluster analysis

The results of cluster analysis conducted for sensor 2 (in the soil) are showed in Table 4 and Fig. 8. Table 4 displays the quantitative variables that describe the most of each cluster.

For mustard, the variables related to AE frequency are most significantly associated with the cluster 1. For example, for mustard cropping, the mean value of the FREQPP4 variable in cluster 1 is 33.30, which is about three times than its overall mean 10.58 across all clusters. Therefore, it can be concluded that cluster 1 is characterized by a higher proportion of the higher frequencies compared to all clusters.

On the contrary, individuals in cluster This could suggest that the AE events for the two crops can be divided into similar clusters, resulting from the same processes.

Depending on the characteristics of each cluster, we can make assumptions about the specific AE processes that each cluster represents. For cluster 1, the high frequency and low amplitude, energy and duration may be characteristics for AE events of slow water movements in the soil. For cluster 3, the high amplitude, energy and duration of AE could indicate expanding of plant roots and cracks formation in the soil. With regard to the AE who belong to cluster 2, the characteristics are not very particular. We make the assumption that cluster 2 contains AE processes such as water incoming and evaporation on the soil surface, and grain friction of soil movements due to water loss in soil gaps.

The distribution of AE belong to the three clusters can be seen more intuitively in Fig. 8 c) and d), which also shows that the amplitude of AE hits in cluster 3 obtained for mustard is much higher while the amplitude of AE in cluster 1 is low. In addition, there are only a few AE hits in cluster 3 for the barley cropping. According to these characteristics mentioned, combining with the occurrence time and number of hits, further distinction of AE events may be easier.

Fig. 9 shows the AE events occurring over time in clusters. As we can see, the red and green circlets are very dense at early time, and become sparse in the end. It indicates that AE in cluster 2 and 3 are more generated at the beginning of the experiment. This may result from the rapid growth of plant roots at the very start.

Whereas, AE in cluster 1 seem to occur during the whole experiment. From this we assume that cluster 1 mainly includes continuous basic processes in the soil, as for example water movements (infiltration, evaporation, etc.). 

Perspectives

While the experiments showed promise of the AE method for soil structure dynamics monitoring and a broader application, results of this study are still exploratory and the method requires further development and refinement. The range of conditions favorable for AE monitoring needs to be focused on. The data filtering method needs to be improved, in order to minimize the interference of background noise. Additionally, new methods for AE detection are becoming available and the adaptation of fiber optical sensors [START_REF] Michlmayr | Fiber-optic high-resolution acoustic emission (AE) monitoring of slope failure[END_REF] for soil biophysical monitoring appears entirely feasible.

In the next stage, additional studies are required to realize the distinction between different types of AE generation processes. The waveform of different types of AE events needs specific studies to obtain enough data, for better interpreting the results as well as the distinction between AE events in relation with their production processes. Moreover, we hope to clarify the relation between AE events production and root growth by the use of a rhizotron providing insights into the soil, to get visualization of the root development and create a root growth model. Links could then be explore between AE parameters and root growth model, to move forward the ultimate goal of quantitative monitoring for soil structure dynamics.

Finally, efforts should be made to realize the application of the AE method in field experiments, and the development of affordable, portable and robust AE sensor and system for routine field applications.

Conclusions

The monitoring results proved the existence of AE events in soil and the feasibility to record it by acoustic acquisition sensors and monitoring system. PCA and cluster analysis divided the events into three clusters according to their AE parameters. Assumptions are made to interpret each cluster, while further studies need to be done to distinguish the events more clearly. The experiment indicated that AE monitoring provide a window into large numbers of non-observable dynamics of soil bio-mechanical processes, closely related to soil structure evolution. Passive acoustic monitoring is thus a promising non-invasive method for monitoring biophysical processes that modify soil structure.
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 1 Fig. 1. a) AE sensor, preamplifier, and acquisition system used for monitoring acoustic emissions. b)
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 2 Fig. 2. Experimental container and supporting devices located in the rainfall simulator hall. a) Experimental container equipped with lights and AE sensors. b) Rainfall simulator. c) AE sensors installed in and outside the soil. The PVC caps prevent from rainfall direct contact with the sensors.
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 3 Fig. 3. Root profiles of a) mustard and b) barley at the end of the cultivation.
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 45 Fig. 4 Cumulative number of hits as function of time. a) mustard. b) barley. c) barley zooming for sensor 2. Vertical blue lines represent rainfalls. AE from sensor 2 were filtered according to the background noise recorded by sensor 1.
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 6 Fig. 6 shows the soil humidity and temperature variation over time together in relation to the cumulative number of hits. The data comes from TDR and temperature probes at the middle part of the container, close to the position of sensor 2 installed in the soil. Soil temperature fluctuated a lot, ranging from 10.7 to 16.2°C during mustard
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 6 Fig. 6 Cumulative number of hits, humidity and temperature as function of time. a) and b) for mustard. c), d) and e) for barley. Vertical blue lines represent rainfalls. AE from sensor 2 were filtered according to the background noise recorded by sensor 1.
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 57 Fig. 7 Variables factor map (PCA) for the AE sensor in the soil (sensor 2). a) mustard. b) barley.

Fig. 7

 7 Fig.7show the correlations between all AE variables (parameters) for sensor 2.The first two dimensions resume 44.07% and 43.11% of the total inertia for mustard and barley, respectively. The x axis (PC1 axis) is the first principal direction along which the AE events show the largest variation. The y axis (PC2 axis) is the second most important direction and it is orthogonal to the x axis, along maximum variation in the data. The variables circles can be interpreted as follow: the positively correlated variables are grouped together, such as AMP, ENER, DURATION, SIG-STRNGTH, etc. The negatively correlated variables are positioned on the opposite sides of the plot origin (opposed quadrants), such as I-FRQ. The distance between variables and the origin measures the quality of the variables on the factor map. Variables that are away from the origin are well represented. Table3shows the contributions of variables in
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 8 Fig. 8 Cluster factor map for a) mustard and b) barley. AE hits amplitude as function of time for c) mustard and d) barley. Vertical blue lines represent rainfalls. AE from sensor 2 were filtered according to the background noise recorded by sensor 1.

Fig. 9

 9 Fig. 9 AE events occurring over time in clusters. a) mustard b) barley. Vertical blue lines representrainfalls. AE from sensor 2 were filtered according to the background noise recorded by sensor 1.

  

  

Table 1 .

 1 Properties of experimental soil.

	Clay (g•kg -1 )	14.1	pH	6.41	Cu_ext (mg•kg -1 )	1.83
	Fine loam (g•kg -1 )	38.7	Ca (ech (cmol•kg -1 )	9.09	Zn_ext (mg•kg -1 )	0.542
	Coarse loam (g•kg -1 )	41.8	Mg_ech (cmol•kg -1 )	0.729	Clay%	14.1
	Fine sand (g•kg -1 )	3.3	K_ech (cmol•kg -1 )	0.404	Loam%	80.5
	Coarse sand (g•kg -1 )	2.1	Na_ech (cmol•kg -1 )	0.0317	Sand%	5.4
	Carbon (g•kg -1 )	10.3	CEC (cmol•kg -1 )	9.77	Texture	LM
	Organic matter (g•kg -1 )	17.8	P2O5 (g•kg -1 )	0.122	Drain	No

Table 2

 2 gives the basic statistics of the AE characteristics recorded by AE sensors in the soil and outside, for the two crops separately. This allows a basic comparison of the main AE characteristics between two sensors and different crops. For the Mean and Max values of the ENER, DURATION and SIG-STRNGTH, it shows that sensor

	1 is much higher than sensor 2, suggesting that AE are more energetic for sensor 1
	(background noise). The mean value of FREQPP1 of sensor 1 (88.08%) is higher than
	that of sensor 2 (57.20%), while the mean values of the other FREQPPX parameters
	are lower, indicating that AE from sensor 1 more distributed in the lower frequency
	range. These results are similar in the case of two crops, showing that AE from sensor
	in the soil are actually similar for different crops.

Table 2 .

 2 Basic statistics of AE characteristics for two crops. Sensor 1 is for background noise and sensor 2 is for the soil.

Table 3 .

 3 Contributions of AE variables to PC1 and PC2 for ACP conducted on AE rescorded by the sensor 2 (in the soil).

  1 have lower mean values of AMP, DURATION and ENER than the overall mean values across all clusters. Similarly, FREQPP1 and AMP are mostly associated with cluster 2, while it has low coordinates on DURATION and ENER. All the SIG-STRNGTH, AMP, DURATION and ENER variables are significantly associated with cluster 3, but its coordinates on the frequency variables are low. As for barley cropping, similar results can be obtained.

Table 4 .

 4 Description of clusters by variables.