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Figure S0. Scanning electron microscopy (SEM) images of (a) glass beads with diameter 105–149 µm (b) F-110 angular quartz with diameter 50– 150 µm. 
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Figure S1. Experimental protocol. (a) The stress history of each experiment. Two sets of 0.3 MPa peak amplitudes oscillations are applied for initial compaction, followed with four DAET sets, each set consists of 15 oscillations with 50 sinusoidal cycles at 10 Hz, the peak amplitudes increase from 0.01 MPa to 0.3 MPa linearly. The time interval between two consecutive oscillations is 20 seconds. (b) Thickness changes from DCDT. 
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Figure S2. Calculation of the relative wave velocity change  (a) Stress, thickness changes and travel time changes as a function of time (experiment p5423). Travel time changes are retrieved from cross correlation of the ultrasonic waveforms.
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Figure S3. Example of projection procedure used to extract the harmonic content of stress and velocity data. We use only 10 cycles of each oscillation to avoid non steady-state behaviors occurring at some of the largest oscillation amplitudes. 
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Figure S4. Nonlinear signatures of all glass bead samples. The arrows indicate the loading and unloading directions.
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Figure S5. Nonlinear signatures of all sand samples. Only four out of fifteen stress levels are shown for clarity. Positive dynamic stress indicates compression, and negative dynamic stress indicates dilation.
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Figure S6.  Harmonic amplitudes extracted from the nonlinear signatures and plotted on a log–log scale for each glass bead sample (Gao et al., 2022). (a)–(c) dry samples (∼10% RH). (d) and (e) Samples at ambient RH (∼60% RH) and (f )–(h) humid samples (∼100% RH).
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[bookmark: OLE_LINK3]Figure S7.  Harmonic amplitudes extracted from the nonlinear signatures and plotted on a log–log scale for each sand sample. Data from the first DAET set is not shown for clarity. Because R0 is negative, we use −R0 in this log scale. (a)–(c) dry samples (∼10% RH). (d)-(g) Samples at ambient RH (30%∼70% RH) and (h)–(n) humid samples (∼100% RH).
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