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Figure 1 (Color online) Gradation curve distribution.
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Figure 2 Analysis of sample gradation characteristics.
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Figure 3 Biaxial compression numerical simulation.
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Figure 4 Particle assembly images at different strains.
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Figure 5 Mohr’s circles and strength envelope.
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Figure 10 Solid particles and pore distribution.
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Figure 11 K-fold cross-validation results for “solid particles and pore
distribution”.
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Figure 12 Regression analysis of “solid particles and pore distribution
information”.
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Figure 14 K-fold cross-validation results for “color encoding”
processed samples.
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Figure 17 High-stress particle selection.
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Figure 18 K-fold cross-validation results for “high-stress particles”.

SOZHAHE, (HIERL S BRTUARRF AL I IAC KL 5 A 5L
B, SSELTAREE R, RS
FE 73 SR IBCRIM] ] PG o B DR BEARF AL, AT 2 2%
FRTE TR RE. RN e, BORIZAC A A
ORI, T B AR e N UL AR AR 3 AT R A
—IB RN & 1) 1A R RE.

4.4 ORISR A BERURL G 0

RURLAT )52 2 AR RTINS, 048 HURURE 18] 42 fil M
—MNERLAR S 5y — ANRURE, X AR R AT R



REBE: FARRYE 20254 55 1

42.5

= GooglLeNet /
42.0 K

415 F
41.0 [

40.5

FOWE/ ©

40.0

395 5

39.0

385 F

38.0
38 39 40 41 42

BExXfE/°

Bl 19 <o B URLAE B 18] A 20 A

Figure 19 Regression analysis of “high-stress particle information”.

Ja BPUNBEIRGN, BN EE. S Y. &
I RSB Al W, SRR R 5
PR, SCER[3915E X T MR B BT T A I3 L T
%A

(1) ZH R 3 P RO Ay v I 3 R

(2) FHE AR URL I R E LR 5 R N T IR
8] )32 £ /N Fa(B45°), ana(17)Frs:

next
1 <1 17

cosa < ———— <
Xt 9
|l||0lne |

oy, DHHERRBRLP 5P AR R, o AR BIRL K
PNESYYI)

PV A 538 A UKL PRI i 65 1 ) — 73 B 1) T 42
&, CLPJYFEHERURL, P 2 3(17) A AR R
[, DAPNEMERURE, PR i 2 s0(17) A R4l %
RIURL;

(3) 5% J1BE 3N 34N DA_E FRURORL 4 A

7E fei N7 R LR Bl b, AR 21 ()R (3%
JIRERRLBEAT TG, BIRT3RAG I BEIEIR, nE208T R
S B R IEAT XS L, RT AR SIORLAR 5K 1 e
JIBURLAE A A B URL. 33 2 DRy R AR R 5 3
fl Rk 2 MR E 2, WA E Ry, NI T W
RIRPBHRI R A B B8, 2 S0 F e 1 T T ORI,

B 20 Bk IR %

Figure 20 Force chain particle selection.
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Figure 21 K-fold cross-validation results for “force chain particles”.
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Figure 22 Regression analysis of “force chain particle information”.
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Convolution neural network analysis of the effect of gradation on the
mechanical properties of granular materials
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Gradation, a fundamental physical parameter of granular materials, considerably influences their mechanical properties. To rapidly
obtain mechanical strength indices for particle assemblies with varying continuous gradation distributions and to analyze the
mechanisms through which gradation affects mechanical properties, 100 gradation curves representing 3 typical continuous grading
distributions were established based on the grading equation. Numerical samples corresponding to these curves were generated using
the discrete element method, followed by biaxial compression testing to construct a dataset for training deep neural networks.
Bayesian optimization methods were used to determine the optimal network hyperparameters and enhance the predictive performance
of the model. Using compressed numerical sample images and their corresponding mechanical strength as training data, GoogLeNet
was used to predict the shear strength of granular samples with varying gradations. By adjusting the input image information, this
study examined the effects of particle and pore distribution, particle size, high-stress particles, and force chains on the predictive
performance of the model. The results indicated that the convolutional neural network effectively captured the relationship between
gradation characteristics and the mechanical properties of granular materials. Notably, information related to high-stress particles and
force chains emerged as critical factors influencing the mechanical properties of granular materials and the predictive accuracy of the
neural network model.
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