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Abstract: Tests on standard rock specimens with controlled and identical pore 15 

structure are critical to validating the analytical and numerical models. However, it is 16 

usually difficult to acquire two natural samples with the same internal structure for the 17 

destructive laboratory tests, for the sake of the heterogeneity of natural rock which is 18 

caused by the complex diagenetic processes. Three-dimensional (3D) printing 19 

technology provides an alternative approach to produce geometry-identical, 20 

features-controllable, and lab-testable analogs of natural rock from digital data in a 21 

faster and more cost-effective way. This paper presents a customized workflow of 22 

3D-printed rock analogs from micro-CT images combining with digital rock 23 

modelling. Three types of natural rock specimens are imaged by micro-CT and 24 

processed as inputs for two types of 3D printing techniques. Rock analogs are printed 25 

at multiple magnifications from original CT volume in five curable resin materials. 26 

Petrophysical parameters of 3D-printed rock analogs are acquired through helium 27 

pycnometry (HP) and mercury intrusion porosimetry (MIP). The accuracy of 28 

3D-printed rock analogs is evaluated by comparing the measured results with the 29 

benchmark data derived from the digital rock modelling. Both the advantages and the 30 

current challenges to reproduce the real pore structure of natural rock by the 31 

3D-printed analogs are discussed. The results indicate that the gypsum-based printed 32 

analogs are prior to modelling the surface roughness and wettability properties to 33 

natural rock grains, while the resin-based printed analogs owe advantages on 34 

reproducing pore structure. As the first effort in literature, this study investigates the 35 

inherent relationship between digital rock and 3D-printed rock analogs via 36 

comprehensive comparison on petrophysical properties. The results approve that the 37 

3D printing technique is a novel, feasible, and alternative approach for laboratory test 38 

to generate rock analogs from the digital model of the natural rock. However, it is still 39 

difficult to print the pore structure of the rock at the original dimension. 40 

Keywords: 3D printing; porous media; digital rock modelling; micro-CT; 41 

petrophysics 42 
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1 Introduction 43 

Study on the micro-scale geomechanics and fluids transport processes in porous 44 

geomaterials (e.g., rock and soil) are crucial to many engineering applications, such as 45 

reservoir exploitation and CO2 sequestration. [1-4]. It is widely believed that 46 

macro-physical properties (e.g., mechanical, hydraulic, electronical, and 47 

thermodynamic properties) are strongly controlled by the microstructure of 48 

geomaterials, as well as the solid matrix (e.g., mineral compositions) [5-6]. However, 49 

it is still a challenge to monitor the sensitivity response of microstructure’s evolution 50 

on macroscopic properties of geomaterials under laboratory conditions using natural 51 

specimens [7-9]. Pore-scale modeling based on nondestructive imaging analysis, also 52 

known as the digital rock physics (DRP), has been regarded as an efficient approach 53 

to obtain petrophysical properties by simulating multiple physical processes [10-16]. 54 

Compared to laboratory measurements, the parameter configuration, and the test 55 

environment of the DRP are more flexible and controllable since the physical 56 

processes are simulated in a digital way [17-19]. Since the size of the DRP samples is 57 

too small and there is no applicable equipment for the laboratory test, the accuracy of 58 

the petrophysical properties predicted by DRP is only guaranteed for those 59 

homogeneous samples. And the accuracy of the DRP results using some assumptions 60 

in numerical algorithm has been contentious in the literature compared to laboratory 61 

measurements [20], especially in the highly heterogeneous rock or the up-scaling 62 

issues. In addition, rock specimens are usually unrepeatable in most destructive 63 

experiments (e.g., compressive and flooding test) [21], in which case, it’s impossible 64 

to investigate the comparative experiments in the natural rocks with the same pore 65 

structure. 66 

Additive manufacturing, also known as 3D printing, is a cutting-edge technology 67 

for producing protypes with complex geometry and structure from digital models with 68 

higher manufacturing efficiency and lower cost [22-24]. The 3D-printed model has 69 

shown remarkable advantages in producing the repeatable medium shape and internal 70 

structure of rock, and has been applied for the lab tests on geomechanical or pore 71 

structural similarity. Rock analogs with the designed structure by 3D printing 72 

contributes to the validation of DRP modeling and simulating the behaviors of natural 73 

materials via experiments under laboratory conditions. Martinez et al. [25] analyzed 74 

the advantages of the digital rock physics in the study of the pore-scale mechanism 75 

and discussed the potential application of the 3D printing in geoscience. Jiang and 76 

Zhao [26] explored the potential applications of 3D-printed rock analogs in rock 77 

mechanics, which was produced by the polylactic acid (PLA) plastic employing fused 78 

deposition modelling (FDM) technique. The results indicated that the 3D-printed rock 79 

analog exhibited elastic to brittle behavior in direct tensile strength test, and exhibited 80 

elastic to plastic behavior in the unconfined compressive strength test. Jiang et al. [27] 81 

introduced a technical approach incorporated with 3D scanning and 3D printing for 82 

replicating natural joint rock specimens to overcome the deficiency of natural 83 

specimens with same surface morphology. The results indicated that the proposed 84 

method can effectively reduce the experimental errors originating from the 85 
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discrepancies sample to sample. Hanaor et al. [28] discussed the ability of 3D-printed 86 

analogs with granular materials for capturing real soil behaviour, and the applications 87 

of the 3D-printed granular material for use as standardized, printable geomaterials in 88 

future up-scaled geomechanical experiments. Zhu et al. [29] investigated the 89 

mechanical and fracture behaviour of the 3D-printed analogs with internal defects. 90 

They found that the 3D-printed analogs could successfully copy the internal defects of 91 

the natural prototype rocks. Zhou et al. [30] investigated the growth behaviour and 92 

volumetric fracturing properties of internal flaws on the resin-based 3D-printed 93 

artificial rocks, which contains single and double penny-shaped 3D internal flaws. 94 

The results indicated that the flaw geometry had a great influence both on mechanical 95 

and fracture behaviour of the flawed rock mass. Song et al. analyzed the mechanical 96 

similarity of 3D-printed analogs of natural rocks with silica sand (SS) and gypsum 97 

powder (GP) using binder jetting as well as with coated silica beads (CSB) using 98 

selective laser curing. They found that CSB and SS specimens experienced tensile 99 

failure, while the GP specimen has shown shear failure and shear-expansion behavior 100 

[31]. In addition, the 3D-printed rock analog with transparent material has been also 101 

used to visualize the whole-field-stress distribution and structure evolution combining 102 

with frozen-stress and photoelastic techniques [32-33]. However, the studies 103 

mentioned above failed to characterize real pore structure directly from natural 104 

specimen by using 3D printing [34-38]. Some scholars attempted to manufacture rock 105 

analogs with real pore network using the powder-based (gypsum powder) binder 106 

jetting 3D printing technique [39-41]. However, compared to a chemical crosslinking 107 

reaction initiated by photopolymerization (SLA and PolyJet), the binder jetting will 108 

lead to a much lower printing resolution on pore structure. Therefore, results reported 109 

in literature indicated that both the porosity and permeability were rather higher than 110 

that of the experimental results [40, 42]. 111 

As the first attempt in the literature, this paper integrated the DRP simulation and 112 

3D-printed analogs with intrinsic features of natural rock, to study the 113 

representativeness of the controllable pore structure of 3D-printed analog and fluids 114 

transport process occurred in it. Micro-CT imaging and digital rock modelling are 115 

used to acquire and reconstruct the pore structure of natural rocks and as inputs for 3D 116 

printing. The petrophysical parameters of natural rocks are quantitatively 117 

characterized via DRP and used as benchmark data to evaluate the accuracy of 118 

3D-printed analogs. Various magnification and five types of curable resins are 119 

adopted to generate 3D-printed analog. The effects of the multi-factors on the printing 120 

accuracy of rock analogs are investigated for the first time. Meanwhile, comparative 121 

analysis on this study with the earlier studies are also conducted and discussed. 122 

Compared to the previous studies, this paper aims to investigate the inherent 123 

relationship between digital rock modelling and rock analogs via 3D printing from the 124 

perspective of pore structure and hydraulic properties. As far as we know, the 125 

comprehensive investigation of the effects of printing techniques, materials, and 126 

up-scaling factors on manufacturing of complex pore structure conducted and 127 

discussed in this study is the first effort in literatures. 128 
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2 Materials and Methods 129 

2.1 Natural rock 130 

In this study, three types of natural rocks are imaged and used as inputs for DRP 131 

analysis and 3D printing. The specimens used in this study (NO. S1, S2, and S3) are 132 

unconsolidated sandstone, artificial Sandpack, and tight sandstone, respectively. The 133 

pore structure and petrophysical properties of these samples vary from each other. The 134 

cross-section and detailed information of the original CT image are shown in Fig.1. 135 

The identification of the internal structure in the natural rock depends on the imaging 136 

resolution of CT scanner. According to Dong [43], the pore structure of 137 

S1(unconsolidated sandstone) and S2 (artificial Sandpack) can be well identified 138 

when the resolution in the range of 5-10μm. For S3 (tight sandstone), the 139 

identification of the pore structure requires the scanning device with nano-scale 140 

resolution. Thus, the scanning resolution used in this study can well minimize the 141 

resolution effects in the CT imaging process. 142 

 143 

Figure 1. Cross-section of CT image. (a) sandstone S1 (2.0654μm/pixel); (b) Sandpack S2 144 

(9.996μm/pixel); (c) tight sandstone S3 (0.6μm/pixel) 145 

2.2 DRP analysis 146 

The representative elementary volume (REV) is extracted from the original CT 147 

image for further process and analyses. The grey-scale CT image is processed by 148 

smoothing, denoising, and segmentation operation to extract pore space for 149 

petrophysical parameters calculation (e.g., porosity, pore-throat size, and 150 

permeability). 151 

After the preprocessing, the binary image can be converted into an array matrix 152 

(shown in Fig.2) in which “0” and “1” represent the grain and pore phase, respectively. 153 

The porosity can be calculated as the ratio of pore volume to bulk volume by counting 154 

the pixel numbers of pore phase in the array matrix (Eq.1) [44]. By using watershed 155 

and distance transforms to separate the pore space with a one-voxel wide line, the 156 

equivalent pore diameters can be derived as the equivalent sphere diameter of pore 157 

body by Eq.2. Detailed information for this statistical method has been studied in our 158 

previous study [44]. 159 

P P

b P s

N N

N N N
  


                           (1) 160 
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                            (2) 161 

where ϕ is the porosity, and Np, Ns, and Nb are the pixel numbers of the pore phase, 162 

grain phase, and bulk volume, respectively. D is the equivalent pore diameter, and 163 

Volume3d represents the equivalent volume of single pore body. 164 

 165 

Figure 2. Image digitalization process (a) binary image and (b) digital array of the image (black 166 

and “1” represent pore phase. white and “0” represent grain phase) 167 

The permeabilities of samples are computed by performing a flow simulation 168 

operated directly on the segmented CT image. The experimental condition is 169 

simulated by sealing four faces of the given cubical REV volume, while other two 170 

opposite faces are defined as the inlet and outlet of fluid flow (as shown in Fig.3). The 171 

segmentation and connectivity calculation on original CT images are conducted to 172 

extract connected pore space. Then, the Stokes equations are solved directly on image 173 

voxels using the finite volume method (FVM) based on fast Fourier transform (FFT), 174 

which is assumed as an incompressible, Newtonian fluid and laminar flow. The 175 

fluid-solid interface is treated as non-slip condition, i.e. (v|Ω=0). The governing 176 

equation can be written as [10]. 177 

2

0

0

V

V P

   


  

                           (3) 178 

where  is the divergence operator;   is the gradient operator; V  is the velocity 179 

of the fluid; 
2  and μ are Laplacian operator and dynamics viscosity, respectively; 180 

and P is the pressure of the fluid. 181 

 182 

Figure 3. Schematic of fluid flow simulation 183 

Jo
urn

al 
Pre-

pro
of



Once the equation system above is solved, the Darcy’s law is applied to estimate 184 

the absolute permeability coefficient [45]. 185 

K A P
Q

L


                           (4) 186 

where Q is the global flow rate passing through medium; A is the cross-sectional area 187 

of the medium perpendicular to the flow direction; △P is the pressure drop, and L is 188 

the length of medium along the flow direction. 189 

2.3 3D Printing 190 

The 3D printing technique can be applied to fabricate a wide range of protypes 191 

with complex structure and geometry directly from 3D digital model [46-48]. The 192 

general manufacturing process of 3D printing consists of data acquisition, model 193 

discretization, layer accumulation, and post-processing. The morphology of the grain 194 

at pore scale is extracted for 3D printing, which converted the voxelized image into a 195 

surface triangular mesh model in a universal file format (Stereolithography, stl). The 196 

mesh generation workflow has been discussed in our previous study [49]. The stl file 197 

is generated by Avizo software and imported into general 3D printer (as shown in 198 

Fig.4).  199 

 200 

Figure 4. Rendered triangular mesh model of (a) S1; (b) S2; (c) S3; (d) details of S3 are 201 

highlighted in yellow box. 202 

Two types of 3D printer are used to manufacture rock analogs (e.g., SLA and 203 

PolyJet technique). Specifically, the Object260 and Object30 Pro (PolyJet technique, 204 

Stratasys Inc.) 3D printer are used to manufacture analogs of sample S1 and S2, and 205 

the Nano Arch S140 (SLA technique, BMF Inc.) 3D printer is used for sample S3. 206 

Although both methods use the ultraviolet (UV) light to cure the photosensitive resin, 207 

the printing processes are quite different. For the SLA technique, UV light is directly 208 

projected into the material flume to cure the liquid resin by initiating a chemical 209 

crosslinking reaction [50]. For the PolyJet printing technique, materials will be 210 

extruded onto the building platform prior curing operation. The PolyJet technique can 211 

accomplish mixed printing of multiple materials simultaneously on the same sample 212 

which provides an opportunity to model the heterogeneity of composite properties 213 

[51]. The minimum geometrical feature of the 3D-printed rock analog is totally 214 

depended on the layer thickness (also known as the resolution) of the 3D printer [52], 215 

which is also related to the laser spot size (SLA) and the extruder nozzle radius 216 

(PolyJet). The accuracy of the 3D printed rock is determined by the printing 217 

resolution of 3D printer. However, as far as we know, no 3D printer can meet for the 218 
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requirement of the sub-micron resolution to manufacture the natural rock [53]. 219 

Considering these factors, the up-scaling printing scheme is adopted to fabricate rock 220 

analogs in this study, whose effects on the 3D printed rock analogs are analyzed and 221 

discussed in section 3. With the development of functional materials and printing 222 

equipment, the 3D printed rock analogs are believed to be a good supplement of 223 

natural rocks for the laboratory tests and engineering applications. Rock analogs 224 

3D-printed at different magnifications in five curable resins are shown in Fig.5. The 225 

digital models used for 3D printing are shown in gray. All parameters related to rock 226 

analogs such as the original size of CT volume, magnifications, and information of 227 

curable resins and printers are listed in detail in Table 1.  228 

 229 

Figure 5. 3D-printed rock analogs by five curable resins at various upscaling printing scheme. (a) 230 

Analogs of S1 printed in cubical shape at 10- and 20-fold magnifications (located in the red 231 

dashed box). (b) Analog of S2 is printed at 10-fold magnification and located in the orange dashed 232 

boxes. (c) Cylindrical analogs of S1 printed at 30-fold magnification in three resins (located in the 233 

green dashed box). (d) Analog of sample S3 printed at 60-fold magnification (located in the blue 234 

dashed box). 235 

 236 

Table 1. Configurations of printing scheme and sample parameters 237 

Analog S1 (cubical) S1（cylindrical） S2（cubical） S3（cylindrical） 

CT image 

resolution 

/μm 

2.065 2.065 10 0.6 

Digital 

volume /pixel 
600

3
 Φ400*800 450

3
 Φ750*750 

Magnification 10-, 20-fold 30-fold 10-fold 60-fold 

3D printer Object260 Object 260 Object30 Pro Nano Arch S140 

Printing 

resolution 
~30 ~30 ~60 ~20 
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/μm 

Resin translucent 

VeroWhitePlus/

VeroYellow/Ve

roClear  

translucent BMF GR 

Printing 

technique 
PolyJet PolyJet PolyJet SLA 

Dimensions 

/mm 
12.4

3
, 24.8

3
 Φ24.8*49.9 45

3
 Φ27*27 

 238 

2.4 Helium pycnometry 239 

HP is used to measure the porosity of rock analogs under laboratory conditions 240 

[54]. The principle for HP is the gas expansion law, also known as Boyle’s and 241 

Charles’s law [55]. A QYK Ⅱ helium porosimeter (Southwest Petroleum University, 242 

Chengdu, China) is used to measure the volume of grain phase. The fitting curve 243 

between the test sample volume and the equilibrium pressure is shown in Fig.6, which 244 

is acquired by multiple tests on the standard solid cylindrical steel blocks with known 245 

volume. Once the equilibrium pressure of the rock analog is obtained, the volume of 246 

the grain phase can be calculated by the fitting equation. Then, the porosity of the 247 

tested 3D-printed analog can be determined by Eq.1. 248 

 249 

Figure 6. The fitting curve of the sample volume and the equilibrium pressure 250 

2.5 Mercury intrusion porosimetry 251 

The Quantachrome PoreMaster 60GT (Chengdu University of Technology, 252 

Chengdu, China) is adopted to perform the high-pressure mercury intrusion test, to 253 

measure the pore size distribution (PSD) and permeability of rock analogs under 254 

laboratory conditions. The pressure can be increased continuously or in a stepwise 255 

manner from vacuum to 60,000psi. The testing range of the pore size is from 3.6nm to 256 

approximately 960μm. Based on the physical properties of rock analogs and the 257 
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intruded mercury, the pore size distribution can be calculated by the Washburn 258 

equation [56]. The converted permeability can be derived from the capillary pressure 259 

through the Swanson’s equation [57]. 260 

2 cos
cP

r

 
                           (5) 261 

1.69399( )
Hg

air

c

S
K

P
                         (6) 262 

where Pc is the capillary pressure corresponding to the hyperbolic peak in a 263 

double-log coordinate system; σ and θ are surface tension and contact angle, 264 

respectively. r is the pore radius; Kair and SHg are the air permeability and mercury 265 

saturation in percent of bulk volume, respectively. 266 

3 Results and Discussion 267 

In this section, the petrophysical parameters and the reproducibility of intrinsic 268 

features of the 3D-printed rock by different materials are compared with the DRP 269 

results of the natural rock, as well as the previous study. 270 

3.1 DRP analysis on micro-CT image 271 

The petrophysical parameters including porosity, PSD, and permeability of the 272 

S1, S2 and S3 are calculated by DRP analysis on micro-CT images. The general 273 

workflow of DRP analysis includes image processing, phase extraction, and 274 

calculation of petrophysical parameters (Fig.7). 275 

 276 

Figure 7. General workflow of DRP analysis. (a) original CT image and histogram of gray 277 

distribution; (b) binary image after interactive segmentation operation; (c) and (d) are pore and 278 

grain phase volumes; (e) labeled data of pore volume after separate operation; (d) pressure field 279 

and streamline based velocity field. 280 

Taking sample S2 as an example, Fig.7(a) and 7(b) are the REV-scale original 281 

and segmented CT slice, respectively. Fig.7(c) and 7(d) are the extracted pore phase 282 

and grain phase volumes. Furtherly, the extracted pore volume can be used to 283 

calculate porosity (Fig.7c), PSD (Fig.7e), and permeability (Fig.7f). The digital grain 284 
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volumes (Fig.7d) can be processed and transformed to surface mesh model for 3D 285 

printing. The petrophysical properties calculated by DRP on the micro-CT images are 286 

listed in Table 2. The PSD of three samples is shown in Fig.8. 287 

Table 2. Petrophysical properties calculated by DRP 288 

Sample 
Computati

on domain 

Porosity 

(%) 

Effective 

porosity (%) 

Mean pore 

diameter (μm) 

Absolute 

permeability (D) 

S1 600
3
 24.8 19.83 19.08 0.852 

S2 450
3
 31.8 31.66 68.31 62 

S3 750
3
 10.02 6.25 4.76 0.0135 

 289 

Figure 8. Pore size distribution derived from DRP calculation 290 

DRP analysis can not only achieve fast estimation of petrophysical properties 291 

compared to traditional laboratory tests, but also provides an alternative approach to 292 

investigate the inherent heterogeneity of natural geomaterials. The heterogeneity of 293 

the porosity and permeability are investigated by using subdomain analysis method, 294 

which divides the entire pore space region into eight continuous subdomains with 295 

same size (explained in Fig.9) [58]. The porosity and permeability of all the 296 

subdomains are computed and presented in Fig.9. Compared to sample S3, the data 297 

points of both sample S1 and S2 are relatively concentrated, which means the 298 

structure of sample S1 and S2 are more homogenous in spatial distribution. 299 
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 300 

Figure 9. Porosity-permeability heterogeneity via subdomain analysis 301 

3.2 Porosity of 3D-printed rock analogs by HP 302 

Porosity of all the 3D-printed rock analogs are measured by HP and compared to 303 

the porosity by DRP analysis, as listed in Table 3. The rock analogs are printed by 304 

different resins at different magnifications (from 10-fold to 60-fold). 305 

Table 3. Comparison of helium porosity and image porosity 306 

Sample Rock analogs/% Digital image/% Deviation 

S1 (10-fold cubical) 18.6 24.8 -0.25 

S1 (20-fold cubical) 20.2 24.8 -0.185 

S1 (30-fold cylindrical) 

16.12 (white) 25.6 -0.37 

14.3 (yellow) 25.6 -0.44.1 

18.45 (clear) 25.6 -0.279 

S2 (10-fold cubical) 20.57 31.8 -0.353 

S3 (60-fold cylindrical) 7.45 10.02 -0.256 

Overall, the porosity of rock analogs by HP is smaller than that of the digital 307 

images, which shows the same tendency as the previous studies [59]. The reasons lie 308 

in that the resolution of 3D printer is unable to reproduce all the pores (especially the 309 

tight sandstone), and the insufficient removal of uncurable resins clogging remains in 310 

the pore space, and the pore space invasion caused by material expansion during the 311 

post-processing. The porosity of the rock analog (in cylindrical shape) 3D-printed in 312 

Vero-yellow resin at 30-fold magnification shows the largest deviation (-0.441) 313 

compared to the DRP analysis. 314 

For the sample S1 (in cubical shape) 3D-printed by the translucent resin, the 315 

porosity of the rock analog printed at 20-fold magnification (20.2%) shows a closer 316 

match to that by DRP analysis, with a deviation of -0.185. It means that a higher 317 

printing magnification can reduce the insufficient removal of uncurable resin during 318 

the post-processing. However, the insufficient removal of uncurable resin is still 319 

inevitable in the 3D printing of the complex structure, e.g., the rock analog, and cause 320 

a smaller porosity [60]. There are several potential solutions to this problem by 321 

developing the future functional printing materials with lower viscosity or retrofitting 322 
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high-pressure air-flush devices for post-processing. In addition, the environmental 323 

conditions (e.g., temperature and humidity) should be strictly controlled to reduce the 324 

effect of the matrix material expansion. The solutions rely on the development of the 325 

functional materials or the equipment, which is expected to be improved in the future 326 

work. For the sample S1 (in cylindrical shape) 3D-printed at 30-fold magnification, 327 

the porosity of the rock analog printed by the Vero-yellow resin shows the largest 328 

deviation from the digital volume (-0.441), followed by the Vero-white resin (-0.37), 329 

and then the Vero-clear resin (-0.279). The viscosity of the resin is believed as a key 330 

factor in the 3D printing. According to the database, the viscosity of the three types of 331 

resins are 360cps (white), 490cps (yellow), and 320cps (clear) at 25℃. The resin with 332 

lower viscosity is much easier to remove support part with identical post-processing 333 

operation, and has a better performance on reproducing of designed structure. This 334 

finding points out the effect of viscosity on the 3D-printed rock analogs by curable 335 

resins, and can be a reference for further printing tasks. 336 

For S2 printed at 10-fold magnification by the translucent resin, the mean pore 337 

diameter is 683.1μm at 10-fold magnification, while the printing resolution of the 3D 338 

printer is about 100μm. Similarity, due to that the uncured resin clogged in the pore 339 

space, hence the helium porosity of the analog is still lower than that of the digital 340 

volume. For S3, the HP result also shows a similar phenomenon that the porosity of 341 

the analog is still lower than that of the digital volume. Since the original porosity of 342 

the S3 is very low (10.02%), it is believed that the matrix porosity occurred in the 343 

printing material contributes more to the overall porosity. This finding is also 344 

discussed and verified in the following section 3.3. 345 

3.3 MIP porosimetry of 3D-printed rock analogs 346 

Considering the size limitation of the mercury intrusion chamber, parts of rock 347 

analogs are cropped appropriately to fit the mercury intrusion chamber. Sample S1 at 348 

10-fold magnification (in cubical shape), a quarter of sample S2 at 10-fold 349 

magnification (in cubical shape), and S3 at 60-fold magnification (in cylindrical shape) 350 

are tested to evaluate the pore structure characteristics of rock analogs. During the 351 

mercury intrusion process, large pores in analogs are occupied by the mercury firstly 352 

with the increasing of the pressure, followed by the smaller pores. The capillary 353 

pressure and mercury saturation curves during mercury intrusion are shown in Fig.10. 354 

The total porosity of the printed sample (S1) is 18.6%. In the MIP test, mercury can 355 

only be injected into connected pores, thus the total connected pore volume of the 356 

rock analog can be calculated combining with the total mercury saturation (34.43%), 357 

i.e., the connected/effective porosity is 6.103%. The connected porosity of S2 and S3 358 

can be calculated in a similar way, i.e., 15.09% and 5.22%, respectively. According to 359 

the literatures [60-61], the extremely low effective porosity is mainly caused by the 360 

incomplete removal of supporting materials (i.e., pore clogging). Additionally, the 361 

physical properties (e.g., expansion, shrinkage, and tortuosity) of the printing material 362 

may also cause the abnormal porosity value. 363 
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 364 

Figure 10. Capillary pressure curve of (a) S1; (b) S2 and (c) S3 derived from MIP test 365 

The cumulative mercury saturation, incremental mercury saturation, and 366 

cumulative permeability contribution curves vs. the PSD of 3D-printed rock analogs 367 

are presented in Fig.11. Theoretically, the pores smaller than the minimum printing 368 

resolution cannot be printed (Due to the up-scaling printing scheme, this existed only 369 

in S3). However, the MIP test results indicate such pores in the 3D-printed rock 370 

analog, which are named as null pores in this paper. These pores mainly exist in the 371 

matrix material and are caused by both the upscaling printing scheme and physical 372 

properties of the material itself. And they also contribute little to the overall 373 

permeability. The permeability contribution value can be calculated based on the 374 

pore-throat size and corresponding incremental Hg saturation, which represents the 375 

contribution of different pores to the permeability [62]. 376 

For sample S1, the null pores are defined by pore diameter smaller than 30μm. 377 

The incremental mercury saturation of those part of pores is approximately 21.9%. 378 

However, the contribution of those pores to the permeability is lower than 5%, which 379 

means the effect of the null pores on sample’s permeability can be negligible. Fig.11(a) 380 

demonstrates that the diameter of most effective pores in the 3D-printed analog is in 381 

the range of 61-120μm, which play a major role for the permeability of the rock 382 

analog. 383 

For sample S2 and S3, the null pores are defined by the pore diameter smaller 384 

than 60μm and 20μm, respectively. Fig.11(b) and (c) demonstrate that the diameter of 385 

most effective pores in the 3D-printed analog is in range of 90-240μm and 21-35μm, 386 

respectively. The pores in this range also contribute the most in permeable capability 387 

of the printed sample. According to the incremental mercury saturation curve, the 388 

percentage of null pores in the printed sample S2 and S3 are 55.1% and 65.6%, 389 

respectively. The incremental Hg saturation associates with an incremental Hg 390 

pressure increase, which can be interpreted that the pore-throat with specific diameter 391 

range contributes to the permeability. In Fig.11, the trends of the incremental Hg 392 

saturation curves fit well with permeability contribution curves in the low-pressure 393 

region, since the pores in the low-pressure condition are regarded as the effective 394 

pores. With the increase of invasion pressure, especially in the rock S3, the 395 

incremental Hg saturation curves show obvious fluctuations, which indicates that 396 

there are pores in the printed rock analog whose size is smaller than the printing 397 

resolution (named as null pores in this paper). And the larger fluctuations of the 398 

incremental Hg saturation curve for S3 indicates that the size distribution of the null 399 

pores in S3 is more homogeneous than those in S1 & S2. However, those null pores 400 
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contribute little to the permeability, especially in the rock S2 and S3. The results are in 401 

consistent tendency with the digital analysis that the effective pore size of the printed 402 

sample S2 is larger than S1, followed by S3. 403 

 404 

 405 

 406 

Figure 11. Pore size distribution of (a)S1; (b)S2; (c)S3 derived from MIP test 407 

3.4 Comparison of Digital Rock versus Rock Analog 408 

The measured results of the rock analogs S1 and the corresponding DRP analysis 409 
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are concluded and listed in Table 4. In addition, a similar rock specimen 410 

(Fontainebleau sandstone) printed by gypsum powder in previous study is used to 411 

evaluate the reliability of reproducing pore structure by different materials [42]. 412 

The basic parameters including the porosity, mean pore diameter, and 413 

permeability are listed in Table 4. Considering that the sample S1 used in this paper 414 

has similar pore structure characteristics to the Fontainebleau sandstone reported in 415 

literature [42], the sample S1 is taken as the example to evaluate the performance of 416 

different printing materials. It should be noted that the gypsum-powder based sample 417 

at 10-fold magnification is chosen for the comparison. In Ishutov et al.’s study, the 418 

relative errors of the printed rock to digital rock on porosity, permeability, and mean 419 

pore diameter are 1.42 (12.6% of digital, 30.5% of printed), 0.76 (0.251D of digital, 420 

0.409D of printed), and 0.04 (30.4μm of digital, 31.6μm of printed), respectively. 421 

However, in this study, the relative errors are -0.25 (24.8% of digital, 18.6% of 422 

printed), -0.17 (1.025D of digital, 0.851D of printed) and -0.38 (59.08μm of digital, 423 

36.48μm of printed), respectively. 424 

Table 4. Comparison of petrophysical parameters between digital rock and printed rock 425 

Indicator 
Digital 

(S1) 

Printed 

(S1) 
Digital [42] Printed [42] 

Porosity/% 24.8 18.6 12.6 30.5 

Permeability/D 1.025 0.851 0.251 0.409 

Mean pore 

diameter/μm 
59.08 36.48 30.4 31.6 

 426 

The results indicate that parameters of rock analog printed by the curable resin 427 

are all lower than that of the digital rock in this paper, which differs from the results 428 

reported in literature [42]. Generally speaking, the size and the shape of the particle 429 

materials (e.g., gypsum powder or silica sand) used in the binder jetting limit the 430 

accuracy of the printed pore feature compared with liquid resin in SLA. For the same 431 

sample, the SLA technique is expected to be optimal in printing the pore structure, 432 

followed by PolyJet and binder jetting. Although the pores can be fully identified due 433 

to up-scaling printing process, the current post-processing technology cannot 434 

guarantee to remove the support and/or uncured resin completely from such a 435 

complex pore channel inside of the rock analog. This is a big challenge for the 436 

3D-printed rock by SLA technology to reproduce the full pore-throat channel 437 

currently. In addition, when the liquid resin is cured by a chemical crosslinking 438 

reaction initiated by photopolymerization, the expansion of the material will invade 439 

the original pore space, resulting in a smaller porosity. Although the decline of the 440 

porosity by the material is small enough, the expansion may block the tiny throat and 441 

cause large deviations on the permeability of the 3D printed analogs. 442 

The rock analogs in the literature were produced by the gypsum powder, which 443 

is a highly porous material. Thus, the parameters of the rock analog are higher than 444 

that of the digital rock in literature. The additional pores in gypsum and the pore 445 
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expansion phenomenon caused by the flushing of the compressed gas during 446 

post-processing are the main reasons. Compared to the resin, the rock analog printed 447 

by gypsum power is bonded by binder, hence the strength is much lower than 448 

resin-based rock analog. Consequently, the pore geometry of the resin-based rock 449 

analog can maintain stable during the post-processing compared to the gypsum-based 450 

rock analog. And the inherent micro pores existed in gypsum powder counteract the 451 

effect of the pore expansion on the mean pore-throat size of the rock analog. 452 

Therefore, the results in the literature reported that the mean pore throat size of the 453 

rock analog has little difference from that of the digital rock. However, the 454 

gypsum-based printed sample owe its advantages on modelling the surface roughness 455 

and wettability properties to natural rock grains compared to the resin or plastic 456 

materials. 457 

3.5 Current challenges of 3DP technique 458 

Nowadays, the applications of the 3D printing technique are still at early stage in 459 

geomechanics and geosciences field. There are several challenges for manufacturing 460 

rock analogs despite the obvious advantages. One of the greatest challenges lies in the 461 

printing accuracy and the resolution to capture the minimum microstructures of the 462 

geomaterials. For instance, the microstructure is unrecognizable and unprintable at 463 

their original scale for a current 3D printer. The accuracy of printed sample is also 464 

affected by the physical properties of the printed materials and the post-processing 465 

method. 466 

Besides, there are a wide range of materials for the 3D printing (e.g., plastic, 467 

resin, silica sand, ceramics, gypsum, and biomaterials). Nevertheless, there is still no 468 

material qualifying with the similar properties simultaneously to natural rock in 469 

mechanical, hydraulic, brittles, and chemical compositions, etc. Hence, exploring the 470 

rock-like (suitable) printing materials is still necessary to reproduce the similar 471 

mechanical and failure response as natural rock. 472 

This paper gives a preliminary insight into the feasibility of 3D printing to 473 

produce rock analogs with designed structure and controllable features. For rock-like 474 

analogs with designed properties (e.g., anisotropy, and spatial heterogeneity), there is 475 

still a great potential of 3D printing technology to explore in future work. Rock 476 

analogs with natural particle materials (e.g., silica sand and gypsum powder) have 477 

been fabricated in our previous study [31], which indicated that the natural 478 

particle-based rock analogs were prone to simulating the mechanical behavior and 479 

surface property of natural rocks. In this paper, we compared the rock analogs printed 480 

in resins with those printed in gypsum powder to evaluate the reliability of 481 

reproducing pore structure by different materials. The results indicate that the 482 

gypsum-based printed analogs are prior to modelling the surface roughness and 483 

wettability properties to natural rock grains, while the resin-based printed analogs owe 484 

advantages on reproducing pore structure. In addition, the earlier study [63] has 485 

approved that the solution-based mineral coating technique can simulate the 486 

fluid-rock interaction in porous media. It’s applicable to fabricate rock analogs with 487 

highly controllable structure and physical properties combining with 3D printing and 488 

mineral coating techniques for different purposes. 489 
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4. Conclusions 490 

This paper attempts to establish a customized workflow to evaluate the 491 

feasibility of 3D printing on reproducing the intrinsic bulk properties of natural 492 

porous rock by curable resins. Three types of natural rock specimens are imaged by 493 

micro-CT and processed as inputs for two types of 3D printing techniques. Rock 494 

analogs are printed at multiple magnifications from original CT volume in five resin 495 

materials. Petrophysical parameters of 3D-printed rock analogs are acquired through 496 

HP and MIP. The accuracy of 3D-printed analogs is evaluated by comparing the 497 

measured results with the benchmark data derived from the digital rock modelling. 498 

Both the advantages and the current challenges to reproduce the real pore structure of 499 

natural rock by the 3D printed analogs are discussed. This study established the 500 

inherent relationship between digital rock modelling and 3D-printed analogs in 501 

petrophysical research for the first time. 502 

The results approve that the 3D printing technique is a novel, feasible, and 503 

alternative approach for laboratory testing to generate rock analogs from the digital 504 

model of the natural rock. Compared to binder-based printing technology, the SLA 505 

and PolyJet technologies adopted in this paper owe the advantages of higher accuracy 506 

for printing complex porous medium. Even so, it is still difficult to print the pore 507 

structure of the rock at the original dimension. Besides, the mechanical similarity of 508 

materials is still challenging in producing the rock analogs currently. With the 509 

development of functional materials and printing equipment, the 3D printed rock 510 

analogs are believed to be a good supplement of natural rocks for the laboratory tests 511 

and engineering applications. 512 
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Highlights: 

 A customized framework of rock analogs 3D printed from micro-CT 

image was established. 

 As the first effort in literature, the inherent relationship between 

digital rock and 3D-printed rock was investigated. 

 The effects of different printing techniques, materials, and up-scaling 

factors on reproducing pore structure was discussed. 
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