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Abstract
The field of rock mechanics is concerned with the response of rocks to the forces acting on them, characterizing this behaviour 
in specific environments and under varying loading conditions. This review discusses the suitability of current mechanical 
testing methods for inhomogeneous rock bodies, with a specific focus on the use of artificial samples in place of real rocks 
in these tests. The use of artificial materials such as cement, resins, and sand-based mixtures is reviewed, as is the manu-
facture of three-dimensionally printed samples. The benefits and drawbacks of using such specimens in mechanical tests, 
and the validity of their simulation of real rock are discussed. There is evidence that 3D-printed samples have the advantage 
of overcoming the problems of specimen reproducibility and also make possible the ability to test the response of specific 
defects to loading. There is thus great potential for the use of 3D printing in this field. However, the review concludes that 
further post-processing and careful thought about the materials used must be carried out to ensure that printed samples are 
of adequate strength and brittleness to accurately simulate real rocks.
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1 Introduction

To be able to model the response of rocks to dynamic and 
quasistatic loading such as occurs in earthquakes, mining or 
quarry blasting, the mechanical and fracture behaviour of 
rocks must be investigated, including at high rates of loading 
(Green and Perkins 1968; Stimpson 1970; Brace and Jones 
1971). In addition, the testing methods used must cover a 
wide range of environments and loading mechanisms (Zhu 
et al. 2018b). It must be kept in mind that rocks have a wide 
range of chemical compositions, microstructures, and crack 
patterns, all of which affect their mechanical response. Cur-
rent quasistatic and dynamic materials testing methods must 
therefore be assessed both for their ability to measure the 
properties of rocks adequately and to identify where new 
methods are needed to overcome current limitations.

There has been interest in using artificial model materials 
for as long as the mechanical testing of rocks has been per-
formed (Stimpson 1970). When using a simulant material, it 

is important that the validity of using a simulant is assessed 
carefully so that the property of the ‘real’ material that is 
being assessed is replicated adequately. It is not necessary to 
replicate all aspects of the material, but similarity in certain 
parameters is essential, as otherwise the conclusions reached 
cannot reliably be used to make predictions about the behav-
iour one might expect in the rocks themselves. A simulant 
with poor predictive capability is not much of a simulant. A 
problem in many current investigations is that the mechani-
cal properties of simulant materials are not similar enough 
to real rocks (Wong and Chau 1998; Jiang and Zhao 2015; 
Jiang et al. 2016b). It is our contention that there does not 
seem to be sufficient justification in the published literature 
that the discrepancies between the mechanical properties of 
rocks and rock simulants is being addressed or can be over-
come so as to provide true predictive capability.

However, there are various arguments going back 100 
years or so that support the use of non-perfect material 
simulants. In particular there is a long tradition of making 
models out of optically transparent (but mechanically weak) 
materials to obtain insights into both the internal stress fields 
(Coker 1910, 1912; Coker and Donaldson 1913) and the 
fracture processes (Kolsky and Shearman 1949; Kolsky 
and Rader 1968; Field and Ladegaard-Pedersen 1971) that 
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occur in much stronger materials. The reason is that nearly 
all load-bearing materials of interest, whether natural or arti-
ficial, are opaque to visible light. This is not a coincidence 
(Gilman 2003), but it does make measuring what is going on 
inside a real loaded structure problematic. Surface measure-
ments of displacement are, of course, possible for opaque 
materials such as rocks (Zhang and Zhao 2014).

The physical phenomenon that allows the visualization of 
bulk stress fields is photoelasticity (Coker and Filon 1931; 
Frocht 1941, 1948). This phenomenon was first reported 
in silicate glass (and other transparent materials) by David 
Brewster early in the nineteenth century (Brewster 1815, 
1816). The main problem with using silicate glasses to gain 
insight into internal stress fields is that their photoelastic 
constants are small (Filon 1902, 1910). Glass is also very 
brittle so that high loads and large strains cannot be investi-
gated using this material (Mesnager 1913; Baud 1929; Favre 
1930). However, around the beginning of the twentieth cen-
tury a transparent polymer was developed that has a large 
optical sensitivity to stress. Very soon beautiful and striking 
images were being published of stress fields inside standard 
test specimens as well as small-scale models of structures 
loaded in various ways (Fig. 1).

A classic example of the utility of simulated specimens is 
shown in the photographs in Fig. 2 taken by Persson (1970). 
In this instance the aim was not to show that the material was 
equivalent to rock (and therefore predictions could be made 
about material performance), but to demonstrate some of the 
geometric and fragmentation effects of changing the detona-
tion pressure in a blasting environment. The exact fracture 
pattern or fragment size distribution is not important, but the 
gross effects of diluting the charge can be seen: a reduction 
in the pressure (Fig. 2b) causes the zone of intense plastic 
deformation (akin to comminution in the rock blasting case) 
around the borehole (Fig. 2a) to disappear and the ring of 
shear fractures encroaches right up to the borehole. More 
information about these experiments may be found in (Field 
and Ladegaard-Pedersen 1971, 1972).

The fabrication of synthetic rocks using gypsum, for 
example, has been of interest in studies of the permeability 
of rocks to fluids (Ishutov et al. 2015, 2018; Yin et al. 2017; 
Kong et al. 2018b). In such studies, the mechanical strength 
of the simulant is not an issue: all that is required is that the 
synthetic rock has the same internal geometrical features 
and that the chemical nature of the surface that the fluid is 
flowing over has no effect. Such techniques have also been 
applied to the study of the effects of defects on the mechani-
cal properties of rocks (Singh et al. 2015; Vogler et al. 2017; 
Kong et al. 2018a).

Fig. 1  A selection of colour photoelastic images from Coker and 
Filon’s 1931 ‘Treatise on Photoelasticity’. a A loaded round-notched 
tensile specimen; b stress field around a linear array of cracks; c 
stress fields produced in a material during machining; d a model of a 
railway locomotive wheel (Coker and Filon 1931)
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2  Uses and Limitations of Natural Rock 
Samples

As for other materials, the mechanical properties of rocks 
depend on the rate at which the load is applied (Field and 
Walley 2013; Zhang and Zhao 2014). Currently, techniques 
exist that cover strain rates ranging from  10−5 to  106  s−1. 
The methods include dropweight machines, split Hopkin-
son pressure bars and shock-loading techniques. These are 
discussed in critical reviews by Field et al. (2004), Field 

and Walley (2013) and are summarized in Fig. 3 (Zhang 
and Zhao 2014). The papers discussed in the review by 
(Zhang and Zhao 2014) primarily used natural rock speci-
mens in their investigations, the exception being where 
photoelastic polymer models were used to study stress 
fields in rocks loaded in various ways (Gomez et al. 2002).

While results from the various testing methods mentioned 
above have resulted in important conclusions in various 
areas of rock mechanics, the use of specimens of natural 
rock in mechanical tests presents two major difficulties:

Fig. 2  Cross section of two 
boreholes in PMMA fired with 
different densities of PETN. In 
(a) a higher density of explosive 
increases the pressure seen in 
the surrounding plastic causing 
intense plastic deformation. 
Reducing the pressure as in 
(b) causes the ring of shear 
failures to encroach closer to the 
borehole. Width of view 10 cm 
(Persson 1970)
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1. It can be extremely difficult to find natural rock samples 
with the feature present that it is desired to test the effect 
of. Take cracks, for example: understanding the effect of 
these discontinuities on rock mechanical properties is 
crucial for many real-life applications, but it is difficult 
to find samples with the required crack network already 
present. Cracks can, of course, be made artificially in 
rock specimens before testing, and this technique is one 
that has been developed over the years e.g., (Amalokwu 
et al. 2015; Haeri et al. 2015; Roy et al. 2016). Originally 
this required methods such as the use of a wire saw (Dai 
et al. 2011) to create cracks in the rock material, allow-
ing the mechanical response to loading around these fea-
tures to be investigated. However, these processes are 
laborious and often led to cracks being produced with 
uncontrolled lengths or widths. More advanced methods 
(such as using a submillimeter diameter water jet) allow 
flaws to be created reproducibly (Lee and Jeon 2011). 
However, the cracks produced using this method had a 
rounded tip due to the water jet creating a larger hole at 
the point where it penetrated the specimen. Since the 
propagation and coalescence of cracks is well known to 
be affected by their geometry (Aliha et al. 2010; Khani 
et al. 2013; Kolvin et al. 2015; Sanyal et al. 2015), this 
is a clear limitation of this method.

2. Natural rock has a high degree of variability, making 
it difficult to generate consistent results from tests that 

need a number of different samples even if they are taken 
from the same rock body. In addition, rocks normally 
being brittle materials, specimens are usually destroyed 
in most mechanical tests (Wu et al. 2016), meaning that 
repeat tests or investigation of other properties cannot 
be carried out.

To overcome these problems, the testing of more or less 
realistic artificial rock materials has become a major topic 
of research in rock mechanics (Ivars et al. 2011; Smith 
et al. 2014). The majority of this review will focus on the 
advances made in this field, exploring the advantages and 
limitations of the use of artificial samples, and discussing 
whether the current methods can sufficiently accurately sim-
ulate real rocks to be able to provide meaningful predictive 
conclusions.

3  Artificial Rock Materials

Artificial rock samples are created either by filling moulds 
or by 3D printing using a material chosen to produce a rock-
simulating specimen. The main advantages of artificial rock 
materials is that the specimens are more homogeneous, 
cracks can be introduced of known position and geometry 
and they are cheaper (Fedrizzi et al. 2018). An investigation 
into crack growth showed that cracks could be created in 

Fig. 3  A chart displaying the 
loading techniques used to 
study the dynamic mechanical 
properties of rocks at different 
strain rates. Those with a rate 
of approximately 10 s−1 and 
higher have to be studied using 
specialist experimental methods 
(Zhang and Zhao 2014)
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samples made from polyester resin, polymethylmethacrylate 
(PMMA), glass and cement (Dyskin et al. 2003). The cracks 
were made by embedding inclusions during specimen prep-
aration in the mould. This technique is a more effective 
method than those used to create features in natural rock 
samples as many identical samples can be produced. How-
ever, all the materials used in Dyskin et al.’s investigation 
were homogeneous with respect to the scale of the crack, 
which real rock materials are not. This means that the effect 
on the mechanics of structural elements found in real het-
erogeneous rocks cannot be investigated using their method. 
This problem was also identified in an earlier investigation 
into the brittle fracture of rock using PMMA (Germanovich 
et al. 1994). Germanovich et al. concluded that propagation 
of 3D cracks results in failure of the samples they studied, 
but they noted that their specimens behaved very differently 
to real rocks due to differences in fabric, scale and extent 
of initial damage. These observations indicate the need to 
more accurately recreate the internal structure of rocks in 
artificial specimens. It is possible that more homogeneous 
rock materials might be better simulated by such a method, 
but that would require further investigation.

An investigation into the behaviour of multiple parallel 
cracks in Brazilian disc cement samples clearly displayed 
the benefit of being able to repeat tests and hence check 
the reproducibility of results when using artificial samples 
(Haeri et al. 2015). High reproducibility between three spec-
imens was achieved for each crack combination. Figure 4 
shows the breaking load of cracked specimens normalized 
by the average breaking load of uncracked specimens of 
the same material. This plot indicates that the three model 
specimens displayed a very similar normalized breaking 
load for the same number of cracks. Such reliable conclu-
sions regarding the effect of cracks on load would be unat-
tainable with real rock samples due to their heterogeneity. 

Hence a technique like this allows a single variable to be 
investigated independently of other factors. However, there 
are difficulties in extending these conclusions to real rocks 
since other factors are likely to have an effect. So such an 
approach needs to be validated by the investigation of real 
rock samples.

While the use of artificial samples can clearly result in 
repeatable investigations and also allow the independent 
study of known defects, the properties of model materi-
als must also be considered. (Wong and Chau 1998) cre-
ated samples made from a mixture of barite, sands, plaster 
and water to mimic the behaviour of sandstone undergo-
ing crack coalescence. Figure 5 shows a comparison of the 
stress–strain curves of the modelling material and sandstone. 
Wong and Chau concluded that the sharp drop in the curve 
shows that their model material and sandstone had similar 
brittle characteristics.

However, it should be noted that the plot for their model 
material is scaled up significantly, as they quote a value for 
its true Uniaxial Compressive Strength (UCS) as 2.09 MPa 
compared to around 100 MPa for sandstone. This differ-
ence in strength means that the material cannot truly be 
considered as ‘sandstone-like’ as their paper suggests. It is 
possible that the increase in strength for the real material 
will mean that different failure mechanisms are available 
when compared with the lower strength material. If so, then 
the strength of such a model material must be significantly 
increased for it to simulate sandstone effectively.

In addition to the problem of creating artificial materials 
with the same, or sufficiently similar mechanical strength as 
real rocks, these techniques are limited by the difficulty of 
producing internal defects identical to those in natural rock. 
Structures cannot be exactly reproduced due to the impossi-
bility of creating defects within the centre of a sample using 
moulds. However, the development of 3D printing has led 

Fig. 4  A graph displaying how 
normalized breaking load varies 
with the number of cracks in 
samples made of a mixture of 
cement, sands, and water. Three 
samples were created for each 
number of cracks. The graph 
confirms that for a given num-
ber of cracks, the three samples 
exhibit a very similar breaking 
load, meaning that the relation-
ship between the number of 
cracks and breaking load can be 
reliably obtained (Haeri et al. 
2015)
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to recent attempts to overcome these problems using this 
technology (Bourke et al. 2008; Jiang and Zhao 2015; Tian 
and Han 2017a; Ji et al. 2018; Kong et al. 2018a; Sharafisafa 
et al. 2018; Squelch 2018; Zhou and Zhu 2018; Zhu et al. 
2018a). The remainder of this article will therefore be a 
review of additive manufacturing to the investigation of 
rock mechanics.

4  Three‑Dimensional Printing Technology

Three-dimensional printing technology (otherwise known 
as additive manufacturing) can be used to replicate the 
internal defect structure of rock masses (Suzuki et al. 2017; 
Kong et al. 2018b; Squelch 2018; Zhu et al. 2018a), some-
thing which is not possible using any previous technique for 
making artificial rock specimens. This technology makes 

possible the creation of multiple identical samples so that 
tests can be repeated and hence more reliable conclusions 
drawn.

3D printing works by laying down layers of a chosen 
material, following the structure specified in a software file. 
In 2014, Ju et al. (2014) demonstrated the use of micro com-
puted tomography (CT) to obtain the internal defect struc-
ture of coal samples, which they then implemented in the 
software of a 3D printer so as to print a number of identical 
polymer specimens containing the experimentally-meas-
ured defect structure. The images shown in Fig. 6 show the 
three stages in this process. The printed samples were made 
from two different polymers, one to represent the matrix 
and the other to represent the internal defects. This was a 
major improvement over homogeneous artificial rock simu-
lants previously discussed. Ju et al. claimed that the overall 
mechanical properties of the polymers used in this investi-
gation were ‘fairly close to that of natural coal rock’. The 

Fig. 5  A plot showing the 
stress–strain curves for sand-
stone (dashed line) and a model-
ling material comprised of 
barite, sands, plaster, and water 
(solid line). Both curves show a 
sharp fracture as strain increase, 
indicating brittle character 
(Wong and Chau 1998)

Fig. 6  Images showing how CT scanning is used to create identical printed specimens. a A real coal sample; b CT scan of (a); c 3D printed 
polymer specimen created using information provided by the CT scan (Ju et al. 2014)
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authors came to this conclusion due to the similarity of the 
values of the elastic modulus and Poisson’s ratio of the coal 
and the 3D-printed polymer simulant. However, the UCS 
and tensile strengths of coal and the polymers they used are 
very different. Since the response to loading is affected by a 
wide range of mechanical properties, every property of the 
simulant that is relevant to the applied load needs to agree 
with the real rock of interest for their claim to be valid.

5  Studies of Materials So Far Used in 3D 
Printing of Rock Simulants

As just mentioned, the major problem with the polymers 
such as polylactic acid (PLA) that are currently used in 3D 
printing machines is their inability to adequately reproduce 
the mechanical properties of real rocks (Jiang and Zhao 
2015). In particular the failure mechanisms that Jiang and 
Zhao saw in rock were not observed in 3D-printed PLA 
samples. Also the 3D-printed material had much lower 
strength and higher ductility compared to real rock samples. 
However, Jiang and Zhao were able to make their polymer 
specimens more brittle by printing samples with a lattice 
structure, in which the individual elements were connected 
in a web. This demonstrated the potential for amending the 
ductility character of materials through their internal struc-
ture and therefore may represent a way in which the field 
can develop in the future to achieve higher fidelity in terms 
of simulants. Another study showed that the mechanical 
properties of PLA are more similar to those of metals than 
rocks (Jiang et al. 2016b). The results suggest that to simu-
late rocks, 3D printable materials are needed that have a high 
compressive strength, low tensile strength, low ductility, and 
similar frictional properties.

More recently the validity of using a gypsum-like powder 
in this application has been investigated (Jiang et al. 2016a). 
Jiang et al. performed quasistatic tests to determine the basic 
mechanical properties of this rock simulant. The failure pat-
terns were observed to be closer to natural rock than those 
made from PLA, as can be seen in Fig. 7. However, from 
this plot it can also be observed that the UCS of the gypsum-
like material is much lower, indicating that a material needs 
to be developed to improve both properties simultaneously, 
and therefore, as with the sandstone mentioned earlier needs 
more development to improve this aspect of the material (or 
adequate validation to show that this is not important for a 
given loading regime of interest).

Jiang et al. also used high-speed photography to record 
the crack formation processes in printed samples. The photo-
graphic sequences they obtained showed crack coalescence 
and allowed the fracture pattern to be analyzed. The images 
show that some cracks coalesce from the tip of one preset 
crack to the middle of an adjacent one, and that cracks do 
not propagate from the tip of cracks that are perpendicular to 
the loading. The crack patterns were compared to those of a 
cemented sample studied by Haeri et al. (2014, 2015) and to 
those produced in numerical simulations (Fig. 8). While the 
patterns are quite similar, there are some differences regard-
ing the location of the initiation of propagation. A further 
problem with these comparisons is that both the cemented 
sample and the numerical model were homogeneous materi-
als, so the comparison does not confirm if the gypsum-based 
material displays the same crack fracture pattern as a real 
heterogeneous rock. Comparisons with more homogeneous 
rock specimens might be more favourable, but such valida-
tion still needs to be performed.

Comparisons have begun to be made (Fig. 9) between the 
propagation of cracks in 3D-printed and real rocks so as to 

Fig. 7  A comparison of 
the stress–strain curve of a 
3D-printed PLA sample (dashed 
line) with the gypsum-like 
3D-printed sample (solid line) 
(Jiang et al. 2016a)
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determine whether cracks coalesce in the same way (Tian 
and Han 2017a, b). Squelch (2018) has recently said that 
“3D printing technology has reached a sufficiently mature 
stage that it is possible to print 3D models of rocks and 
rock surfaces with adequate geometrical and visual realism”. 
However, he goes on to say “The level of realism of 3D 
printed models of rock does not extend to the full geological 
character and physical property of the original rock mate-
rial”. But in a paper published about the same time by Tian 
et al. the stress–strain response of rock simulant specimens 
3D-printed using sand can be seen to be very similar to real 
sandstone (Fig. 10). Their results give hope that this rela-
tively novel technique of making artificial rock-like speci-
mens has the potential of allowing specimens to be made 
with mechanical properties much closer to those found in 
nature than previous techniques, particularly for materials 
which are naturally relatively homogeneous aggregates of 
bonded grains.

Since ceramics can now be 3D-printed (Goulas et al. 
2016; Costa et al. 2017; Goodman 2017; Singh et al. 2017; 
Ferrage et al. 2018; Owen et al. 2018) they should be con-
sidered as rock simulants since they have various mechanical 
properties that are closer to rocks than polymers. Up to the 
time of writing there have been no published investigations 
of the use of printed ceramic or natural rock materials in 
rock mechanics studies (Zhou and Zhu 2018). One problem 
may be that the thermal gradients produced using a laser 
sintering ceramic printing process often create unwanted 
cracks. However, it has been shown that it is possible to 
create ceramic samples by the pyrolysis of printed liquid 

resin samples, resulting in specimens with a compressive 
strength of 163 MPa (Eckel et al. 2016). This suggests there 
may be great potential for the creation of high strength rock 
simulants by low temperature 3D printing, which should 
therefore definitely be investigated for use in rock mechan-
ics studies.

6  Effects of Printing Techniques 
and Post‑processing

The properties of 3D-printed samples have been shown to be 
affected both by the printing technique used and subsequent 
processing (Vorndran et al. 2015). This opens up the pos-
sibility of altering the characteristics of printed specimens 
to make them more accurate simulants of real rocks. In one 
investigation four specific topics were investigated: (i) ani-
sotropy due to layer printing, (ii) binder saturation level, (iii) 
printing layer thickness, and (iv) heat treatment (Fereshtene-
jad and Song 2016). This study showed that cylindrical sam-
ples with vertical layers (which they described as having an 
inclined angle of 0°), increased binder saturation and a heat 
treatment of 60 min all produced higher ultimate compres-
sive strengths (UCS) and more brittle behaviour (Figs. 11, 
12 and 13). Figure 12 also shows that the layer thickness 
had no clear effect on strength. However, Fig. 12 does show 
that constant binder saturation specimens with thicker layers 
were more likely to have a higher strength. The highest UCS 
was observed for specimens that had been heated to 150 °C 
(Fig. 14), but the most brittle behaviour was seen at 70 °C 

Fig. 8  Images in orange show 
the coalescence of different 
arrangements of cracks in three 
different models compared to 
that of the same cracks created 
in a Portland pozzola cement 
(PPC) sample (Jiang et al. 
2016a). Adapted from Haeri 
et al. (2014)



2957Review of the Validity of the Use of Artificial Specimens for Characterizing the Mechanical…

1 3

(Fig. 15), suggesting that an optimal temperature needs to 
be chosen to balance the two effects. One conclusion of this 
research is that heat treatment is not an effective method for 
modifying 3D-printed polymer-bonded ceramic materials 
to simulate rocks as both a high UCS and a high brittleness 
are required. So further research must be performed to find 
a way to achieve desirable values of both these properties.

In another investigation the properties of transparent 
resin-printed samples were improved during the prepara-
tion process (Zhou and Zhu 2016). The samples were frozen 
to – 73.5 °C and printed with an internal square crack within. 
These samples then showed high brittleness and an increased 
UCS of 81.3 MPa, which is similar to rocks. In the testing 
process, the specimens still displayed elastic deformation 

at the beginning of the loading process which meant cracks 
developed more slowly than in the rock samples studied 
(Zhou and Zhu 2017). Whilst this shows that the printed 
samples were still not identical to rock, the improvement 
obtained in the brittleness and strength shows there is poten-
tial for developing the technique further.

7  Print Resolution

A final important factor when investigating the usefulness 
of a given 3D printing technique is the minimum resolu-
tion at which the samples can be printed, as this determines 
whether the rock microstructure can be recreated down to 

Fig. 9  Comparison of failure of 
rock and 3D-printed rock simu-
lants (Tian and Han 2017b)
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the scale of the grains. The resolution must be considered 
in all three dimensions, the x and y axes being in the plane 
of the layers and the z axis being normal to the layers. The z 
axis resolution is determined by the thickness of the layers, 
whereas the x–y resolution is more complicated and can vary 
between different printers. Different prototyping techniques 
exist with differing x–y resolutions (Rengier et al. 2010). For 
example, stereolithography, where photopolymers are made 
using UV lasers, results in a much higher x–y resolution than 
inkjet printing, which is commonly used for layering fine 
powders. The technique that is used in any given application 
largely depends on the material being printed.

The resolution in the x–y plane is clearly therefore just 
as important as the layer thickness, but many of the papers 

reviewed include only the layer thickness and no informa-
tion about the prototyping technique used. A layer thickness 
of 0.1 mm appears to be the most commonly quoted value 
(Jiang et al. 2016a, b), although higher resolution stereo-
lithography printing mechanisms with a layer thickness of 
50 µm have been investigated (Zhou and Zhu 2016, 2017). 
The Wentworth classification system for the grain sizing of 
sands (Wentworth 1922) defines fine sand as having a grain 
size between 0.063 and 0.2 mm. So layer thicknesses within 
this range should be able to contain most grains of sand. 3D 
printing could therefore be used to recreate defects within 
and the fabric of rocks whose grains are composed of sand 
or coarser materials, but it cannot be used to accurately rec-
reate rocks containing grains derived from silt. However, 
the x–y resolution also needs to be specified to confirm this 
conclusion is valid for all dimensions. The resolution in all 
three dimensions should be quoted in future publications to 
confirm the validity of the results reported.

8  Conclusions

Overall, it is evident there are advantages in using both arti-
ficially moulded and 3D-printed specimens in place of natu-
ral rock in mechanical tests. Both methods allow the produc-
tion of samples for testing that contain specific features such 
as cracks. 3D printed samples have the further benefit that 
the internal defect structures of real rocks can be repeatably 
reproduced down to the level of individual grains. This can-
not be achieved using moulding processes.

The crucial problem with the studies so far published is 
that the artificial samples produced do not, even in many 
cases by the authors’ own admission, satisfactorily simulate 
the mechanical properties of rock. In recent years, however, 

Fig. 10  Comparison of stress–strain curves for a sandstone with spec-
imens 3D-printed using sand and a resin (Tian and Han 2017b)

Fig. 11  Plot showing the effect 
of printing direction on the 
ultimate compressive strength 
(UCS) of 3D-printed specimens 
(Fereshtenejad and Song 2016)
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investigations have shown the need for simulant materials 
with high strength and low ductility. It has also been shown 
that printing and post-processing techniques have the poten-
tial to improve these properties, through processes such as 
lowering the temperature and changing the angle that suc-
cessive layers are printed at. Whilst it is unrealistic to expect 
artificial specimens to perfectly simulate real rocks, the sig-
nificant recent improvements suggest there is the potential to 
produce simulant materials with much more similar mechan-
ical properties to rocks than previously. Specimens made of 
such materials would enable more repeatable (and hence 
statistically more accurate) tests to be performed which 
would provide better insights into the mechanical proper-
ties of rocks, particularly their fracture properties.
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tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
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credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Aliha MRM, Ayatollahi MR, Smith DJ, Pavier MJ (2010) “Geometry 
and size effects on fracture trajectory in a limestone rock under 
mixed mode loading. Eng Fract Mech 77:2200–2212

Amalokwu K, Chapman M, Best AI, Sothcott J, Minshull TA, Li XY 
(2015) Experimental observation of water saturation effects on 
shear wave splitting in synthetic rock with fractures aligned at 
oblique angles. Geophys J Int 200:17–24

Baud RV (1929) Experimental methods of studying stress distribution. 
J Opt Soc Am 18:411–427

Bourke M, Viles H, Nicoli J, Lyew-Ayee P, Ghent R, Holmlund 
J (2008) Innovative applications of laser scanning and rapid 

Fig. 12  UCS of 3D-printed specimens having various layer thick-
nesses and binder saturation levels (Fereshtenejad and Song 2016)

Fig. 13  Plot showing the effect of heating duration on the strength of 
3D-printed specimens (Fereshtenejad and Song 2016)

Fig. 14  UCS of 3D-printed specimens after heating for 60 min at var-
ious temperatures (Fereshtenejad and Song 2016)

Fig. 15  Stress–strain graphs of UCS tests conducted on heated 
3D-printed specimens (Fereshtenejad and Song 2016)

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


2960 E. M. Gell et al.

1 3

prototype printing to rock breakdown experiments. Earth Surface 
Process Landf 33:1614–1621

Brace WF, Jones AH (1971) Comparison of uniaxial deforma-
tion in shock and static loading of three rocks. J Geophys Res 
76:4913–4921

Brewster D (1815) “Experiments on the depolarisation of light as 
exhibited by various mineral, animal, and vegetable bodies, with 
a reference of the phenomena to the general principles of polarisa-
tion. Philos Trans R Soc Lond 105:29–53

Brewster D (1816) “On the communication of the structure of double 
refracting crystals to glass, muriate of soda, fluor spar, and other 
substances, by mechanical compression and dilatation. Philos 
Trans R Soc Lond 106:156–178

Coker EG (1910) The optical determination of stress. Philos Mag Ser 
6:20 740–751

Coker EG (1912) Colour photography of internal stress. West J WeSt 
Scotl Iron Steel Inst 20:81–104 (figures 1–21)

Coker EG, Donaldson HF (1913) The applications of polarized light 
to mechanical engineering problems of stress distribution. Proc 
Inst Mech Eng 84:83–102

Coker EG, Filon LNG (1931) A treatise on photoelasticity. Cambridge 
University Press, Cambridge

Costa ECE, Duarte JP, Bartolo P (2017) A review of additive manufac-
turing for ceramic production. Rapid Prototyping J 23:954–963

Dai F, Chen R, Xia K (2011) A dynamic CCNBD method to measuring 
dynamic fracture parameters. In Proulx T (ed) Dynamic behavior 
of materials. Springer, Berlin, pp 39–48

Dyskin AV, Sahouryeh E, Jewell RJ, Joer H, Ustinov KB (2003) Influ-
ence of shape and locations of initial 3D cracks on their growth in 
uniaxial compression. Eng Fract Mech 70:2115–2136

Eckel ZC, Zhou CY, Martin JH, Jacobsen AJ, Carter WB, Schaedler 
TA (2016) Additive manufacturing of polymer-derived ceramics. 
Science 351:58–62

Favre H (1930) Sur une méthode optique de détermination des tensions 
intérieures dans les solides à trois dimensions. Comptes Rendus 
hebd Séances Acad Sci Paris 190:1182–1184

Fedrizzi RM, de Ceia MAR, Missagia RM, Santos VH, Neto IL (2018) 
Artificial carbonate rocks: synthesis and petrophysical characteri-
zation. J Pet Sci Eng 163:303–310

Fereshtenejad S, Song JJ (2016) Fundamental study on applicability of 
powder-based 3D printer for physical modeling in rock mechanics. 
Rock Mech Rock Eng 49:2065–2074

Ferrage L, Bertrand C, Lenormand P (2018) Dense yttria-stabilized 
zirconia obtained by direct selective laser sintering. Addit Manuf 
21:472–478

Field JE, Ladegaard-Pedersen A (1971) The importance of the reflected 
stress wave in rock blasting. Int J Rock Mech Min Sci 8:213–226

Field JE, Ladegaard-Pedersen A (1972) Fragmentation processes in 
rock blasting. In: Rumpf HCH, Schönert K (eds) Proc Third Int 
Symp on comminution (Dechema Monograph 69). Deutsche 
Gesellschaft für Chemisches Apparatewesen, Frankfurt, 
pp 283–311

Field JE, Walley SM (2013) Review of the dynamic properties of mate-
rials: history, techniques and results”. In: Zhao J, Li J (eds) Rock 
dynamics and applications: state of the art. Taylor & Francis, 
London, pp3–24

Field JE, Walley SM, Proud WG, Goldrein HT, Siviour CR (2004) 
Review of experimental techniques for high rate deformation and 
shock studies. Int J Impact Eng 30:725–775

Filon LNG (1902) On the variation with the wavelength of the double 
refraction in strained glass. Proc Camb Philos Soc 11:478–511

Filon LNG (1910) Measurements of the absolute indices of refraction 
in strained glass. Proc R Soc Lond A 83:572–579

Frocht MM (1941) Photoelasticity. 1. Wiley, New York
Frocht MM (1948) Photoelasticity. 2. Wiley, New York

Germanovich LN, Salganik RL, Dyskin AV, Lee KK (1994) Mecha-
nisms of brittle fracture of rock with pre-existing cracks in com-
pression. Pure Appl Geophys 143:117–149

Gilman JJ (2003) Electronic basis of the strength of materials. Cam-
bridge University Press, Cambridge

Gomez JT, Shukla A, Sharma A (2002) Photoelastic evaluation of 
stress fields and fracture during dynamic splitting experiments. 
J Test Eval 30:186–196

Goodman WA (2017) A review on the advances in 3D printing and 
additive manufacturing of ceramics and ceramic matrix compos-
ites for optical applications. In: Proc. SPIE 10372 103720B

Goulas A, Harris RA, Friel RJ (2016) Additive manufacturing of physi-
cal assets by using ceramic multicomponent extra-terrestrial mate-
rials. Addit Manuf 10:36–42

Green SJ, Perkins RD (1968) Uniaxial compression tests at varying 
strain rates on three geologic materials. In: Proc. 10th US sympo-
sium on rock mechanics, American Rock Mechanics Association, 
Golden, CO, pp 35–54

Haeri H, Shahriar K, Marji MF, Moarefvand P (2014) Experimental 
and numerical study of crack propagation and coalescence in pre-
cracked rock-like disks. Int J Rock Mech Min Sci 67:20–28

Haeri H, Khaloo A, Marji MF (2015) Experimental and numerical 
analysis of Brazilian discs with multiple parallel cracks. Arab J 
Geosci 8:5897–5908

Ishutov S, Hasiuk FJ, Harding C, Gray JN (2015) 3D printing sand-
stone porosity models. Interpretation. https ://doi.org/10.1190/
INT-2014-0266.1

Ishutov S, Hasiuk FJ, Jobe D, Agar S (2018) Using resin-based 3D 
printing to build geometrically accurate proxies of porous sedi-
mentary rocks. Groundwater 56:482–490

Ivars DM, Pierce ME, Darcel C, Reyes-Montes J, Potyondy DO, 
Young RP, Cundall PA (2011) The synthetic rock mass approach 
for jointed rock mass modelling. Int J Rock Mech Min Sci 
48:219–244

Ji F,.Liu CJ, Zhang Y, Zheng LB, Pan K, Tan X (2018) High-strength 
model material production for structural plane replica and its shear 
testing. KSCE J Civ Eng 22:174–174

Jiang C, Zhao GF (2015) A preliminary study of 3D printing on rock 
mechanics. Rock Mech Rock Eng 48:1041–1050

Jiang C, Zhao GD, Gao MZ, Zhao YX (2016a) A trial of 3D printing 
on rock dynamics. In: Li H, Li J, Zhang Q, Zhao J (eds) Rock 
dynamics: from research to engineering. Taylor & Francis, Lon-
don, pp. 123–128

Jiang Q, Feng X, Song L, Gong Y, Zheng H, Cui J (2016b) Modeling 
rock specimens through 3D printing: tentative experiments and 
prospects. Acta Mech Sin 32:101–111

Ju Y, Xie HP, Zheng ZM, Lu JB, Mao LT, Gao F, Peng RD (2014) 
Visualization of the complex structure and stress field inside rock 
by means of 3D printing technology. Chin Sci Bull 59:5354–5365

Khani A, Baghbanan A, Norouzi S, Hashemolhosseini H (2013) Effects 
of fracture geometry and stress on the strength of a fractured rock 
mass. Int J Rock Mech Min Sci 60:345–352

Kolsky H, Rader D (1968) Stress waves and fracture. In: Liebowitz H 
(ed) Fracture: an advanced treatise. 1: microscopic and macro-
scopic fundamentals. Academic, New York, pp. 533–569,

Kolsky H, Shearman AC (1949) Investigation of fractures produced by 
transient stress waves. Research 2:384–389

Kolvin I, Cohen G, Fineberg J (2015) Crack front dynamics: the inter-
play of singular geometry and crack instabilities. Phys Rev Lett 
114:175501

Kong LY, Ostadhassan M, Li CX, Tamimi N (2018a) “Can 3D printed 
gypsum samples replicate natural rocks? An experimental study. 
Rock Mech Rock Eng. https ://doi.org/10.1007/s0060 3-018-1520-3

Kong LY, Ostadhassan M, Li CX, Tamimi N (2018b) Pore characteri-
zation of 3D-printed gypsum rocks: a comprehensive approach. J 
Mater Sci 53:5063–5078

https://doi.org/10.1190/INT-2014-0266.1
https://doi.org/10.1190/INT-2014-0266.1
https://doi.org/10.1007/s00603-018-1520-3


2961Review of the Validity of the Use of Artificial Specimens for Characterizing the Mechanical…

1 3

Lee H, Jeon S (2011) An experimental and numerical study of fracture 
coalescence in pre-cracked specimens under uniaxial compres-
sion. Int J Solids Struct 48:979–999

Mesnager A (1913) Utilisation de la double réfraction accidentelle du 
verre à l’étude des efforts intérieures dans les solides. Rev Métall 
Mémoires 10:278–285

Owen D, Hickey J, Cusson A, Ayeni OI, Rhoades J, Deng Y, Zhang 
Y, Wu L, Park H-Y, Hawaldar N, Raikar PP, Jung Y-G, Zhang J 
(2018) 3D printing of ceramic components using a customized 3D 
ceramic printer. Prog Addit Manuf 3:3–9

Persson A (1970) High-speed photography of scale-model rock blast-
ing. In: Hyzer WG, Chace WG (eds) Proc. 9th int. congress on 
high-speed photography. Society of Motion Picture and Television 
Engineers, New York, pp. 337–341

Rengier F, Mehndiratta A, von Tengg-Kobligk H, Zechmann CM, 
Unterhinninghofen R, Kauczor HU, Giesel FL (2010) 3D print-
ing based on imaging data: review of medical applications. Int J 
Comput Assist Radiol Surg 5:335–341

Roy P, Du Frane WL, Kanarska Y, Walsh SDC (2016) “Numerical and 
experimental studies of particle settling in real fracture geom-
etries. Rock Mech Rock Eng 49:4557–4569

Sanyal G, Das A, Singh JB, Chakravartty JK (2015) Effect of notch 
geometry on fracture features. Mater Sci Eng A 641:210–214

Sharafisafa M, Shen LM, Xu QF (2018) Characterisation of mechani-
cal behaviour of 3D printed rock-like material with digital image 
correlation. Int J Rock Mech Min Sci 112:122–138

Singh M, Lakshmi V, Yudhbir, Srivastava LP (2015) Effect of pre-load-
ing with tensile stress on laboratory ultimate compressive strength 
(UCS) of a synthetic rock. Rock Mech Rock Eng 48:53–60

Singh S, Ramakrishna S, Singh R (2017) Material issues in additive 
manufacturing: a review. J Manuf Process 25:185–200

Smith SE, MacLaughlin MM, Adams SL, Wartman J, Applegate K, 
Gibson M, Arnold L, Keefer D (2014) “Interface properties of 
synthetic rock specimens: experimental and numerical investiga-
tion. Geotech Test J. https ://doi.org/10.1520/GTJ20 13016 1

Squelch A (2018) 3D printing rocks for geo-educational, technical, and 
hobbyist pursuits. Geosphere 14:360–366

Stimpson B (1970) Modelling materials for engineering rock mechan-
ics. Int J Rock Mech Min Sci 7:77–121

Suzuki A, Watanabe N, Li KW, Horne RN (2017) Fracture network 
created by 3D printer and its validation using CT images. Water 
Resour Res 53:6330–6339

Tian W, Han N (2017a) Preliminary research on mechanical proper-
ties of 3D printed rock structures. Geotech Test J. https ://doi.
org/10.1520/GTJ20 16017 7

Tian W, Han NV (2017b) Mechanical properties of rock specimens 
containing pre-existing flaws with 3D printed materials. Strain 
53:e12240

Vogler D, Walsh SDC, Dombrovski E, Perras MA (2017) A compari-
son of tensile failure in 3D-printed and natural sandstone. Eng 
Geol 226 221–235

Vorndran E, Moseke C, Gbureck U (2015) 3D printing of ceramic 
implants. MRS Bull 40:127–136

Wentworth CK (1922) A scale of grade and class terms for clastic sedi-
ments. J Geol 30:377–392

Wong RHC, Chau KT (1998) Crack coalescence in a rock-like mate-
rial containing two cracks. Int J Rock Mech Min Sci 35:147–164

Wu BB, Yao W, Xia KW (2016) An experimental study of dynamic 
tensile failure of rocks subjected to hydrostatic confinement. Rock 
Mech Rock Eng 49:3855–3864

Yin H, Ma H, Chen X, Shi X, Yang C, Dusseault MB, Zhang Y (2017) 
Synthetic rock analogue for permeability studies of rocksalt with 
mudstone. Appl Sci. https ://doi.org/10.3390/app70 90946 

Zhang QB, Zhao J (2014) “A review of dynamic experimental tech-
niques and mechanical behaviour of rock materials. Rock Mech 
Rock Eng 47:1411–1478

Zhou T, Zhu JB (2016) Application of 3D printing and micro-CT scan 
to rock dynamics. In: Li H, Li J, Zhang Q, Zhao J (eds) Rock 
dynamics: from research to engineering. Taylor & Francis, Lon-
don, pp 247–252

Zhou T, Zhu JB (2017) An experimental investigation of tensile fractur-
ing behavior of natural and artificial rocks in static and dynamic 
Brazilian disc tests. Proc Eng 191:992–998

Zhou T, Zhu JB (2018) Identification of a suitable 3D printing material 
for mimicking brittle and hard rocks and its brittleness enhance-
ments. Rock Mech Rock Eng 51:765–777

Zhu JB, Zhou T, Liao ZY, Sun L, Li XB, Chen R (2018a) Replication 
of internal defects and investigation of mechanical and fracture 
behaviour of rock using 3D printing and 3D numerical methods 
in combination with X-ray computerized tomography. Int J Rock 
Mech Min Sci 106:198–212

Zhu W, Wei J, Niu L, Li S, Li S-H (2018b) Numerical simulation on 
damage and failure mechanism of rock under combined multiple 
strain rates. Shock Vib. https ://doi.org/10.1155/2018/45342 50

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1520/GTJ20130161
https://doi.org/10.1520/GTJ20160177
https://doi.org/10.1520/GTJ20160177
https://doi.org/10.3390/app7090946
https://doi.org/10.1155/2018/4534250

	Review of the Validity of the Use of Artificial Specimens for Characterizing the Mechanical Properties of Rocks
	Abstract
	1 Introduction
	2 Uses and Limitations of Natural Rock Samples
	3 Artificial Rock Materials
	4 Three-Dimensional Printing Technology
	5 Studies of Materials So Far Used in 3D Printing of Rock Simulants
	6 Effects of Printing Techniques and Post-processing
	7 Print Resolution
	8 Conclusions
	References


