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Establishing quantifiable links between individual-particle dynamics and macroscopic response of
granular materials has been a longstanding challenge, with implications in material science,
geology and industry. Despite sustained efforts in uncovering generic features in both macro-

scopic flow and microscopic dynamics, further advance on the subject matter demands quanti-
tative correlations to be established. We propose a 3D convolution neural network (CNN) to
quantify the link between microscopic dynamics and macroscopic stress fluctuations, including
both stress recharge (stick regime) and stress drop (slip regime). Through the model interpreta-
tion, microscopic dynamics is found to demonstrate distinctive spatial patterns in the stick and
slip regimes, which root in the result of free volume-induced structural rearrangements and
contact network dynamics, respectively. We conclude that the spatial clustering of microscopic
dynamics governs the occurrence of slip avalanches and acts as the “fingerprint” of macroscopic
stress fluctuation. The data-driven framework developed in this paper can be readily extended to
other amorphous solids for building cross-scale relations, paving a new way to understand the
complex behavior of amorphous solids.

Slip avalanche

1. Introduction

Amorphous solids, including granular materials, mental glasses and foams, are ubiquitous in our daily life, with important im-
plications from geomechanics (Lherminier et al., 2019; Sun et al., 2018) to industry (Cheng et al., 2019) and material science (Aime
etal.,, 2018; Y. Y. Wang et al., 2020). When stimulated by external loads, these materials may display highly heterogeneous behaviors,
showing localized, irreversible rearrangements while the rest of the material acting largely as an elastic “solid” (Tong et al., 2016; Y. Y.
Wang et al., 2020). The localized rearrangements, widely termed as shear transformation zones (STZs) (Falk and Langer, 1998; Jiang
et al., 2020) or micro slip lines (Kosiba et al., 2019), are found spatially correlated (Cubuk et al., 2017). Note that the microscopic slip
lines, demonstrating the particle-scale and short-lived shear patterns, are frequently observed before the formation of a macroscopic
persistent shear band under deviatoric loads, and the nature of these structures and their relationship with the final shear bands is still a
matter of much debate (Darve et al., 2021; Liu et al., 2022; Zhou et al., 2021). Moreover, a local rearrangement event may trigger other
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nearby rearrangements and the accumulation of these rearrangements may give rise to a global avalanche (Cao et al., 2019). The
different events may develop in a sequential manner at different rates. Consequently, the macroscopic response of such microscopic
behavior is characterized by a series of slip avalanches alternating slow elastic loading and rapid sliding (Houdoux et al., 2021; Tong
et al., 2016).

The slip avalanche phenomenon, characterized by the stress increase during the stick regime and stress softening during the slip
one, is frequently studied over amorphous solids, such as granular materials (Denisov et al., 2016; Murphy et al., 2019) and metal
glasses (Cao et al., 2018a; Tong et al., 2016). Specifically, the statistical features of stress fluctuations have been well described by
power-law statistics, the exponent of which is influenced by many controlling factors, such as the particle shape (Murphy et al., 2019),
particle breakage (Wang et al., 2021a), size polydispersity (Ma et al., 2020), confining pressure (Gao et al., 2020), etc. Over the years, a
variety of analytical methods, including the mean field theories (MFT) (Dahmen et al., 2011; Ridout et al., 2022) and STZs theories
(Falk and Langer, 1998; Van Loock et al., 2021), have been proposed to successfully link the statistical features of slip avalanches and
transient strain-banding instabilities to internal processes. Despite all these developments, there is still no consensus on how these
stress fluctuations originate from the microscopic scale and how to quantitatively link microscopic and macroscopic aspects of slip
avalanches, which are crucial to obtaining a better understanding of the intermittent dynamic behavior of granular materials and the
occurrence of many natural disasters, such as earthquakes and landslides.

Microscopic dynamics was recently found to be closely correlated with the magnitude of slip avalanche, where large slip events are
accompanied by a series of connected STZs spanning the entire system while STZs with low concentrations are spatially dispersed
during small slip events (Cao et al., 2018a; Wu et al., 2015). For the sake of clarity, it is emphasized that microscopic scale refers
hereafter to the individual particle scale and macroscopic scale to the whole assembly scale. However, no quantitative relations have
been established between microscopic dynamics and slip avalanches. This is essentially a longstanding puzzle among amorphous solids
about how to quantitatively connect microscopic (particle-scale) dynamics to the macroscopic (system-size) behaviors (Guo and Zhao,
2016; Papadopoulos et al., 2018; Qu et al., 2021; Wautier et al., 2019). Although many upscaling models, such as the stress-force-fabric
(SFF) model (Ouadfel and Rothenburg, 2001; Zhu et al., 2016b), mesoscopic mechanical models (Wautier et al., 2018; Xiong et al.,
2017), nonlocal rheology model (Henann and Kamrin, 2014; Kim and Kamrin, 2020), and the FEM-DEM hierarchical multiscale
framework (Guo and Zhao, 2014), are proposed for predicting macroscopic responses from the local properties, they are realized via
some homogenization operations, which may lose detailed information at the particle scale. Thus, these methods are unable to reveal
how the particle-scale dynamics influence macroscopic responses and how they are induced by microscopic processes, which are
fundamental questions regarding the multiscale behaviors in granular materials.

Fortunately, machine learning (ML), especially deep learning (DL), offers data-driven approaches to automatically investigate the
underlying relations between variables and facilitates the process of revealing complex and inexplicit patterns of large datasets. Over
the past years, ML has been widely used in the communities of engineering and material science over the past years (Anantrasirichai
et al., 2019; Boattini et al., 2020; Lai and Chen, 2019; McBeck et al., 2020). Particular attention has been paid to modeling the
constitutive relationship of amorphous solids via data-driven approaches (Bahmani and Sun, 2022; Guan et al., 2022; Karapiperis
etal.,, 2021; Qu et al., 2021; Wang and Sun, 2018), which has undoubtedly advanced our understandings of the mechanical behaviors
and constitutive modeling of granular materials. These data-driven models are experts in predicting the general trends of stress-strain
curves, whereas the predicted stress curves are actually “smoothed” and contain almost no fluctuation. In other words, they can’t
reproduce the slip avalanche phenomenon. Thus, we are handling a different issue compared to previous studies on predicting the
whole stress-strain curves. Building an accurate multiscale relationship demands an efficient upscaling approach to consider the
dynamic information of every single particle and their spatial correlation. This can’t be achieved by just defining several internal
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Fig. 1. DEM simulation of simple shear tests. (a) Schematic of the DEM model. Normal pressure and shear displacement are respectively applied on
the top and bottom particle walls. Periodic boundary conditions are applied in the shear and depth directions. (b) Stress-strain curve resulted from
the DEM simulation. The y axis denotes the shear stress ¢ normalized by the normal pressure p. The inset shows an enlarged stick-slip cycle which
consists of stress recovery and slip stage represented by the blue and red shaded regions, respectively.
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variables.

To achieve a better understanding of the relation between particle-scale dynamics and the macroscopic response of granular
packing, we propose a 3D convolution neural network (3D CNN) framework, a typical form of DL, to quantitively link microscopic
dynamics and macroscopic stress fluctuations, including both stress recharge (stick regime) and stress drop (slip regime). We unveil
that the microscopic dynamics demonstrates different spatial patterns in the stick and slip regimes. A further model interpretation
confirms that the spatial pattern of microscopic dynamics acts as the “fingerprint” of macroscopic response. Finally, we show that the
spatial patterns of microscopic dynamics over stick and slip stages are the result of free volume-induced structural rearrangements and
contact network dynamics, respectively. The data-driven framework develop in this paper can be readily extended to other amorphous
solids for building micro-macroscopic relations, paving new ways to further understandings on the complex behavior of amorphous
solids.

2. Materials and methods
2.1. Numerical simulations

In this paper, the Discrete Element Method (DEM) is utilized to obtain data of microscopic dynamics and macroscopic stress
fluctuations during the stick-slip cycles of the granular system. Fig. 1a shows the simple shear model setup of the granular packing,
which consists of 20,215 particles with diameters uniformly distributed from 0.8d to 1.2d, where the average particle diameter d = 1.0
mm. The particles have a density of 2900 kg/m?, Poisson’s ratio of 0.25, Young’s modulus of 65 GPa, friction coefficient of 0.5, and
restitution coefficient of 0.87. The size of the granular packing is set to 50d (length) x 15d (depth) x 20d (height). We use the Hertz-
Mindlin contact model to simulate the interactions between particles. The granular packing is confined by two rough particle walls for
applying shear loading and normal pressure. The top wall is fixed in the shear direction, while the normal pressure is maintained
constant at 10 MPa. The granular packing is sheared by moving the bottom wall in the x direction with a constant velocity while the
vertical movement is constrained. The shear rate 7, defined as the ratio of shear velocity to the undeformed sample height, is set to 0.1
to achieve stick-slip dynamics. The parameters of our simulation are consistent with many previous studies (Dorostkar et al., 2017; Ma
et al., 2020). Following previous studies (Guo and Zhao, 2014; Meier et al., 2008), we have measured the minimum size of repre-
sentative volume element (RVE) to be about the length scale of 8d. Moreover, the number of particles in our granular system is larger
than many previous studies on slip avalanches, which usually contain 8000~13,000 particles (Ma et al., 2020; van den Ende and
Niemeijer, 2018; Wang et al., 2021a; Zheng et al., 2021), ensuring that our granular system is much larger than the minimum
representative volume element.

As shown in Fig. 1b, when sheared into the steady-state regime, the granular assembly is found to undergo typical intermittent
dynamics and serrated plastic flow. The resulting stress-strain curve consists of repetitive cycles of continuous stress recoveries fol-
lowed by sharp stress drops, termed respectively as stick stages and slip stages in the enlarged view of Fig. 1b. Here we normalize the
resulted shear stress with the normal pressure on the top granular wall and obtain the normalized shear stress (without any unit). We
then define stress fluctuation as the change of normalized shear stress at the start and end of the stick/slip stages. Thus, the stress
fluctuation of a slip stage is positive, and the stick stage negative. Only the magnitudes of stress fluctuation greater than a threshold of
1075 are considered. During the shearing process, we have recorded a total of 4232 stick-slip cycles.

2.2. Microscopic dynamics

Unlike crystal materials where plastic activities are mediated by well-defined topological defects termed dislocations (Salmenjoki
et al., 2018), a significantly different scenario exists in amorphous solids like granular materials. Due to their disordered nature,
granular materials undergo the macroscopic plastic deformation with localized particle rearrangements, demonstrating the typical
dynamic heterogeneity (Y. Cao et al., 2018; Dauchot et al., 2005). Particles experience significantly different magnitudes of micro-
scopic dynamics due to the varying environments, which can be quantified by the squared nonaffine displacement D2, . Specifically,
D2, measures the mean-square difference between the actual displacements of the neighboring particles relative to the central one and
the relative displacements they would have if they were in a region of uniform deformation described by a locally affine tensor I'. Thus,
given a system-scale strain increment Ay, the corresponding D2, of the designated particle i can be calculated as

Diin(y, Ay) = ]% Z {r(r) = 1:(r) =Tz — Ay) — vy — Ap)]} (€8]

where y denotes the macroscopic shear strain of a given time, N; is the number of the neighbors of particle i, and the subscript j iterate
over the neighbors of particle i. r;(y) and rj(y) refer to the coordinates of particle i and j at a given strain y. The locally best-fit affine
tensor I can be obtained by minimizing the quantity D2, as (Falk and Langer, 1998)

N;
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In this work, particles within a cutoff distance L, to the center of particle i are defined as its neighbors. Previous studies have
indicated that a local particle rearrangement mainly causes cooperative rearrangements within its first to second neighbor shell (Y.
Cao et al., 2018; Zhang et al., 2020). A larger cutoff distance will result in a more average nonaffine displacement field, and thus
hampers the characterization of the heterogeneous dynamic behavior. In this context, a small cutoff distance like 2d is commonly used
in many previous studies for calculating nonaffine displacements (Boattini et al., 2020; Liu et al., 2021; Wang et al., 2020a), and we set
the cutoff distance as L. = 2d in this manuscript.

Moreover, previous study indicates that particles with larger nonaffine displacements are more likely to be involved in more intense
plastic activities (Y. Cao et al., 2018), which enables D2, to be employed as an indicator for the microscopic plasticity, and has been
frequently used for investigating the plastic behaviors of amorphous solids, e.g. granular materials (Y. Cao et al., 2018; Cubuk et al.,
2017; Zhai et al., 2022), metallic glasses (Cao et al., 2019; Wang and Jain, 2019), and colloidal systems (Ghosh et al., 2017; Liu et al.,
2021). Over the past years, combing the nonaffine displacement and the machine learning approaches provokes an explosive growth of
researches in unveiling the relationship the microscopic structure and microscopic plasticity (Cubuk et al., 2017; Liu et al., 2021;
Wang and Jain, 2019), which has largely advancing our understanding of the nature of microscopic plasticity in amorphous solids.
These studies often treat particles with nonaffine displacements larger than a given threshold as involved in the microscopic plastic
events.
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Fig. 2. Spatial analysis of microscopic dynamics. (a) and (b) respectively show the snapshot of the squared nonaffine displacement D2, during the

stick and slip stages of a typical slip avalanche event. (¢) The spatial correlation function of D2, . The data points are averaged over the stick or slip
stages falling into each bin and the color codes the magnitude of stress fluctuation during a target stage. Solid lines are fits using the Ornstein-
Zernike function as Cp> (r) ~r%Sexp(— r /&2 ). The data points and fitting lines of different bins are shifted vertically for better visualization.

(d) Spatial correlation length &,: versus stress fluctuation s.
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3. Results
3.1. Spatial correlation of microscopic dynamics

As illustrated in the Introduction part that particles tend to undergo collective dynamics behavior under external stimuli, we start
by investigating the spatial correlation of microscopic dynamics. Fig. 2a and 2b respectively show the spatial distributions of D2,
during the stick stage and slip stage of a typical stick-slip cycle. Particles with higher D2, are colored with black. Due to the discrete
nature of granular materials, the localized microscopic dynamics manifests a collective and cooperative behavior, which is believed to
be the fundamental building block of plasticity in granular materials (Budrikis et al., 2017; Ma et al., 2021). Intuitively, microscopic
dynamics is scattered throughout the granular system during the stick stage. During the slip stage, the microscopic dynamics is more
spatially concentrated and tends to generate large clusters inside the granular system. To gain a deeper understanding of the difference
among stages with different stress fluctuations, we further quantify the spatial correlation of D2, using the normalized spatial cor-
relation function (Cubuk et al., 2017; Karimi et al., 2019),

le j]'v:IAD?nin.iADiﬂn,ia(r - ri/‘)
Cp (r) = ®)
" E?’:leN:I(s(r - rij)

where the bracket (o) denotes averaging over all particles. where Cp: (r) denotes the spatial correlation coefficient of D2, over a

distance r, N is the number of particles in the granular assembly, r; denotes the distance between particles i and j, the Kronecker delta
&(r—ry) =1ifand only if r— r; =0, and
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Fig. 3. From disorder to order. (a) Schematic of the proposed coarse-graining method. (b) Pair correlation function g(r) of the granular system. The
influence of Lgig and 6 on the performance of CNN model is shown in (c) and (d), respectively.
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is the fluctuation of the squared nonaffine displacement of particle i with respect to its mean value over the whole assembly. We group
the stick and slip events according to the magnitude and sign of stress fluctuation. Logarithmic binning is used. As shown in Fig. 2c, the
spatial correlations represented by scatters decay rapidly within a short distance of several d, where d denotes the mean particle
diameter. The solid lines in Fig. 2¢ indicate that the decay of C,: (r) can be well fitted by the Ornstein-Zernike function as

Cpe (r) ~r%%exp(—r /&p ) (Kawasaki et al., 2007), and we can obtain the spatial correlation length &. . We further show in Fig. 2d
the evolution of £ versus stress fluctuation. The correlation length &5  remains nearly unchanged during stick stages and increases
rapidly for large slip events, which indicates that the varying magnitudes of macroscopic stress fluctuations may be controlled by the

different spatial patterns of particle dynamics, providing the basis for linking particle-scale dynamics and macroscopic response
through DL.

3.2. 3D cnn links particle dynamics to macroscopic response

Here, we start by using DL to estimate the macroscopic response of granular assembly. Specifically, we rely exclusively on the
spatial patterns of microscopic dynamics during given stages, with a goal of inferring corresponding macroscopic stress fluctuations. It
is worth noting that the stress fluctuation is just an example of target and our method is also applicable for building similar micro-
macroscopic relationships.

How to gather the dynamic information of every single particle and extract key information is a difficult task for such a complex
system. In addition, due to the fact that microscopic dynamics is spatially correlated (Xia et al., 2015), it is also important to take the
spatial information of particle dynamics into account. Many existing works have revealed that CNN is capable of automatically
detecting important spatial characteristics without any human supervision, making CNN the go-to model in many fields such as
computer vision (He et al., 2016) and natural language processing (Chowdhary, 2020). Therefore, we propose a 3D CNN-based
framework for linking particle dynamics and macroscopic response in this paper. Since CNN only handles structured data, the
disordered granular assembly is firstly converted to a voxel matrix via a coarse-graining method. As shown in Fig. 3a, the
coarse-graining method first sets a regular distributed grids with a spacing of Ly, and then assigns every grid the average value of D2,
of particles within the region of radius § around it. Fig. 3b shows the pair correlation function g(r), where the first and second minimum
correspond to the first- and second-neighbor shell of a given particle. As shown in Fig. 3c and 3d, the combination of Lgq = 1.0dso and &
= 1.3ds yields the best performance and is therefore used in this paper.

The resulted voxel matrix, similar to a picture made up of pixels, contains many individual “blocks” of the same size, which is fed
into the downstream CNN framework to train and predict the macroscopic stress fluctuations of granular assembly (see Fig. 4). Fig. 4
also shows the architecture of the 3D CNN containing of two components that operate sequentially, i.e. convolution layers for feature

Microscopic dynamics Macroscopic Response

e
T Coarse-graining
Deep Learning Framework
o —|
Prediction
20
' ! 384
Convolution Layers Fully Connected Layers

Fig. 4. Schematic of the 3D Convolution Neural Network (CNN) model consisting of convolution layers and fully connected layers. The set of boxes
represents the feature map. The size of the feature map is denoted upon each feature map.
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extraction and fully connected layers for parameter regression. Specifically, the CNN model consists of four convolutional layers with a
kernel size of 3 x 3 x 3, where f = {16, 32, 64, 128} is the number of channels of the i — th layer. The number of channels denotes the
number of convolution kernels of the corresponding convolution layer. The convolutional layers are used for extracting spatial patterns
of microscopic dynamics. Following every convolutional layer, a MaxPooling layer with a kernel size of 2 x 2 x 2 is applied to reduce
the data. After the MaxPooling layer, the feature maps are fed into the rectified linear unit (ReLU) activation function to achieve
nonlinearity. Finally, the fully connected layers are applied to reduce feature maps and get the final prediction. It is worth noting that
the 3D CNN in this paper is implemented using the Python Pytorch Package (Paszke et al., 2019).

During the shearing process, a total of 4232 slip avalanches (stick-slip cycles) are recorded and used to construct the DL dataset.
That is, a total of 8464 samples are included. As shown in Fig. 5a, the dataset is divided into the training set, validation set and test set,
with a proportion of 60%, 20% and 20%, respectively. These three sets are used for training CNN, tuning the hyperparameters of CNN
and evaluating CNN, respectively. The loss function used for training the CNN model is the mean square error (MSE). We further show
in Fig. 5b the evolution of the training and test loss during the training process of CNN, and the final prediction performance on the
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training set and the test set are shown in Fig. 5c and 5e, respectively. The proposed CNN model can not only classify the stick and slip
stages from microscopic dynamics, but also predict the magnitudes of stress fluctuations with high accuracy. As a quantitative
description, the coefficient of determination R? between actual and predicted stress fluctuations is 0.956 for the training set and 0.85
for the test set. We further show in Fig. 5d and 5f the frequency of prediction errors with a mean error close to zero and a small standard
deviation. These results illustrate that the proposed 3D CNN indeed establishes a quantitative linkage between microscopic dynamics
(or particle-scale dynamics) and macroscopic stress fluctuations. In our previous work, a machine learning-based approach is proposed
to link the statistical features of microscopic behaviors to macroscopic responses (Ma et al., 2022). However, machine learning-based
approaches strongly rely on the hand-crafted statistical features, the definition of which needs human intervention. When encoun-
tering other questions with little prior knowledge, the feature-extracting process usually handers the model performance, which will
lower the applicability of the machine learning approach to the study of other amorphous solids. More importantly, the hand-crafted
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granular systems. Stress-strain curves of granular systems with (a) different size distributions, (b) different inter-particle friction coefficients, and (c)
different normal pressures. The curves have been shifted vertically to facilitate visual inspection. The prediction performances of the CNN model are
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statistical features hamper the acquisition of novel knowledge and our further understanding into the underlying relationship between
microscopic dynamics and macroscopic responses. In this context, the proposed CNN model can automatically detect important spatial
features at the particle scale and predict macroscopic responses without the requirements of a priori knowledge, self-defined statistical
features, and human supervision, which can greatly facilitate our ability to obtain novel knowledge from the data-driven process.
Moreover, the flexibility of CNN model enables the deep-learning framework can be more easily extended to future studies of other
amorphous solids.

3.3. Generalization of the cnn model

As we mentioned in the Introduction part, the slip avalanche phenomenon and its related statistical features can be tuned by many
parameters, such as the particle size polydispersity (Ma et al., 2020), the inter-particle friction coefficient (Dorostkar and Carmeliet,
2019) and the normal pressure (Gao et al., 2020). To further demonstrate the applicability of the proposed CNN framework for
building the quantitative relationship between microscopic dynamics and macroscopic responses, we perform more numerical tests of
granular systems with different simulation parameters (see Fig. 6a to 6¢). Specifically, five particle size distributions are considered, i.
e., particle diameters uniformly distributed on the interval 0.3 — 1.7d, 0.5 — 1.5d, 0.7 — 1.3d, 0.8 — 1.2d and 0.9 — 1.1d. Five levels of
inter-particle friction coefficients y are considered, i.e., 0.1, 0.3, 0.5, 0.7 and 0.9, and five levels of normal pressures p are also
considered, i.e., 1 MPa, 5 MPa, 10 MPa, 15 MPa and 20 MPa. We repeat the above operations and obtain the prediction accuracy of 3D
CNN on these granular systems. As illustrated in Fig. 6d to 6f, the proposed CNN model yields satisfactory performances over all these

=
S
E
2
s
<

r( C_f) &.Dr%'uin

Fig. 7. Interpretation of CNN. (a) Snapshots and typical slices of D2, and attribution fields for a typical slip event. (b) The spatial correlation of
attribution, &,,,. The data points and fitting lines of different bins are shifted vertically for better visualization. (¢) Parameter space for &, and

Eane- The dotted (solid) ellipses around each best fit (£p2 , £44,) are the 16 (20) confidence regions as determined by 200 randomly chosen events.

The dashed line is a guide to the eye with a slope of 1.0.
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systems, indicating that the proposed CNN framework to connect microscopic dynamics and macroscopic responses is indeed appli-
cable to a broad range of granular systems.

4. Discussions
4.1. Interpretation of 3D cnn
As previously noted, while the previous ML method (Ma et al., 2022) and the CNN model in this work can build the quantitative

relationships between microscopic dynamics and macroscopic responses in some ways, this is just the first step to building and un-
derstanding the multiscale relationships within granular materials, and many fundamental questions remain elusive, including but not
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Fig. 8. Clustering analysis of microscopic dynamics. (a) Snapshots of active particle clusters (top 10% of D2, ) with the increase of stress fluctu-
ation. Clusters smaller than three are not shown in this figure for better visualization. (b) PDFs of cluster size N.. Solid lines are fits using the power-
law function P(N,) ~ N;". The data points and fitting lines of different bins are shifted horizontally for better visualization. (c) Radius of gyration of
the active clusters versus N.. Solid lines are fits using the power-law function R, ~ N/P. The data points and fitting lines of different bins are shifted
horizontally for better visualization. (d) Evolution of power-law exponent 5 with stress fluctuation s. (e) Evolution of the fractal dimension D as a
function of stress fluctuation s. (f) Global Moran’ I and global efficiency E(G) versus stress fluctuation s.
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limited to what type of spatial information is important for the predictions, whether there are some mesoscopic structures responsible
for varying macroscopic responses, and what causes the different spatial patterns of mesoscopic structures, etc. Answering these
questions is vital for revealing the origin of complex behaviors and understanding multiscale relationships of granular materials. To
this end, we need to first reveal what pattern memorized by 3D CNN to make the predictions. In other words, whether 3D CNN relies on
different spatial patterns of microscopic dynamics to make predictions needs to be further interpreted. But due to its multilayer
nonlinear structure, CNN has a longstanding drawback of acting like a black box in the sense that it is not clear how and why it arrives
at a particular prediction (Montavon et al., 2017). Here we employ the Integrated Gradients Method (IGM) to interpret the proposed
CNN model. IGM computes the gradient of the prediction output regarding features of the input, and the gradient is treated as the
attribution of the corresponding feature. Detailed information about IGM can be found in the original paper (Sundararajan et al.,
2017).

In our case, every grid of a voxel matrix is assigned a value named “attribution” representing the importance with respect to the
predicted stress fluctuation. Fig. 7a shows the snapshots of D, and the attribution fields of a typical slip stage, where the volumes and
the horizontal slices of these two variables show similar spatial distributions. We then quantify the spatial correlation of the attribution
using the normalized spatial correlation function as shown in Fig. 7b. Following the above calculation of Ep2 , we also calculate the

correlation length of attribution, &4,. As illustrated in Fig. 7c, the correlation length of microscopic dynamics, 52 , and the correlation
length of attribution, &,,, fall on a dashed line &, /£ = 1.0 for bins with different stress fluctuations. Thus, &,:  and &y, are
strongly correlated. Our 3D CNN interpretation analysis provides compelling evidence that the size of attribution is identical to the size

of microscopic dynamics, which indicates that the proposed 3D CNN approach precisely utilizes the spatial patterns of microscopic
dynamics to predict the macroscopic stress fluctuations.

4.2. Spatial clustering of microscopic dynamics

From the above interpretation of CNN, the particles carrying large D2, aggregate together to form clusters (Kou et al., 2018) and
are generally assigned large attributions (see Fig. 7a). Thus, clusters formed by particles with strong dynamics behavior (active
particles) play an important role in inferring macroscopic responses. Similar to previous studies regarding the percolation analysis of
active particles (Hamedmoghadam et al., 2021; Kou et al., 2018; Xia et al., 2015), we extract the top 10% highest D2, particles as
active particles for cluster analysis. Fig. 8a shows three typical snapshots of active particle clusters with the increase of stress fluc-
tuation. The clusters are colored according to cluster size N, i.e., the number of particles they contain (see the colorbar of Fig. 8a).
Intuitively, the granular assembly tends to generate larger clusters with the increase of stress fluctuation. We further show the PDFs of
cluster size P(N;) for stick and slip events of different magnitudes in Fig. 8b. The PDFs are linear in the log-log plot, suggesting a
power-law decay P(N.) ~ N.". A larger  indicates more small clusters. The magnitude-dependence of 7 is clearly illustrated in Fig. 8d,
where 5 remains nearly unchanged for the stick stages but decreases rapidly for large stress drops. This indicates that a more coop-
erative and concentrated distribution of microscopic dynamics in space constitutes the microscopic origin of global slip avalanche.

To further quantify the geometry of active particle clusters, we define the radius of gyration R, of a cluster as

o SR o
PG
where the summation is carried over N, particles belonging to the cluster, r; is the position of particle i, and R is the center of the
cluster. The N, dependence of R, for clusters is shown in Fig. 8c, showing that the radius of gyration R, has a power-law growth with
the cluster size s, i.e., Ry ~ Né/ P ForD < dimensionality (3 in this case), the clusters are not space-filling and have a fractal structure
(Ghosh et al., 2017). The evolution of fractal dimension D versus stress fluctuation is illustrated in Fig. 8e. The fractal dimension
increases with the increasing magnitude of stress fluctuations for drop stages, indicating the decreasingly fractal-like packings of active
clusters.
However, the cluster size distribution and gyration radius contain no information about the spatial distribution of active clusters.
Therefore, we introduce two metrics to describe the spatial pattern of active clusters, i.e. the global Moran’ I and the global efficiency
E(G). Specifically, the global Moran’ I is defined as

N LS e —a)(w —a)
w Ziv:l(ai - a)z

I (8)

where N is the number of particles, wj is the spatial weight between particle i and j, W is the sum of all wy, a; denotes whether particle i
belongs to active clusters, and a; equal 1 if particle i belongs to active clusters, else 0. In this case, the global Moran’ I, ranging from O to
1, measures the overall spatial autocorrelation of active clusters, and larger values indicate a more spatially correlated pattern of active
clusters. On the other hand, the calculation of the global efficiency is derived from the graph theory. Graph refers to a pictorial
representation of a set of objects where links connect some pairs of objects (Papadopoulos et al., 2018). The objects are termed nodes,
and the links that connect the nodes are called edges. The main assumption is that the more distant two nodes are in the graph, the less
efficient their communication will be. The global efficiency E(G) can be calculated as
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where N denotes the number of nodes, dj; is the length of the shortest path between node i and node . In this case, the assembly of active
clusters are constructed as a graph, where each cluster is treated as a node at its center, and each cluster is assigned an edge with each
of its three nearest clusters. We note that the number of neighbors does not influence the result of this study. The edge connecting two
clusters are characterized by the distance between the centers of clusters, which is considered when calculating the shortest path
between two clusters. A larger global efficiency indicates that the distribution of active clusters is more concentrated over space.

Fig. 8f show the evolutions of Moran’ I and E(G) with stress fluctuation s. Moran’ I and E(G) remain nearly unchanged during stick
stages and gradually increase with the stress fluctuation during drop stages, implying significantly different spatial patterns where
active clusters distribute dispersedly over space during stick stages and turn to get together during drop stages. Previous studies
employed the Moran Index to quantify the heterogenous degree of the strain filed, and it is found that the Moran Index continuously
increases till the formation of the final shear band, suggesting the cooperative evolution between the shear strain field and the dynamic
heterogeneity (Liu et al., 2018; Zhu et al., 2016b). This is also reminiscent of the experimental investigation of the yield transition in
colloidal glasses (Ghosh et al., 2017), in which the spatial clusters of microscopic dynamics are found to grow during the external
shearing process and finally percolate over the system when approaching the critical yield point. These findings may suggest the
universal nature of the critical behavior and the mechanical failure of amorphous solids from the perspective of microscopic dynamics.
Thus, it is of vital importance for future works to investigate the spatial organization of microscopic dynamics and its critical behaviors
till the occurrence of slip avalanches. Taken together, the spatial and clustering analyses suggest different underlying mechanisms of
microscopic dynamics governing macroscopic stress fluctuations, and the spatial pattern of microscopic dynamics is the “fingerprint”
of the macroscopic response of granular materials.
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Fig. 9. Different modes of microscopic dynamics. (a) and (b) respectively show snapshots of Ac; during the stick stage and the slip stage of a typical
avalanche event. (¢) The probability distributions of AE during stages with different magnitudes of stress fluctuations. Note that AE is rescaled by its
mean value. (b) Comparison of the PDFs of local packing fraction ¢;,.; during the stick and slip stages. Data are averaged over all frames of
every stage.
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4.3. Different causes for microscopic dynamics

The above analysis reveals the significantly different spatial modes of microscopic dynamics during stick and slip stages, suggesting
differently underlying causes for the microscopic dynamics. In this part, we take a deeper investigation into the different causes of
microscopic dynamics. There is a general consensus that particles form a highly heterogeneous contact network, providing support for
external loading (Krishnaraj and Nott, 2020; Zhu et al., 2016a). In addition, many existing works have revealed that the stick-slip
behavior of granular materials can be seen as a jamming-unjamming process or phase transition (Ramola and Chakraborty, 2017),
accompanied by the formation, buckling and breakage of force chains (Tordesillas, 2007). Thus, the dynamics of contact networks play
an important role in the macroscopic response of granular assembly and may be related to different modes of microscopic dynamics.

Here we also take the top 10% highest D2, particles as active particles for the following analysis. With the aid of computer
simulation, we are able to calculate the particle stress tensor by averaging discrete contact forces around one particle into an equivalent
continuum stress tensor (Love, 1927; Nicot et al., 2013; Zhu et al., 2016a). Specifically, the stress tensor of particle p is defined as:

1 &
P

o= A 1)
c=1

where N? denotes the number of contacts to the particle p, for a contact c, f? is the ith component of the contact force to the particle, v
is the jth component of the contact vector connecting the center of particle p to the contact point, and Vj is the volume of the particle p.
The direction of the major eigenvector of o’; represents that of the force transmission across particle p, and the corresponding major

principal stress o] (compressive positive) is often used in the characterization of force chains and the identification of buckling events
(Liu et al., 2020; Zhu et al., 2016a). We then quantify the local stress dynamics using the fluctuation of major principal stress Ao, over
each stage. Snapshots of Aoy during the stick and slip stages of a typical slip avalanche are shown in Fig. 9a and 9b, respectively. Active
particles of the slip stage suffer higher stress fluctuation, while those of the stick stage are mainly dispersed throughout the packing
with lower stress fluctuation.

The dynamics of contact network can be further investigated from the perspective of particle-scale potential energy (Dorostkar and
Carmeliet, 2018; Ma et al., 2020; Zheng et al., 2018). The elastic potential energy is stored in particles through the particle deformation
at contacts. Thus, the normal and tangential stored energies at contact c are calculated by
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where f; and f; are the magnitudes of normal and tangential forces, 5, and &; are the overlapping and tangential deformation between
contacting particles. E* =E /(2(1 — 1?)), where E and v are Young’s modulus and Poisson’s ratio. R* =rrs /(r1 + r2), wherer; and ry
are the radii of the two contacting particles. a is the contact radius calculated by the Hertzian contact theory. The total energy stored in
the system is then given by Epoe = Y_p<, (E5, + ES ), where N, is the total number of contacts. The particle scale elastic potential energy
is calculated by

E= io.s(q‘;n +E,) (13)

where the summation takes over the N; contacts of particle i. The fluctuation of particle-scale potential energy during a given stage
provides a quantitative diagnosis for the dynamics of contact network, and we show in Fig. 9c the PDFs of particle-scale potential
energy fluctuation AE. For all bins, the probability distributions of energy fluctuations AE all show a Boltzmann-type, double-expo-
nential distribution for both AE > 0 and AE < 0. Furthermore, the active particles of slip stages are obviously suffering stronger
contact network dynamics.

We further show the PDFs of local packing fraction ¢,,.,; during the stick and slip stages in Fig. 9d. The local packing fraction is
calculated as ¢j,cq = Vp/Vyoro, where V,, and Vo, are the particle volume and its Voronoi cell volume, respectively. As shown in this
figure, active particles during stick stages occupy more free volume than slip stages. Token together, our analysis reveals different
causes for microscopic dynamics It is reasonable to conclude that microscopic dynamics of slip stages has a high propensity to directly
originate from contact network dynamics. When it comes to the stick stages, microscopic dynamics is mainly manifested as the free
volume-induced structure rearrangement, i.e. irreversible reconfiguration of particle site environment and redistribution of free
volume within the neighbor shells (Li et al., 2013). That is, during the stick stages, the active clusters of spatially dispersed distribution
are because the sites with large free volumes are scattered throughout the system. In contrast, during the slip stages, the active clusters
of spatially concentrated distribution are induced by the sudden adjustment of the contact network, which acts as a point-source
excitation and causes the cooperative dynamic behaviors of the neighborhood particles.
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5. Concluding remarks

In summary, this work forms the first CNN-based framework to quantitively link particle-scale dynamics to macroscopic responses
of the granular system. The data-driven framework can efficiently extract the dynamic information at the microscopic scale and their
spatial correlation. The generalization power of this 3D CNN model is verified over granular assemblies with different size poly-
dispersity, different shear rates, and different friction coefficients, indicating the proposed data-driven framework is capable of
modeling the multiscale relations for a broad range of granular systems. To understand how a prediction is made by the deep learning
framework, a model interpretation module is introduced to reveal the different contributions of different sites within the granular
assembly to the prediction of macroscopic responses. With such an interpretation module, this work provides the first quantitative and
direct evidence that the mesoscopic structures, i.e., active clusters with high microscopic dynamics, are responsible for the macro-
scopic responses, and the spatial pattern of microscopic dynamics acts as the “fingerprint” of macroscopic responses and controls the
magnitude of stress fluctuations. Two different mechanisms are further to be responsible for the different spatial patterns of micro-
scopic dynamics during the stick and slip regimes, i.e., free volume-induced structural rearrangements for the stick regime and contact
network dynamics for the slip one. These findings are of vital importance for understanding the complex plastic behaviors (Jiang et al.,
2020; Nicolas et al., 2018; Nicot et al., 2012) and achieving better predictions of the exact occurrence time of slip avalanches (Fer-
dowsi et al., 2013; Johnson et al., 2021; Shreedharan et al., 2020).

We believe the data-driven framework proposed in this work may shed some light on future constitutive modeling of granular
materials. Specifically, previous studies usually rely on fully connected neural networks (FCNNs) or recurrent neural networks (RNN)
to capture the temporal correlation of self-defined variables and to predict the history-dependent mechanical behaviors of granular
materials (Bahmani and Sun, 2022; Guan et al., 2022; Karapiperis et al., 2021; Qu et al., 2021; Wang and Sun, 2018). While several
internal variables are usually used to reflect the micromechanical information in these studies, they are defined or averaged over the
whole assembly. They may miss important details at the particle scale. This data-driven framework proposed in the paper can
automatically detect important spatial features of dynamic behaviors at the individual particle scale and predict the macroscopic
responses without any human supervision. It can be combined with the abovementioned approaches to provide complete internal
information into the constitutive modeling of granular materials. For example, one may combine the CNN model for extracting the
particle-scale dynamic behaviors and their spatial correlation with the RNN model for capturing their temporal evolution. Such an
architecture may enable us to model the constitutive behaviors of granular materials with higher accuracy and reproduce the inter-
mittent dynamic behavior, which is often ignored in previous studies.

Furthermore, it is a longstanding topic on building multiscale relations linking particle-scale property with the macroscopic
response of amorphous solids. However, due to the intrinsically disordered and heterogeneous structure and complex multibody
interaction, extracting key microscopic information of such complex systems is difficult (Mungan et al., 2019; X. Wang et al., 2021).
Along with the model interpretation technique, we believe the data-driven framework together with the model interpretation module
proposed in this paper should be applicable and easily extended to a wide range of amorphous materials such as metal glasses for
understanding and building multiscale relations. Thus, we can deepen the understanding of key scientific issues such as the
micro-macroscopic relationship, and gain novel insight into the mechanical properties of such materials.
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