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13D Printing

2 polylactic Acid (PLA)

3 Xu, Jiang et al.

4 Fereshtenejad and Song

5 Jiang and Zhao

¢ Fused Deposition Modeling
"Vogler, Walsh et al.
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1 Zhou and Zhu

2 StereoL.ithography Additive manufacturing
3 Ju, Xie et al.

4Wang, Liu et al.

® Rough Discrete Fracture Network (RDFN)
¢ Discrete Fracture Network (DFN)
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1 polyvinyl Alcohol (PVA)
2 G-Code
3 Slicer
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Keywords Abstract

3D printing The stability of structures built within rock masses is heavily influenced by the
Discontinuous rock sample presence of discontinuities such as joints. These features significantly impact the
Direct shear test mechanical behavior of rock, making it essential to understand their effects before
Shear strength designing and constructing such structures. While in-situ testing is the most reliable
Discontinuity system method for assessing the geomechanical properties of rock masses, it is often costly

and time-consuming. To address this challenge, researchers have turned to

alternative approaches, such as fabricating synthetic rock mass specimens in

laboratory settings.

In recent years, 3D printing technology has gained traction in rock mechanics,

allowing for the construction of jointed rock analogues. This study aims to examine

the shear behavior of joint networks in rock by creating quasi-rock specimens with
predefined discontinuities using a 3D printer. To achieve this, a network of two joint sets was printed using polyvinyl alcohol
(PVA) filament. The printed structure was then placed inside a cubic mold and filled with cement grout, forming a cubic
specimen that contained two distinct discontinuity sets.
Direct shear tests were conducted on both intact and jointed specimens. The jointed samples were fabricated with joint
orientations of 0°, 15°, 30°, and 45° relative to the shear plane. In total, 15 specimens were prepared—three intact samples
and twelve jointed ones. The results demonstrated that 3D printing technology effectively replicates discontinuity networks
within synthetic rock (concrete) specimens.
A comparison between the intact and jointed samples revealed notable differences in mechanical behavior. The intact
specimens exhibited higher shear strength and brittle failure characteristics, whereas the jointed specimens displayed more
ductile responses, particularly under higher normal stresses. The use of polyvinyl alcohol for constructing the discontinuity
network proved effective, as the material completely dissolved in water after cement curing, leaving no residual impact on
the shear strength parameters of the jointed concrete specimens. Additionally, the orientation of the discontinuities relative
to the shear plane had a pronounced effect on cohesion—when the shear plane aligned with the joint sets, cohesion
significantly decreased.

Summary

Discontinuities such as faults, joints, cracks, and bedding planes present one of the biggest challenges in rock engineering.
Their presence significantly reduces the geomechanical properties of rock, affecting fracture patterns and the overall strength
of rock masses. As a result, they play a crucial role in determining the stability of structures built within these formations. To
analyze and address these challenges, rock mechanics and engineering rely on analytical methods, numerical modeling, and
laboratory tests. Among these, laboratory testing remains a fundamental approach, providing detailed insights into rock
behavior and geomechanical properties. However, due to the inherent heterogeneity and anisotropy of rocks, even samples
taken from the same rock mass can exhibit substantial variations in their mechanical characteristics.

The rapid advancement of additive manufacturing technology—commonly known as 3D printing—has led to its growing
adoption across multiple scientific fields, including rock mechanics. This technique offers a powerful alternative for research,
enabling the precise replication of internal defect structures within rock masses—something that was difficult to achieve
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using traditional methods for creating artificial rock samples. A key advantage of 3D printing is its ability to produce identical
specimens, facilitating repeated experiments and ensuring more reliable results. Additionally, by accurately controlling the
internal structure of test models, it eliminates variations that commonly occur between natural rock samples, making it an
ideal approach for physical rock testing.

To create a three-dimensional model of a discontinuity system, the process begins with generating a two-dimensional digital
representation, which is then converted into a 3D model. The steps involved in producing a rock sample using 3D printing
are as follows:

A digital image of the discontinuities system is created using AutoCAD software, and then adjusted within the program.
The joint trace is extended in the Z direction to generate a three-dimensional joint model. The 3D digital model is exported
as an .STL file, which can then be imported into specialized software to divide it into thin layers.

Once the digital model is sliced, the discontinuous rock system can be printed using a 3D printer.

Introduction

This study focuses on modeling rock discontinuity systems using 3D printing technology to investigate the shear behavior of
jointed rock. The research involves conducting rock mechanics tests on synthetic rock samples and determining their shear
strength parameters—Kkey factors in designing and evaluating the stability of structures built on or within rock masses.

The shear strength parameters of the 3D-printed synthetic rock samples were obtained through laboratory tests. These values
play a crucial role in assessing the stability of excavated structures and informing engineering designs. The research process
began with the fabrication of the discontinuity system using a 3D printer, followed by placing the printed structure into a
frame and filling it with cement to create the final specimen.

One of the key challenges was selecting a material for the discontinuity system that would not alter the strength properties of
the sample. To address this, polyvinyl alcohol (PVA) filament was chosen due to its low strength and ability to dissolve in
water. This ensured that the printed discontinuities did not interfere with the shear strength measurements. The synthetic rock
specimens were then subjected to direct shear tests, and their shear strength parameters were analyzed.

Methodology and Approaches

To investigate the shear behavior of synthetic rock samples, direct shear tests were conducted under constant normal stress
conditions at the Rock Mechanics Laboratory of Tarbiat Modares University. The testing setup consisted of a rigid steel
frame equipped with two vertically placed jacks to secure the sample. Shear load was applied using a mechanical pump,
while another pump exerted the normal load.

Each rock sample measured 15 x 15 x 15 cm. The shear load was measured using a load cell with a 500 kN capacity and an
accuracy of 10 N. During testing, one half of the specimen remained fixed, while shear force was applied to the other half.
Simultaneously, normal force was exerted perpendicular to the shear direction. The shear displacement rate was kept constant
at 0.075 mm/s across all tests.

Once the samples were positioned in the shear box, displacement measurements were recorded using two LVVDTs with an
accuracy of 0.001 mm, placed directly on the specimen. Testing began with a gradual increase in normal load until it reached
the desired level, at which point the shear force was applied while maintaining constant normal stress. The shear load and
shear displacement values were continuously logged by a data acquisition system, which recorded data at 0.3-second intervals
and displayed real-time results on a computer monitor.

The applied normal stresses for the tests were 8.8, 17.5, and 25 kPa. Once the shear process was complete, loading ceased,
and the normal force was carefully removed from the samples.

Results and Conclusions

This research explored the process of producing synthetic rock samples with discontinuity systems using 3D printing
technology. Various types of 3D printers were examined to determine their suitability for fabricating rock analogues. A digital
model of the discontinuity system was designed using computer software, and water-soluble materials were employed to
create the discontinuities. Rock mass samples containing two perpendicular joint sets were produced, with four variations
created by adjusting the joint angles. These samples were then subjected to shear testing to evaluate their mechanical
behavior.

PVA as a Discontinuity Material Using polyvinyl alcohol (PVA) to create the discontinuity system proved to be an effective
method for fabricating artificial rock samples. PVA dissolves when exposed to water, ensuring that it does not alter the
geomechanical properties of the sample.

Impact of Discontinuity Orientation on Cohesion The cohesion of the rock sample was strongly influenced by the relative
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orientation of the discontinuity system and the shear surface. When the shear plane aligned with the discontinuities, cohesion
decreased significantly, whereas misalignment preserved higher cohesion levels.

Fracture Patterns and Joint Orientation The fracture pattern of jointed samples correlated with the alignment of the
discontinuity system and the shearing surface. As the angle between the joints and the shear plane increased, the resulting
fracture patterns became more aligned with the joint traces.

Cohesion Differences Between Jointed and Intact Rock The cohesion of discontinuous joints was found to be lower than that
of intact rock but higher than that of continuous jointed systems. This suggests that joint orientation and continuity play a
critical role in defining the shear strength of rock masses.
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