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Abstract: Geometry and mechanical characteristics of joints are key factors affecting the shear behaviors and fracture patterns of 

jointed rock mass. Using 3D printing technique, experimental jointed rock specimens containing rough joints with varied joint 

roughness coefficient (JRC), different types of geometrical joints, and fractrues network were established respectively. Then direct 

shear tests were conducted on the jointed rock models to study the shear strength and failure patterns. The results show that the values 

of shear strength of jointed rock models fluctuate greatly with varied JRC curves. The peak shear displacement decreases with 

increasing amplitude of fluctuation. The lowest and highest values of shear strength are found in plane and rectangular joints, 

respectively. Moreover, the value of shear strength of sinusoidal type is found similar to that of triangular type. The shear strength of 

the 3D-printed fractured rock specimens are apparently lower than that of the intact rock specimens. When considering joint 

roughness, the peak shear stresses of rough discrete fractures network (RDFN) models are higher than those of the discrete fractures 

network (DFN) models. The solid rock specimens exhibit typical brittle shear failure. The fracture patterns of DFN model and RDFN 

model are relatively complex and the main shear fractures are found along the shear direction. Meanwhile, certain intersection points 

between joints and certain surfaces have significant influence over the shear failures. The present work provides references for the 

application of 3D printing technique in studying the shear behaviors of fractured rock masses. 

Keywords: jointed rock mass; 3D printing; direct shear test; fractures patterns; experimental study 

 

1  Introduction 

Shear property of jointed rock mass is one of the most 

important factors which greatly influence the stability analysis 

in geotechnical engineering. It has been widely investigated in 

rock engineering[1-3], especially slope engineering, in which the 

shear property directly affects the rock slide. There are plenty of 

natural joints which are complex and randomly distributed as 

Fig.1 shows. The distribution and mechanical properties of 

joints will control the initiation and propagation of fractures in 

the jointed rock mass. Thus it is vital to study the joints 

characterization techniques and the corresponding influence of 

complex joints on the shear behaviours of jointed rock mass, 

which will supply scientific evidence for the stability of rock 

engineering.  

Many researchers have conducted experimental tests on the 

shear behaviours of joints. According to Goodman[4], the 

nonlinear deformation of joints should be attributed to the 

existence and failure of the micro-convexes, which outlined the  

 
Fig.1  Schematic diagram of structurally controlled 

landslide of jointed rock slope 
 

microscopic failure mechanism of jointed rock mass. Barton[5] 

suggested a joint roughness coefficient, JRC, to represent the 

complex joints based on numerous experimental tests on rock 

mass discontinuities. The shear strength of the joints relates to 

both the normal stress and the JRC value. Barton then proposed 

three JRC curves (5, 10, and 20) to represent the joints. Later, 

Barton et al. [6] proposed ten JRC curves according to 136 rock 

specimens under shear test. The ten curves were then used as 

Open pit

Potential failure surface

Joints 
network

Natural joints

Shear fracture 

1

WANG et al.: Research on direct shear behaviour and fracture patterns of 3D-pr

Published by Rock and Soil Mechanics, 2020



WANG Pei-tao et al./ Rock and Soil Mechanics, 2020, 41(1): 4656                    47   

 

suggested methods for the quantitative description of 

discontinuities in rock masses by ISRM (International Society 

for Rock Mechanics) [7]. This work plays a significant role in 

guiding the quantitative characterization and analysis of shear 

properties for jointed rock masses. Bardis et al.[8] established a 

model for estimating the shear strength of rock joints based on 

numerous shear tests, and the correlation between the roughness 

and shear strength of rock joints was rectified and quantified. 

Many research results[9-13] have shown that the joint 

geometry significantly affects the shear failure mode and shear 

strength of jointed rock when direct shearing is performed 

along a single joint surface. By measuring the roughness of the 

natural structure surface, Singh et al. [14-15] used the JRC to 

characterize the roughness of the joints and studied the effect of 

JRC on shear strength under different normal stress conditions. 

Zhao et al.[16] studied the roughness reduction along the joint 

surface under shearing, and conducted a numerical study on the 

influence mechanism of solute flow. It was found that the joint 

surface geometry changed significantly after shear failure 

according to the study. Niktabar et al. [17] carried out cyclic shear 

tests on rocks with rough joints and considered the geometry of 

regular and irregular inclination angles, respectively. It was found 

that the shear strength of the specimens increased with increasing 

inclination angle and normal stress at first shear cycle. Cheng   

et al. [18] studied the size effect of rock shear strength under 

shear conditions and found that there were some differences in 

shear strength under different size conditions. Tian et al.[19] 

established a single triangular undulating joint model using 

similar filling materials under different filling conditions. The 

test results show that the undulating position of the joint step is 

prone to fracture during shearing, which indicates the property 

of filling materials and the joints geometry are key influencers 

when analyzing shear strength of jointed rocks. Zhou et al.[20] 

studied the shear behaviours of toothed surfaces with different 

amplitudes, and found that the amplitude of tooth had a great 

effect on shear sliding and shear characteristics. The 

corresponding shear strength analysis model was also derived. 

These research results fully show that the roughness of joints 

significantly impacts the macro mechanical behaviors of jointed 

rock masses, such as seepage characteristics, uniaxial 

compression mechanical properties. It is also one of the 

principal intrinsic factors which determines the shear strength 

of rock masses. 

Due to the limitation of the current modeling methods of 

complex joint models and physical experimental modeling 

conditions, relatively few studies on the shear mechanical 

properties of joints with consideration of joints roughness have 

been made. The impact of rough joints on the shear behaviours 

of jointed rock masses and their corresponding failure 

mechanisms still need further investigation. With the 

development of the 3D printing (3DP) technology, modeling of 

complex structures has gradually become possible. 3DP 

technology has the advantages of applying in “any material, any 

part, any number, any location, and any field[21]”. Thus 

attentions have been paid by many researchers in rock 

mechanics and rock engineering[22-27]. Xie et al.[28] applied 3DP 

technology in modeling the rock specimens with fractures 

inside. Ju et al. [29] analyzed mechanical behaviors, such as 

stress evolution, crack propagation and instability. This research 

is of great significance for promoting the research methods for 

deep rock mechanics. Xiong et al. [30] carried out a series of 

direct shear tests on joints using 3D printing technology. The 

test results showed that the properties of samples were 

consistent with each other and the feasibility of 3DP technology 

in rock mechanics is verified. Tian et al.[31] used 3DP 

technology to produce rock samples within internal structures 

identical to sandstone samples. The test results show that the 

strength and fracture modes are close to those of the natural 

sandstones. Wang et al. [32] produced a series of fractures 

network models using 3DP technology, and then compared the 

effect of geometric roughness on the uniaxial compression 

properties of the jointed models. The study shows the feasibility 

of 3DP in the study of complex jointed rock masses in 

laboratory experiments analysis. Zhu et al. [33] used the CT 

scanning and 3DP technology to print some porous rocks made 

of resin materials. According to the result, the uniaxial 

compressive strength (UCS) and dynamic Brazilian splitting 

strength were close to volcanic rocks, which had a good 

agreement with the numerical simulations. The study provides a 

useful reference for 3DP technology and laboratory test 

research of rock materials with complex pores and fractures, as 

well as promotes the popularization and application of 3DP 

technology in geotechnical engineering. Song et al. [34] used 

3DP technology to produce a tunnel model based on polyacetic 

acid (PLA) and gypsum material, and carried out laboratory 

experiments on tunnel stability. The results showed that the 

mechanical properties of the 3DP tunnel model were basically 

stable, which provided a reference for the application of 3DP 

technology in the tunnel engineering. Kong et al. [35-36] 

established some gypsum rock samples using 3DP technology. 

Among the gypsum samples, different pore distributions and 

morphologies were considered and the pore distribution was 

obtained by CT scanning. The results show that 3D-printed 

samples can effectively reflect the pore distribution of the 

digital model. However, Kong et al.[35] also proposed that 3DP 

samples have layered structures, which induces significant 
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transverse isotropic characteristics. The influence of the 

structures cannot be ignored in the study of rock-like 

mechanical properties. Zhou et al.[37] used 3D scanning and 

engraving techniques to prepare rock structural surface with 

different roughness and discussed the shear anisotropy 

characteristics of the structural surface, which provided a useful 

method for preparing structural surfaces and studying 

mechanical properties. All these research results show that 3DP 

technology provides an effective way for physical modeling of 

complex rock mass structures. By physically reconstructing 

complex structures, experimental models suitable for indoor 

simulations can be established, thus providing effective 

methods and approaches for experimental study on mechanical 

behaviors of complex fractured rock masses.  

In this study, direct shear tests were conducted on several 

printed rock samples based on 3DP technology. Ten Barton 

rough joint curves were established first by 3D digital model, 

3D solid printing and model preparation, to investigate the 

effect of different JRC curves on shear strength. And then, four 

different geometries (sine type, rectangle type, triangle type, 

and plane type) and different PLA materials were prepared. The 

influence of joint geometry on shear characteristics was 

discussed together with the shear properties of PLA materials. 

Finally, the linear discrete fractures network (DFN) model and 

the rough discrete fractures network (RDFN) model were 

established respectively. The shear behavior of fractured rock 

mass models was studied by physical experiments. The 

mechanical behaviours of different jointed models under direct 

shear conditions were analyzed and the influence of geometric 

roughness of joints on the shear mechanical properties was 

discussed. The research will provide a useful reference for the 

study of shear behaviours of jointed rock masses by 3DP 

technology. 

2  3D printing models 

3D printer, named XYZ Printing DaVinci 3.0 (as shown in 

Fig.2(a)), was used to model the joint samples. The nozzle 

diameter of the 3DP system is 0.4 mm with printing accuracy of 

0.1 mm. The maximum model size is 200 mm × 200 mm × 190 

mm (Length×width×height). The 3DP printing method used in 

this paper is fused deposition modeling (FDM). PLA polymer 

plastic is used as the printing material. The 3DP sample is 

produced by layering and fusion stacking. For this test, the 

printing layer thickness is 0.3 mm. The filling ratio is an 

important parameter for the 3D printing. This index represents 

the proportion of internal filling when printing a 3D solid 

model, which is directly related to the porosity of the model. 

The higher the printing filling ratio, the lower the porosity of 

the model will be. When the filling ratio is set to be 0%, only 

the empty shell is printed. When the filling rate is 100%, the 

printing material will be filled completely.  

There are two filling approaches in the 3DP system, namely 

intertwining filling and honeycomb filling, as shown in Figs.2(b) 

and 2(c). The printing efficiency of different filling methods are 

also different, with all models are chosen to be intertwining 

filling here. 

 

 

(a) XYZ Printing DaVinci 3D printer     (c) Honeycomb filling 

Fig.2  XYZ Printing DaVinci 3D printing system 

 

The steps of establishing the Barton’s JRC joints model are 

as follows:  

(1) Selecting the Barton joint curve, carrying out the 2D 

reconstruction of the digital joint image in AutoCAD by 

recognizing and widening the line image. Considering the 

effective accuracy of the 3D printer, the stretch width is 1.5 mm.  

(2) Using the "Region" command to generate the fissure 

regions, and then using the "Extrude" command to stretch these 

fissure regions to a height of 20 mm and obtain a 

three-dimensional JRC curve model. 

(3) Exporting the “* .STL” files of each model by 

AutoCAD and importing into XYZware Pro printing software. 

Setting the relevant 3D printing parameters to prepare a Barton’ 

JRC joints model.  

Fig.3(a) shows the 10 JRC curves proposed by Barton et al[6]. 

A three-dimensional model of different JRC digital joint 

surfaces is established (Fig.3(b)). In this work, the length, 

thickness and height of the model are 50 mm, 1.5 mm and    

20 mm, respectively. It should be noted that the thinner the 

printed joint model is, the more detailed the joint traces will be. 

Due to the accuracy limitation of the 3D printer, the thickness 

of 1.5 mm was chosen in this printing after many tests. With the 

development of 3D printer, the thickness of the joint model 

should be minimized. Different JRC surfaces obtained by 3D 

printing are shown in Fig.3(c). To ensure the efficiency, the 

filling ratio was 20% in the model, and the filling thickness was 

(b) Intertwining
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approximately 0.3 mm. Because the model is created by the 

FDM method, the stacking boundary of each layer is significant. 

The printing surface undulations were consistent with the 

two-dimensional joint digital models. 

 

 

(a) Barton’s JRC curves       (b) Extension     (c) 3D-printed models 

Fig.3  Barton proposed curves with varied JRC values and 
corresponding 3D models 

 

The shearing model and the settlement of the joint are 

shown in Fig.4. The JRC joint model was placed at the center of 

the model. The shear load was applied along the joint surface, 

and the load and displacement were monitored during the shear 

process to study the influence of different joint fluctuations on 

shear strength (Fig.4(a)). Since the length of the model was   

50 mm, a printed PLA square box with size of 50 mm×50 mm× 

20 mm was modeled. The joint was placed in the center of the 

test piece, and remains after curing completes, as shown in 

Fig.4(b). The sulphoaluminate fast hardening cement was used 

to model the harder rock material and cured in 20 ℃ water for 

72 h. The jointed rock model is shown in Fig.4(c). 

 

   

(a) Settlement of the model  (b) Cemented model   (c) Jointed specimen 

Fig.4  Jointed rock specimen in experimental test 

 

3  Experimental tests 

3.1  Experimental system 

The BC-100D rock shear system (Fig.5(a)) in the University 

of Science and Technology Beijing was used in this test. The 

maximum shear load of this machine is 100 kN and the 

maximum normal load is 50 kN. The MaxTest-Y2H direct shear 

controlling system was used to monitor and control the load and 

displacement. The load and displacement monitoring accuracy 

are 0.001 kN and 0.001 mm, respectively. This test only 

examines the peak shear strength of the material, so the direct 

shear test was conducted under normal stress of 0 MPa. The 

loading method adopted displacement control method and the 

shear rate was 0.3 mm/min. The shearing was performed until 

the specimen failed. Fig.5(b) is the shearing system and the 

settlement of the specimen. It should be noted that because the 

size of test model is unconventional, corresponding mold need 

to be processed to analyze the shear behaviours of different 

sizes. As shown in Fig.5(b), the shearing fixing mold fixes the 

specimen to prevent shear deflection of the specimen during the 

shearing process. Certain steel plates were placed in the mold to 

ensure that the shear load acts along the center of the 

specimens. 

 

  

(a) BC-100D shearing machine         (b) Shearing system 

Fig.5  Schematic diagram of direct shear test  
system in laboratory test 

 

3.2  Shear property of PLA material 

To investigate the shear strength of PLA material, several 

PLA specimens with different filling ratio were prepared, as 

shown in Fig.6(a). Specimens with five filling ratios of 0%, 

25%, 50%, 75% and 100% were prepared. All the samples were 

30 mm×30 mm×20 mm in size with thickness of 0.3 mm. 

Fig.6(b) shows the shear results of the PLA models with filling 

ratios of 0%, 25%, 50%, 75% and 100%, respectively. Since the 

PLA specimen was made of plastic material, no macroscopic 

failure surface occurred during the shear process. Relatively 

large plastic deformation occurred and the residual shear 

strength was relatively stable during the shear progress (as 

shown in Fig.7). According to the shear failure results of PLA 

specimens under different filling rates, the square specimens 

exhibited high plastic deformation at different filling ratios, and 

no significant shear fracture was observed. 

Fig.7(a) shows the shear stress-displacement curves of PLA 

specimens under different filling ratios. It is shown that PLA 

(polylactic acid) material exhibits significant plastic 

characteristics. At the pre-peak stage, the shear modulus of the 

elastic stage gradually increases as the filling ratio increases. 
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When the filling ratio is less than 100%, the residual shear 

strength of each specimen is close to the peak shear strength. As 

the filling ratio increases the residual shear strength also 

gradually increases. When the specimen is fully filled (filling 

ratio of 100%), the shear strength reaches 22.63 MPa. The shear 

stress in the residual stage shows a sudden drop phenomenon. 

Fig.7(b) shows the peak shear strength of the test specimens 

under different PLA filling ratios. The shear strength of PLA 

material increases with increasing filling ratio. The peak shear 

strength of PLA materials with a filling ratio of 0% is 1.42 MPa, 

which can be regarded as the shear strength of PLA joints. 

 

 
(b) After shear test 

Fig.6  PLA model and failure patterns of specimens with 
varied filling rates 

 

 
(a) Shear stress-displacement curves 

 
(b) Shear strength with varied filling ratio 

Fig.7  Shear characteristics of PLA materials  
with varied filling rates 

 

3.3  Shear property of rough joint model  

The JRC joint models were placed in the center of the 

specimen and the shear direction was along the joint surface. In 

this shear test, the shear rate was set to be 0.5 mm/min until 

failure. The shear load and displacement were recorded and 

images were captured during the shear process.  

The shear stress- displacement curves of joint models with 

different JRC models are shown in Fig.8 and the results are 

listed in Table 1. The results showed that there are significant 

differences in the shear characteristics of specimens under 

different JRC conditions. The shear stress fluctuates greatly as 

the shear displacement increases, indicating that the rock 

undergoes multiple contact-cut-recontact processes along the 

shear direction. Each joint specimen shows a distinct brittle 

shear failure mode. The specimens have relatively high shear 

strength under JRC of 2-4 and 12-14. Each specimen has 

certain residual shear strength in the post-peak shear stage. 

 

 
Fig.8  Shear stress-displacement curves of varied  

JRC rock specimens 

 

Table 1  Shear behaviours of varied Barton rough joints 

JRC
Shear strength 

/MPa 

Peak shear 
displacement

/mm 
JRC 

Shear strength 
/MPa 

Peak shear 
displacement 

/mm 

0-2 1.06 2.99 10-12 2.35 2.42 

2-4 3.41 5.03 12-14 3.38 1.97 

4-6 2.94 1.99 14-16 1.04 1.73 

6-8 1.84 3.69 16-18 1.68 1.50 

8-10 2.01 2.65 18-20 0.97 1.42 

 

The fluctuation amplitude of the joint trace is directly 

related to the shear resistance property. The fluctuation 

amplitude of varied JRC curves is shown in Fig.9. It is observed 

that the amplitude generally increases with the increase of the 

JRC value. The amplitude of the fluctuation is relatively large 

for JRC values at 10-12 and 14-16. After 14-16, the amplitude 

of the joint fluctuation decreases as the JRC increases. 

Comparing the fluctuation amplitude and the peak shear 

strength, the magnitude of joint model fluctuation has a certain 

correlation with the peak shear strength. Changes in amplitude 
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fluctuations also correspond to significant changes in peak 

shear strength. Specimen with JRC of 8-10 has the highest peak 

shear strength while JRC of 18-20 is the lowest. It should be 

noted that the peak shear strength of specimens under different 

JRC conditions does not increase with the increase of JRC 

values. This is because the direct shear test does not consider 

the influence of normal stress in this test. Therefore, the peak 

shear strength mainly reflects the ability of sample to resist 

initial shear fracture. Fig.9(b) shows the correspondence 

between the peak shear displacement and the amplitude of 

fluctuation. It is found that the higher the fluctuation amplitude , 

the lower the peak shear displacement. 

Fig.10(a) shows the shear failure modes of jointed 

specimens under different JRC conditions. According to the 

results, the shear failure modes of the model under different 

JRC situations show significant differences. Shear failure 

occurs basically along the joint surface, and crack initiation also 

occurs near the joint surface in some specimens, such as JRC of 

2-4 and 6-8. Comparing with the shear failure mode of the solid 

specimen in Fig.10(b), the shear failure of the solid specimen 

shows a typical shear brittle failure mode, manifesting as a 

significant single shear crack. The shear failure mode is much 

more complicated for the jointed models. In addition to the 

main shear cracks, there are also a large number of cracks at the 

end of the shear boundary. There are some small-scale 

expanding cracks near the principal failure plane, indicating  

 

that the specimen undergoes multiple shear failure during the 

shear process, which is consistent with the shear stress 

fluctuation characteristics as shown in Fig.8. 

 

 
(a) Comparison of shear strength with amplitude 

 
(b) Comparison of shear displacement with amplitude 

Fig.9  Comparison of peak shear strength and fluctuation 
amplitude under different JRC conditions 

  

(a) Fracture patterns of specimens within joints of varied JRC             (b) Fracture pattern of intact cement specimen 

Fig.10  Shear failure patterns of jointed rock specimens of varied JRC values 

 

4  Shear properties of specimens with complex 

joints networks  

4.1  Fracture patterns of specimens with one rough joint 

The shear characteristics of different Barton JRC joint 

models were discussed in the previous section. The results show 

that rough joint fluctuations have a significant effect on the 

shear behaviours. Joint surfaces generally have complex 

geometric distributions in natural rock masses. As Fig.11 shows, 

there are different geometric distributions such as arcs 

(Fig.11(a)), triangles (Fig.11(b)), and rectangles (Fig.11(c)). 

Different geometric trace shapes, especially different undulation 
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angles and amplitudes directly impact on the shear fractures of 

rocks. Thus the influence of different single joint geometrical 

undulations on the shear behavoiurs of jointed rocks needs to be 

studied. 

In this section, four geometrical models of sine type, 

triangle type, planar type and rectangle type are established 

(Fig.12(a)), and the corresponding shear behaviours are tested. 

Fig.12(b) shows the 3D printed models of varied joints types. 

The model size is 60 mm×60 mm×20 mm, with fluctuation 

amplitude of the joint model as 20 mm and joint trace thickness 

of 0.3 mm. 

 

   

(a) Arc type joint   (b) Triangle type joint   (c) Rectangle type joint 

Fig.11  Complex joint morphologies of natural  
rock masses  

 

 

(a) Different geometric joints 

 

(b) 3D printed models 

Fig.12  Joint models of varied geometries using  
3D printing technique 

 

Figs.13 and 14 show the shear stress- displacement curves 

and shear failure modes, respectively. To analyze the feasibility of 

3D printed models, the results of each set of models (each set 

contains 3 samples) are shown in Fig.13. The shear strengths of 

jointed models with different geometric shapes are significantly 

different. According to the test, the planar shape has the lowest 

shear strength, while rectangular shape has the highest shear 

strength. The shear capacity of the sine and triangular specimens 

are close. For the same type of geometric model, although the 

shear stress-displacement curve in the pre-peak stage is different, 

the overall shape and trend are close. The result shows that it is 

feasible to conduct repeated shear mechanical test based on 3D 

printed specimens.  

 
(a) Planar type 

 
(b) Rectangle type 

 

(c) Sine type 

 

(d) Triangle type 

Fig.13  Shear stress-displacement curves of  
varied joint models   
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(a) Planar type                (b) Sine type                 (c) Triangular type                (d) Rectangular type 

Fig.14  Shear failure modes of varied jointed rock specimens 

 

The failure modes of jointed models with varied geometric 

types are shown in Fig.14. For the planar joint model, the shear 

failure occurs along the joint plane and the rock matrix has 

basically no shear failure, which is consistent with prediction. 

The failure mode of sinusoidal type is relatively complex. There 

are two macro shear cracks along the peak positions of joints. 

Simultaneously many shear and damage cracks appear along 

both the shear direction and joint traces direction. For the 

triangular joints, the failure mode is simpler compared with the 

sinusoidal type due to the linear joint surface. The failure mode 

is manifested mainly by initiation and propagation of shear 

cracks along the shear direction. Shear climbing phenomenon is 

found on the surface of some joint traces and the shear strength 

is relatively lower than that of the sinusoidal type. According to 

the shear stress-displacement curve in Fig.13, the rectangular 

joint model achieves the highest average shear strength, and its 

shear failure mode is also very complicated. Along the shear 

direction, there are at least three groups of shear cracks. 

Meanwhile, the rock specimen has undergone significant shear 

failure, and the energy required for shear fracture is relatively 

high. Meanwhile, significant shear failure of the rock matrix 

occurred along the surface of the joints. Due to the rectangular 

joints, the rock matrix needs to be fully fractured during the 

shear failure process. It is also one of the important reasons for 

the highest shear strength of rectangular joint models. 

4.2  Fracture patterns of specimens with joints netwroks 

Rock mass often contains a large number of randomly 

distributed discontinuities. Until recently, few experimental 

studies on the shear behavious of complex fractured rock 

masses have been reported. Many numerical researches have 

been performed on linear discrete fractures network (DFN) 

models. However, studies considering complex geometric joints 

is very few. Thus on the basis of our previous study [38], we  

 

prepared a linear DFN model and a rough discrete fractures 

network (RDFN) model, and conducted direct shear tests on the 

complex fracture network models. The RDFN model is an 

improved DFN model according to Wang et al.[39]. The main 

improvement is to take into account the random spatial 

distribution of fractures network and its own geometric 

complexity. Fig.15 shows the results of the shear test from the 

established DFN and RDFN models. Among them, the RDFN 

model takes into account the sine-shaped geometric distribution 

of joints[39].  

According to mentioned preparation approach, the 

sulphoaluminate fast harden cement is used to make both 

jointed specimens (including DFN and RDFN models) and 

solid specimens. Fig.15(a) shows the typical shear 

stress-displacement curves of different types of specimens. 

Figs.15(b) and 15(c) show the shear failure modes of the DFN 

model and the RDFN model. It is found that the failure mode of 

solid specimens exhibit typical brittle shear failure. The failure 

modes of DFN model and RDFN model are relatively 

complicated, in which the main shear fracture surface fluctuates 

along the shear direction. The experimental failure mode is 

consistent with the numerical failure mode obtained in literature 

[38] using particle flow code. According to the typical shear 

stress-shear displacement curve, the slope of the solid specimen 

at the shear elastic stage is significantly higher than the joint 

model. The sudden drop in stress and low residual strength 

indicate that the solid specimen exhibits brittle shear property. 

The elastic stage slopes of DFN and RDFN joint models are 

close, indicating that the shear modulus is close. The peak shear 

strength of the RDFN model is higher than that of the DFN 

model when considering the rough characteristics of joints. The 

joint models show shear ductility at the post-peak stage, and the 

residual shear strength of the RDFN is higher than the DFN 

model. 
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(a) Shear stress-displacement curves                                (c) RDFN model 

Fig.15  Shear properties of different fractured rock models 

 

5  Conclusions 

(1) This paper introduces an approach to develop joint 

models under complex geometric conditions using 3D printing 

technology. It has initially achieved the preparation of complex 

fractures digital models to physical models. It can efficiently 

and repeatably make complex joint samples with the same 

geometry. The work can provide a reliable physical model for 

the shear behaviours analysis of jointed rock mass. 

(2) The shear strength of joint specimens under different 

JRC conditions is significantly different. As the JRC value 

increases, the fluctuation amplitude of joint surface generally 

increases, reaching the maximum when the JRC is 14 to 16. 

Correlation could be found between the joint amplitude and the 

peak shear strength. The peak shear displacement decreases 

with increasing fluctuation amplitude. 

(3) The shear strengths of joint models with different 

geometric shapes are significantly different. Among them, the 

planar type has the lowest shear strength and the rectangular 

type has the highest. The shear capacities of the sinusoidal and 

triangular specimens are similar. The shear failure of the flat 

joint model occurs along the joint plane. A large number of 

cracks occur in all directions in the sinusoidal joint model along 

both the shear direction and joint traces. The fractures of the 

triangular joint model initiate and propagate mainly along the 

shear direction, while the failure mode is simpler than that of 

the sine type, and its shear strength is lower than that of the sine 

type. The rectangular joint model has some obvious shear crack 

coalescence along the shear direction, and many matrix rock 

failures occur along the joint surface, with achieving the highest 

shear strength . 

(4) The shear strength of rock masses with complex 

fractures is lower than that of solid rock models. The shear 

strength of RDFN model considering joint roughness is higher 

than that of linear DFN model, indicating that the shear strength 

of fractured rock increases after considering the geometric 

roughness of joints. The failure mode of solid specimens is 

typical brittle shear failure, and the failure modes of DFN 

model and RDFN model are relatively complicated. The main 

shear fracture surface fluctuates along the shear direction, and 

the fracture surface consists of multiple joint surfaces including 

intersection points and joint surfaces. 
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