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Acoustic emission enabled particle size estimation 

via low stress-varied axial interface shearing 
 

Min Yu, Member, IEEE, Tom Reddyhoff, Daniele Dini, Andrew Holmes, Member, IEEE, 

and Catherine O’Sullivan 

Abstract— Acoustic emission (AE) refers to a rapid release of 

localized stress energy that propagates as a transient elastic wave 

and is typically used in geotechnical applications to study stick-slip 

during shearing, and breakage and fracture of particles. This 

article develops a novel method of estimating the particle size, an 

important characteristic of granular materials, using axial 

interface shearing-induced AE signals. Specifically, a test setup 

that enables axial interface shearing between a one-dimensional 

compression granular deposit and a smooth shaft surface is 

developed. The interface sliding speed (up to 3mm/s), the 

compression stress (0-135kPa), and the particle size (150μm-5mm) 

are varied to test the acoustic response. The start and end moments 

of a shearing motion, between which a burst of AE data is 

produced, are identified through the variation of the AE count 

rates, before key parameters can be extracted from the bursts of 

interests. Linear regression models are then built to correlate the 

AE parameters with particle size, where a comprehensive 

evaluation and comparison in terms of estimation errors is 

performed. For granular samples with a single size, it is found that 

both the AE energy related parameters and AE counts, obtained 

using an appropriate threshold voltage, are effective in 

differentiating the particle size, exhibiting low fitting errors. The 

value of this technique lies in its potential application to field 

testing, for example as an add-on to cone penetration test systems 

and to enable in-situ characterization of geological deposits. 

 
Index Terms— acoustic emission, particle size, interface shear, 

signal processing, linear regression 

I. INTRODUCTION 

COUSTIC emission (AE) is a phenomenon of a rapid 

release of localized stress energy caused by friction 

[1], impact [2]-[3], cavitation, etc. Once released, this 

energy propagates as a transient elastic wave through materials 

and structures and it can be recorded using appropriate 

instrumentation. The AE technique has been widely employed 

to 1) determine the locations where the event leading to the 

energy release occurred; 2) characterization of the mechanical 

properties of materials/structures; and 3) structural health 

monitoring, for example, crack growth in a pressure container, 

variation of friction in dry and lubricated contacts [4]-[8], and 

so on. Recently, research on the use of AE in engineering 

applications has focused on advanced signal processing 

methods such as machine learning enabled correlation models 

[9], theoretical modelling and numerical simulation for better 

understanding of mechanism of AE generation [6], [10], [11]. 

In geomechanics AE has been used to probe particle 

breakage and the initiation of failure in rock, in particular the 

location of micro-fractures [12]-[13]; an AE sensor has been 

integrated in a multi-sensing cone penetrometer, together with 

strain gauges (for penetration resistive and shearing force 

measurements), dielectric sensors (for soil moisture detection) 

and near infrared sensors, leading to a possibility of information 

fusion and thus a more accurate prediction of soil properties 

[14]-[15]. In laboratory testing correlations between the AE 

parameters of counts and count rates and the stress-strain 

characteristics in a tri-axial compression test have been 

explored [16]; AE counts and energy have correlated with soil 

deformation regimes and void ratios during a confined uniaxial 

compression of soil samples [17]; the AE technique has been 

also employed to detect stick-slip failure [18]-[19] and the 

variation of the stress chains [20] in sheared granular materials, 

enabling remote monitoring of the state of granular layers in 

earthquake systems. 

This article aims to establish how the particle size, an 

important characteristic of granular materials, can be inferred 

using axial interface shearing-induced AE signals. This 

technique is of value to field testing applications such as the 

cone penetration test and new types of robots that may be 

deployed in site investigation. It contrasts with in-lab 

measurements of the particle size, which have been used for 

decades [21]-[23]. Other existing work that advances in field 

soil classification function is using shearing-induced friction of 

a cone penetrometer, as coupled with the measurements of tip 

resistance and pore pressure, to estimate the particle size of the 

soil nearby [24]. In particular the cone penetrometer has been 

modified with textured surfaces in a diamond pattern to enhance 

the friction sensitivity to the interface shearing (this method is 

achieved based on a large amount of previous in-lab 

investigation [25]-[27], for example, the influence of the 

surface roughness on shearing characteristics). Other AE 

enabled particle size estimation concentrates in the application 

to pneumatically conveyed pulverized fuel, the size distribution 

of which is important to combustion process. Specifically, an 

AE sensor and a metallic waveguide have been integrated  into 
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Fig. 1. Test setup of a ball screw driven axial interface shear in a one-dimensional compressed deposit of glass ballotini: a) 

schematics of the overall system, b) an isometric section view; and c) the physical implementation. 

 

a pneumatic pipe to detect each burst AE signal that is caused 

by an individual particle impact event, and a theoretical 

relationship is established based on Hertz contact theory to 

extract the particle size from the AE peak voltage [28]-[30]. 

The main contributions of the present work are: 

 A test setup is developed to enable axial interface shearing 

between a granular deposit subject to one-dimensional 

compression and a smooth shaft surface, inside which a 

piezoelectric sensor is deployed to capture shear-induced 

acoustic emission (AE) signals. 

 AE signals are processed to extract key parameters from 

bursts of data (as produced by intermittent motion of 

interface shearing), the start and end moments of each burst 

are identified through the variation of AE count rates. 

 By considering the acoustic response to varied interface 

sliding speed, compression stress, and particle size, linear 

regression models are built to correlate different AE 

parameters with the particle size of granular materials. 

II. TEST SETUP OF ONE-DIMENSIONAL COMPRESSION AND 

AXIAL INTERFACE SHEAR 

For in-field geotechnical applications such as in cone 

penetration testers [14], [24] and new in-site investigation tools 

of bio-inspired burrowing robots [31], a steel rod with a conical 

tip (3.6 - 4.4 cm in the diameter) is commonly adopted as the 

framework structure of an instrumentation set-up, which moves 

into the soil from low-stress (near ground) to high-stress area 

(deeper underground) at a controlled speed. Therefore, to 

reproduce the cone penetration testing environment, in the 

present proof work with acoustic emission (AE) measurements, 

a test setup is developed to enable stress-varied axial interface 

shearing of granular particles, adjacent to a motion-controlled 

shaft sleeve (4 cm in the diameter). A test setup is developed to 

enable acoustic emission (AE) measurements of granular 

particles under low-stress axial interface shearing, adjacent to a  

 
Fig. 2. Test specimens of glass ballotini with the diameters of 

150μm, 500μm, 1mm, 2mm, 3mm, and 5mm. 

 

Table I 

Properties of glass ballotini specimens in acoustic emission 

experimental tests 

 

Glass ballotini 

Size (mm) 

Diameter range 

(mm) 

Bulk Density 

(kg/m3) 

Void Ratio* 

(-) 

 

0.15 0.1-0.2 1515 0.65  

0.5 0.4-0.6 1530 0.63  

1 1.0-1.3 1432 0.75  

2 1.7-2.1 1472 0.70  

3 2.85-3.45 1535 0.63  

5 4.70-5.30 1615 0.55  

 
*  Void ratios of glass ballotini specimens are estimated as: (1000 kg/m3 × 

specific gravity – bulk density) / (bulk density), where the nominal value of 

specific gravity of glass ballotini is 2.5. Moreover, the void ratios are deemed 

to be constants in the present study, as the particle deformation during the 

loading tests is negligible according to the vertical displacement measured by a 

LVDT sensor. 
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motion-controlled shaft sleeve (4 cm in diameter). As shown in 

Fig. 1-(b), a ball screw - linear rail assembly is employed to 

convert the rotation of a lower drive to reciprocation of the shaft 

sleeve, and one-dimensional compression of glass ballotini 

specimens is achieved with a vertical force being applied by a 

load carriage. A miniature acoustic sensor (Mistras PICO [32]), 

which records the sound radiated from the rubbing interface 

and particles undergoing collision, is attached on the inner 

surface of the hollow shaft sleeve. The captured AE signals are 

conditioned by a preamplifier (Mistras 2/4/6 Preamplifier [33]), 

the amplification setting of which is switched at 40 dB with an 

integrated 20 kHz - 2 MHz bandwidth filter, enabling a 

conversion from a weak electrical signal (in the acoustic sensor 

end) to an output signal strong enough to be noise-tolerant, 

before feeding into a digitizer (Mistras PCI-2 [34]) and logged 

by a computer. The overall design illustrated in Fig. 1-(b) is 

further integrated and implemented in a universal mechanical 

tester (Bruker UMT [35]-[36]), which provides a rotary speed 
 

 
Fig. 3. Test configurations for AE experimental tests of axial interface shear: illustration of variation in sizes of glass ballotini 

specimens, compression stress, and sliding speed. 

 

 
Fig. 4. Procedures used to extract time-domain and frequency-domain parameters from the acoustic emission (AE) data captured. 

The energy of the 𝑛th analysis interval of AE data (denoted as “interval AE energy”) is calculated as 𝑒𝑛 = ∑(𝑉𝑘
2), where 𝑉𝑘 is the 

amplitude of the 𝑘th AE data point in the 0.1s analysis interval (20k points in total). 
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𝜔 ∈ [-90rpm, +90rpm] (or a linear speed of the sliding shaft 

sleeve 𝑣 ∈ [-3mm/s, +3mm/s], given a 2mm pitch of the ball 

screw) and a vertical load 𝐹 ∈ [0N, 500N] (or the equivalent 

compression stress 𝜎 ∈ [0kPa, 135kPa]). Fig. 2 shows images 

of six groups of single-size glass ballotini specimens used in the 

AE tests, with the particle diameter 𝐷 ∈ [150μm, 5mm] and the 
mechanical properties listed in Table I. The selection of these 

specimens is due to that drained and round glass ballotini are 

often used as a model soil in geomechanical research, with 

different sizes corresponding to different categories of real 

soils/sands [16]-[20]. To characterize the influence of the 

particle size 𝐷 , the interface sliding speed 𝑣 , and the 

compression stress 𝜎 on the acoustic response, the parameters 

considered in the AE experimental tests are varied and detailed 

in Fig. 3. 

III. ACOUSTIC EMISSION SIGNAL PROCESSING 

Note that, in this work, “session”, “burst”, “interval”, and 

“point” are defined as follows: a test session has a fixed time 

length of 250 s, during which AE data is logged, and during 

which intermittent periods of shearing motion occur; a burst of 

AE data refers to the signal generated by a continuous shearing 

motion (e.g., there are 4 bursts of AE data displayed in Fig. 5-

a), the time duration of each burst is between 5-7s in the case of 

the present testing profiles; an analysis interval of AE data is 

constructed using a fixed time duration 0.1s of data (i.e., 2×104 

AE data points in each analysis interval), as defined in Fig. 4, 

and is needed to calculate interval AE parameters, such as 

interval AE counts and interval AE count rates; an AE data 

point refers to the sample recorded at the system sampling 

frequency of 200 kHz, that is, an analysis interval has 2×104 AE 

data points. 

A. Parameters extraction from AE data 

The AE data acquisition system operates at a sampling 

frequency of 200 kHz, the duration of a single AE test session 

is fixed at 250 s, as determined by the data logging system, thus 

producing a total number of 5×107 data points per test session. 

To better extract AE parameters such as AE counts and AE 

count rates, the original data is divided into a series of “analysis 

interval of AE data”, each with a fixed duration of 0.1s, which 

is selected as a compromise between time resolution (of the 

reconstructed series of AE analysis intervals) and signal noise 

– a shorter duration (than 0.1s) leads to more noise in the signal 

derivate (the signal derivate is needed in the calculation of AE 

count rates), while a larger time period means poor time 

resolution (of the reconstructed series of AE analysis intervals). 

The rearrangement of the AE data, together with the definition 

of the parameters of interval AE energy, counts and 

frequencies, are illustrated in Fig. 4. 

Fig. 5-a) shows an example of AE data recorded over a time 

period of 60 s for a specimen with 1 mm glass ballotini and an 

applied constant load of 50N (equivalent to 13.5 kPa) and two 

cycles of reciprocation (at 2 mm/s and 3 mm/s respectively). 

The time-frequency response with a time resolution of 0.1s is 

plotted in Fig. 5-b), from which frequency-related AE 

parameters can be extracted. Additionally, a histogram of AE 

noise data collected over a period of 10s (in the stationary case) 

is plotted in Fig. 5-c), showing a maximum amplitude of around 

15 mV. The AE parameters extracted from additional AE tests 

with 2 mm, 3 mm, and 5 mm glass ballotini specimens are 

provided in Fig. 6, including interval AE counts at two different 

threshold voltages of 0 mV and 20 mV, interval AE count rates 

(derivatives of interval AE counts), interval AE energy, and 

interval AE median and mean frequencies, where the time 

resolution is also 0.1s (as synchronous with that of data series 

of AE analysis intervals). The moments of transition between 

static and sliding friction (i.e., an interface shearing) can be 

clearly identified using either interval AE count at 0mV 

threshold voltage or interval AE count rates (see Fig. 6-row 2 

and 3 respectively), where a significant change can be seen. 

This identification helps find the exact data segments of interest 

(denoted as “bursts of AE data”), enabling subsequent data 

processing that aims to correlate the shear-induced AE with the 

particle size, compression stress, and interface sliding speed 

(see later in Section III.B). Other representative AE parameters 

including interval AE energy and interval mean/median 

frequencies are also provided in Fig. 6-row 4 and 5 respectively. 

 

         a)       b)                 c) 

 
Fig. 5. a) example of a time series of original AE data with 1mm glass ballotini specimens and 50 N constant load (equivalent to 

13.5 kPa), b) its time-frequency analysis with a time resolution of 0.1 s, and c) histogram of a 10 s of noise AE data. 
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Fig. 6. Extraction of interval AE parameters: example test results with 2mm, 3mm, and 5mm glass ballotini under the same constant 

load of 75 N (equivalent to 20 kPa), as depicted in column a), b) and c) respectively. The AE parameters, from the top to bottom 

rows, are original AE amplitude, interval AE counts at two different threshold voltages of 0 mV and 20 mV, interval AE count 

rates (derivatives of interval AE counts), interval AE energy, and interval AE median and mean frequencies (as extracted from 

time-frequency analysis). The speed “+/- 2 mm/s and +/-3 mm/s” denotes the sliding speed of the shaft sleeve. The annotations of 

“start” and “end” correspond to the start and end moments of an axial interface shear motion. 

 

B. Correlation between particle size and burst AE parameter 

To correlate the particle size with the AE parameters 

extracted from a data burst obtained during an axial interface 

shear motion (i.e. during a single reciprocation) (see in Fig. 6-

row 2 and 3), the burst AE energy 𝐸𝐷,𝜎,𝑣  is considered and 

given as: 

 

𝐸𝐷,𝜎,𝑣 = [ 𝑒𝑛
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where the subscripts 𝐷, 𝜎 and 𝑣 indicate the AE test condition 

of the diameter of the glass ballotini, the compression stress 

and the interface sliding speed (𝑣 = 𝜔 ∙ 𝑃, where 𝑃 = 2mm is 

the thread pitch and 𝜔 is the rotary speed of the lower drive) 

respectively, 𝑛 is the number of the 𝑛 th interval AE data (as 

defined in Fig. 4), 𝑛𝑠 and 𝑛𝑒 are the start and end numbers of 

interval AE data respectively, and 𝑒𝑛 is the energy of the 𝑛th 

interval AE data (as defined in Fig. 4). This energy is further 

unified by dividing the time duration (i.e., the total numbers of 

analysis intervals over a burst of AE data, 𝑛𝑒 − 𝑛𝑠 + 1 ). 

Similarly, the burst AE count, denoted 𝐶𝐷,𝜎,𝑣
  , is given as: 

 𝐶𝐷,𝜎,𝑣
 = [ 𝑐𝑛

𝑛 𝑛𝑒

𝑛 𝑛𝑠

] (𝑛𝑒 − 𝑛𝑠 + 1)⁄  (2) 

where 𝑐𝑛 is the interval AE count. 

Fig. 7 shows the burst AE energy 𝐸𝐷,𝜎,𝑣  against the 

compression stress 𝜎  for glass ballotini specimens with 

different particle sizes of (𝐷 = 2mm, 3mm, and 5mm), it can be 

seen the acoustic response is insensitive to the interface sliding 

speed. To correlate the particle size and the AE parameters, Fig. 

8 depicts and compares burst AE parameters with all six glass 

ballotini specimens tested (𝐷  = [0.15, 0.5, 1, 2, 3, 5] mm), 

proves that the parameters of the AE counts with 0 mV 

threshold voltage, and the mean and median frequencies do not 

clearly systematically vary with the particle size, whereas the 

AE signal intensity reduces significantly with decreasing 

particle size (see in Fig. 8-a)). On the other hand, the AE signal 

intensity increases with increasing stress in the range of 𝜎 ∈ [0 

20] kPa, before decreasing and stabilizing at a lower value. This 

phenomenon can perhaps be explained by how the sound 

radiation is generated: in the low compression stress case, the 

acoustic emission is mainly due to shear-induced elastic 

collision of particles near the interface, in contrast the much 

stiffer particle deposit under increased compressive stress will 

substantially inhibit particle collision, thus making the particle-

shaft sliding interface the main AE source. It should be noted 

that, according to the findings in [21], surface texturing of the 

shaft could be used to promote shearing collisions between 

particles. 

The peak value of the burst AE energy considering all stress 

levels applied during the load tests, max(𝐸𝐷,𝜎,𝑣) , can be 

selected as the AE parameter that correlates best with the 

particle size 𝐷, exhibiting an almost linear correlation when the 

AE energy and particle size are both plotted on a logarithmic 

axis, as shown in Fig. 9-a). Also, the AE counts with threshold 

voltages no less than 20mV (i.e., the peak magnitude of AE 

noise signal as found in Fig. 5-c) can also be correlated with the 

particle size, with small fitting deviations, as shown in Fig. 9-

c) and -d). 

To further assess the correlation between the AE signal and 

the particle size, a group of mixed sizes of glass ballotini 

specimens (known as “gap-graded granular materials” [37]) are 

tested by following the same experimental procedures in Fig. 3, 

including 25% 3 mm + 75% 1 mm, 50% 3 mm + 50% 1mm, 

75% 3 mm + 25% 1 mm, 25% 5 mm + 75% 1 mm, 50% 5 mm 

+ 50% 1 mm, and 75% 5 mm + 25% 1 mm (all percentages refer 

to the volumetric proportions). The linear regression results are 

shown in Fig. 10, the dashed lines are the linear models only 

with the AE data of single size specimens (thus the same ones 

displayed in Fig. 9), while the solid lines refer to the linear 

models fitted by the AE data of both the single size and the gap-

graded particle specimens. Note that the weighted arithmetic 

mean diameters are used as 𝐷 in the case of gap-graded grains. 

Fig. 10-a) shows that the presence of different sizes of glass 

ballotini attenuates the AE signal intensity as compared to the 

AE response to the single size specimens, so that these two 

linear models do not collapse into the same curve. This 

attenuation could also be determined by i) the diameter ratio of 

the coarse and fine particles and ii) volumetric proportion 

between them [37]. Despite these complexities, the AE counts 

at 20mV threshold voltage can present two linear models that 

are relatively close to each other, as seen in Fig. 10-b). 

To normalize the scales and ranges of the fitting errors of the 

linear models in Fig. 9 and Fig. 10, a normalised root mean 

square error (NRMSE) is introduced to facilitate reasonable 

model assessment and comparison. The NRMSE can be 

interpreted as a fraction of the overall range (in the y-axis) that 

is typically determined by these linear models, and it is 

mathematically defined in equation (3), by taking the case of 

the AE energy as an example: 

 

 
Fig. 7. Effect of interface sliding speed on the AE response: burst AE energy 𝐸𝐷,𝜎,𝑣 against compression stress 𝜎 with the particle 

size 𝐷 = 2mm, 3mm, and 5mm, as depicted in a), b) and c) respectively. 
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Fig. 8. Different burst AE parameters of a) burst AE energy 𝐸𝐷,𝜎,𝑣, b) burst AE counts (with 0mV threshold voltage), c) burst AE 

counts (with 20mV threshold voltage), d) burst AE counts (with 40mV threshold voltage), e) burst AE mean frequency, and f) 

burst AE mean frequency against the compression stress 𝜎, where the results with a group of glass ballotini specimens (𝐷 = [0.15, 

0.5, 1, 2, 3, 5] mm) are presented. Note all data here are with the same interface sliding speed of -2 mm/s. 

 

 
Fig. 9. Linear regression between the particle size 𝐷 and a) the peak values of burst AE energy, max(𝐸𝐷,𝜎,𝑣), b) the peak values 

of burst AE counts with 0mV threshold voltage, c) the peak values of burst AE counts with 20mV threshold voltage, d) the peak 

values of the burst AE counts with 40mV threshold voltage, e) the burst AE mean frequencies, and f) the burst AE median 

frequencies. 
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Fig. 10. Linear regression between the particle size 𝐷 and different AE parameters, where mixed sizes of glass ballotini specimens 

include 25% 3mm + 75% 1mm, 50% 3mm + 50% 1mm, 75% 3mm + 25% 1mm, shown as “red cross” from left to right in each 

plot, and 25% 5mm + 75% 1mm, 50% 5mm + 50% 1mm, 75% 5mm + 25% 1mm, shown as “yellow triangle” from left to right in 

each plot. All percentages refer to the volumetric proportions. 

 

 
Fig. 11. Fitting errors of the linear regression models between the particle diameter and different AE parameters, as evaluated using 

normalized root mean square errors (NRMSEs defined in equation (3)). Note that NRMSE values greater than 1 are chopped. 

 

 
𝑁𝑅𝑀𝑆𝐸 =

√
∑ [(log  �̂�𝑖 − log  𝐸𝑖)

2
]

𝑖 max(𝑖)
𝑖  

max(𝑖)

max(log  �̂�𝑖) − min(log  �̂�𝑖)
 

(3) 

where 𝐸𝑖 is the AE energy value used as y-coordinate in Fig. 9-

a and Fig. 10-a, �̂�𝑖  is the AE energy estimated by the linear 

model. The NRMSEs for other AE parameters are defined in 

the same form as equation (3) and summarized in Fig. 11, where 

the blue bars refer to NRMSEs only with only the AE data of 

single size specimens taken into account and the red bars are 

the cases that both the single and mixed sizes of specimens are 

dealt. 

It can be concluded that AE energy-related parameters 

(including the AE band power at different frequency 

bandwidth) and AE counts with threshold voltages between 20 

mV and 100 mV can be used to estimate the particle size – this 

is probably because the voltage within 20 mV is likely 

interfered by the AE noise signal (according to the histogram in 

Fig. 5-c)) while the threshold magnitude greater than 100 mV 

(not presented here) will lead to zero counts in the cases of small 

size particles. The linear models with these parameters (in the 

log-log scale) have relatively small fitting errors (as low as 

6.5% in NRMSE). On the other hand, in a more complicated 

scenario that incorporates gap-graded granular particles, the AE 

counts with 20 mV threshold voltage seem to be the optimal 

solution (with 15% NRMSE), whereas the fitting errors begin 

to increase when the threshold voltages move upwards and are 

greater than 20mV. In contrast, the energy-related AE 

parameters are struggling to estimate the particle diameters.  

Future work will involve AE experimental tests with textured 

surfaces, in order to induce thick zones of particle shearing 

along the interface sliding direction. This will help intensify AE 

signals under high compression stress, whereas the interface 

sliding with the present smooth shaft sleeve favours rubbing of 

adjacent glass ballotini over particle shearing/collision [21]. 

IV. CONCLUSION 

This article has described a test setup that is developed to 

enable acoustic emission (AE) measurements of samples of 

granular materials under one-dimensional compression and 

subject to low-stress axial interface shearing against a motion-

controlled smooth hollow shaft. The particle size [150 μm, 5 

mm], the interface sliding speed [-3 mm/s, +3 mm/s], and the 

applied stress [0 kPa, 135 kPa] are systematically varied and 

applied to test the acoustic response. The AE data are processed 

0.15
0.0710.065

0.1
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in both the time- and frequency-domain to extract a group of 

key parameters including AE energy, AE band power, AE 

counts (with different threshold voltages), AE count rates, mean 

and median frequencies, and so on. It is found that either the 

AE counts or their derivatives (i.e., the AE count rates) can be 

used to identify the start and end moments of a shearing motion, 

exhibiting notable step changes, which enables automatic 

extraction of data segments of interest. Thorough analysis of the 

dependence of the AE response on the compression stress, the 

sliding speed, and particle size, show that energy-related AE 

parameters and AE counts with a proper threshold voltage can 

well differentiate particle size (it is proven that any values 

between 20 mv and 100 mV are feasible, as 20 mV is just 

beyond the peak magnitude of AE noise signal according to a 

histogram analysis, while threshold voltages greater than 100 

mV will result in zero counts in the case of small sizes of glass 

ballotini specimens). Given these facts, linear correlations 

between these selected AE parameters and the particle 

diameters are modelled (in log-log scale), facilitating the 

estimation of the particle size. Moreover, to normalize the 

scales and ranges of the fitting errors of linear models with 

different AE parameter, a normalized root mean square error 

(NRMSE) is introduced to enable comparison and assessment 

of model quality. It shows these linear correlation models are 

with limited estimation errors (as small as 6.5% in NRMSE) 

when probing the diameter of a single size of glass ballotini 

specimen.  

The broader applicability of using these correlations to 

identify a characteristic diameter for a sample is explored by 

applying the AE method to gap-graded materials (mixtures of 

coarse and finer granular particles). The presence of different 

sizes of glass ballotini significantly attenuates the AE signal 

intensity as compared to the AE response to the single size 

specimens, making their energy-related linear correlation 

models not collapsed into the same curve. Despite these 

complexities, the AE counts at 20 mV threshold voltage can still 

present two linear correlation models that are relatively close to 

each other, with 15% fitting errors in NRMSE. 

Overall the low stress-varied axial interface shearing induced 

acoustic emission has rich information, which can be used to 

estimate particle size of granular materials. This technique is 

particularly suited to in-field geotechnical applications such as 

in cone penetration testers [14], [24] and new in-site 

investigation tools of bio-inspired burrowing robots [31], where 

a steel rod with a conical tip (3.6 - 4.4 cm in the diameter) is 

commonly adopted as the framework structure of a 

instrumentation set-up and moving into the soil from low-stress 

(near ground) to high-stress area (deeper underground) at a 

controlled speed (1.5 - 2.5 cm/s in the case of cone penetration 

testing while much slower for burrowing robots). Moreover, 

before applying this technique in the field, additional 

calibration (using the in-site prototype and the actual soil) is 

required to account for this scaling effect. This is because, for 

example, the number of the AE counts are also dependent on 

the collision volume, as determined by the size of the probe and 

the number of surrounding soil particles. 
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