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The development process of rock-like materials:
As a commonly used rock-like material, cement has mechanical properties similar to natural rocks [1–3]. According to the geological investigation data from the engineering site, the uniaxial compressive strength (UCS) of the sandy mudstone in the matrix of the layered rocks ranges from 13.5 to 28.5 MPa, with elastic modulus (E) between 7.3 and 11.4 GPa. As for the weak interlayer, the UCS of the mudstone varies from 6.2 to 15.4 MPa, with E ranging from 5 to 7.8 GPa. Based the study conducted by Yin et al. [4], in this experiment, PC 42.5 composite Portland cement was chosen as the rock-like material to simulate the hard rock matrix, fly ash (Class Ⅰ) and PP 32.5 volcanic ash cement were selected to prepare cementitious material to simulate the weak interlayer. The purpose of using fly ash is to replace part of cement, thereby improving the fluidity of the cementitious material [5]. The compositions and corresponding mass ratio of the two rock-like materials are shown in Table S1. The standard cylindrical samples used to represent the hard matrix and weak interlayer were subjected to uniaxial compression tests after being cured at a constant temperature of 25°C in the curing box for 7 d. The measured strength parameters are close to the real layered rocks in the engineering site, which indicates that the two rock-like materials can effectively replicate the mechanic characteristics of the layered rocks (Table S2).
[bookmark: _Hlk141797967]Table S1. Compositions and corresponding mass ratio for hard matrix and weak interlayer
	Rock-like materials
	Mass ratio

	Hard matrix
	Cement (PC 42.5): water = 2:1

	Weak interlayer
	Cement (PP 32.5): fly ash: water = 9:1:6



Table S2. Strength parameters for the hard matrix and weak interlayer
	Rock-like materials
	UCS / MPa
	E / GPa

	Hard matrix
	12.9
	8.6

	Weak interlayer
	6.4
	4.9
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The fabrication process of layered samples:
Based on the five typical roughness profiles, 3D digital models in STL format that can be recognized by a 3D printer were established (Fig. 2(b)). Pouring templates with standard JRC values were printed using a Fortus380mc 3D printer (Fig. 2(c)). Polylactic acid (PLA) was chosen as the printing material, which possesses excellent mechanical properties and a low thermal expansion coefficient, enabling it to resist the extrusion stress caused by volume expansion of rock-like materials during the hydration process [6]. In order to easily distinguish the templates with different JRC values, different colors were used for identification. Specifically, templates with JRC = 2–4 were marked in white, JRC = 6–8 in yellow, JRC = 10–12 in red, JRC = 14–16 in blue, and JRC = 18–20 in cyan (Fig. 2(d)). Additionally, stainless steel molds suitable to the pouring templates sizes were customized (Fig. 2(e)).
[bookmark: OLE_LINK7][bookmark: OLE_LINK9]The pouring process of the layered samples is mainly divided into two major parts: casting the layered hard matrix and processing the weak interlayer. After assembling the molds, templates with the same JRC were inserted into the grooves of the customized molds, and lubricating oil was applied to the inner surfaces of both the templates and the molds to facilitate demolding (Fig. 2(f)). Then, according to the proportions of rock-like materials shown in Table S1, the corresponding quantities of water and cement were accurately weighed. After that, a high-speed mixer was used to obtained a homogeneous cement slurry. Subsequently, the cement slurry was poured into the molds, and after waiting for 24 h for it to solidify, the demolding process was carried out (Fig. 2(g)). The obtained hard matrix plates with standard JRC values for rough surfaces were placed in a curing chamber with a temperature of 25°C and humidity of 95% for 7 d. When the cement-fly ash slurry simulating the weak interlayer was prepared, the cured hard matrix plates were immersed in the slurry, ensuring that the slurry fully and evenly wrapped the surfaces of the plates. Through precisely stacking up the hard matrix plates by layers, the plates were bonded together with the weak interlayers (Fig. 2(h)). The large-scale model was then placed in a curing chamber with a temperature of 25°C and humidity of 95% for 7 d. A total of 125 cubic layered samples with rough joint surfaces, each measuring 100 mm × 100 mm × 100 mm, were obtained by being cut along the square contour on the surface of the large-scale model using a high-precision water jet system (Fig. 2(i)). The anisotropic angle (α) of the weak interlayer, which is the angle between the interlayer and the lower boundary of the sample, ranges from 15° to 75° at intervals of 15°, and the JRC values of the joint surfaces covers a range from 2 to 20 (Fig. 2(j)). It should be noted that to reduce the impact of heterogeneity of the layered samples, strict control was applied during the pouring process. The parallelism and perpendicularity of the opposing surfaces of the layered samples were controlled within ±0.02 mm, and the angle errors between adjacent surfaces were controlled within 0.25°.
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Fig. S1. Stress–strain curves of rock-like materials under uniaxial compression tests.


The steps for conducting the experiment, based on the test program, are as follows:
(i) Prior to shear tests, a white coating was sprayed on the surface of the layered samples as the background, and after complete drying of the coating, black speckles were uniformly sprayed. The purpose of spraying black speckles is to utilize digital image correlation algorithms to match deformation points on the sample’s surface, thereby obtaining the coordinates of measurement points and calculating the strain field.
(ii) The AE transducer was attached to the surface of the sample, and Vaseline was uniformly applied at the interface between the AE transducer and the sample to ensure smooth transmission of AE signals. Besides, the position, angle, aperture, and focal length of the high-definition camera needed to be adjusted.
(iii) The sample was placed at the loading position, and the shear box was installed, ensuring that the shear box was tightly fitted to the surfaces of the sample.
(iv) In the force control loading mode, the normal force was loaded to 0.5 kN for normal preloading, ensuring tight contact between the normal loading platen and the upper end of the shear box. Then, the normal loading was applied at a rate of 300 N/s until the target normal stress σn was reached.
(v) In the force control loading mode, the tangential force was loaded to 0.1 kN for tangential preloading, ensuring tight contact between the tangential loading platen and the side end of the shear box. Subsequently, the loading mode was switched to displacement control, and tangential loading was applied at a rate of 0.5 mm/min, with a maximum shear displacement of 15 mm set for this experiment.
(vi) During the tests, the shear system, high-definition camera system, and AE system should be started and stopped simultaneously.
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Fig. S2. JAW600 rock shear testing system.



Table S3. Test program for layered samples
	JRC
	α / (º)
	σn / MPa

	2– 4
	
15º–75º
(At intervals of 15°)
	
1–4
(At intervals of 1 MPa)

	6–8
	
	

	10–12
	
	

	14–16
	
	

	18–20
	
	






Fig. S3. Typical shear stress–shear displacement variation curve of the layered sample.
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