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Abstract  Rock masses essentially consist of two 
components: the intact rock and spatially distributed 
rock joints of various orientations and persistence. 
The first step to characterize the behavior of a rock 
mass is to understand the strength and deformability 
of the intact rock by performing repetitive destruc-
tive laboratory tests on intact rock specimens. The 
challenge imposed in these tests is the existence of 
inherent microscopic heterogeneity, which can lead 
to a substantial variability. 3D printing technolo-
gies, specifically the binder jetting technique using 
sand and furan, has been recently adopted in studies 
of rock analogs due to its ability to produce synthetic 

sedimentary rocks with complex geometries and 
known characteristics, and reduced variability. For a 
synthetic material to be used as an analog for a natu-
ral brittle rock, it is essential to demonstrate that this 
analog exhibits brittle behavior similar to that of natu-
ral rocks. Although there have been several recent 
advancements in 3D printing applications in the 
geomechanics field, studies that thoroughly evaluate 
the ’brittle’ behavior aspects of rock analogs are lack-
ing. In this study, a set of requirements is established 
to evaluate the brittle behavior of the 3D-printed rock 
analogs, derived from uniaxial and triaxial compres-
sion, Brazilian, and fracture toughness laboratory 
tests, including the tensile and compressive strengths, 
crack initiation and crack damage thresholds, stiff-
ness, and brittle-ductile transition. Analysis of labo-
ratory test results showed that the analogs behaved 
similar to moderately-to-strong natural sandstones 
with a UCS in the range of 28–32  MPa and tensile 
strength of 5–6 MPa, with an acceptable repeatability 
among the test results. Under triaxial loading, the fail-
ure process was dominated by extensional fracturing 
at low confinement with a transition to a macroscopic 
shear failure mode at higher confining pressures (up 
to 15 MPa). At confining pressure beyond the Mogi 
line, compaction failure occurred indicating a typical 
brittle to ductile transition, which is corroborated by 
microstructural analyses.
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Abbreviations 
AE	� Acoustic emission
ASTM	� American society for testing and materials
BJP	� Binder jetting printing
BTS	� Brazilian test
CD	� Crack damage threshold
CI	� Crack initiation threshold
COD	� Crack opening displacement
CoV	� Coefficient of variation
CT	� Computed tomography
DIC	� Digital image correlation
FT	� Fracture toughness
3DP	� 3-Dimensional -printing
GSI	� Geological strength index
HB	� Hoek-brown criterion
LVDT	� Linear variable differential transformer
MC	� Mohr-coulomb criterion
NDT	� Non-destructive testing
SCB	� Semi-circular bend test
SEM	� Scanning electron microscopy
TRX	� Triaxial compression test
TSA	� Test series A
TSB	� Test series B
UCS	� Uniaxial compressive strength

1  Introduction

Many studies have shown that the failure of brittle 
rocks is often dominated by development of exten-
sional fractures rather than shear fractures, particu-
larly when the rocks are subjected to zero or low 
confining pressure (Bieniawski 1967b, 1967a; Brace 
& Bombolakis 1963; Cook 1965; Hoek 1968; Hoek 
& Bieniawski 1965; Horii & Nemat-Nasser 1985; 
Martin 1997; Tapponnier & Brace 1976). Laboratory 
results revealed that the fracturing process in brittle 
rocks can be divided into four main regions including: 
crack closure, elastic stage, stable crack growth, and 
unstable crack growth (Bieniawski 1967a; Eberhardt 
1998; Martin 1997). These regions can be identified 
either by direct visual observation techniques; i.e., 
optical or scanning electron microscopy (SEM), or 
X-ray based imaging techniques (Fonseka et al. 1985; 
Tapponnier & Brace 1976, Nasseri et al. 2011; Zhang 

et al. 2020), or by using a number of non-destructive 
testing techniques (NDT) including strain measure-
ment and acoustic emission monitoring (Diederichs 
et  al. 2004; Eberhardt 1998; Eberhardt et  al. 1999; 
Martin 1993).

Figure  1 shows typical stress–strain curves 
together with Acoustic Emission (AE) monitoring 
data for a cylindrical sample under unconfined com-
pression. The crack closure stage is characterized by 
closure of pre-existing cracks (Bieniawski 1967b). 
The stress–strain behavior in this stage is non-linear, 
exhibiting an increase in axial stiffness (i.e. Young’s 
modulus) (Eberhardt 1998). The crack closure stage 
is followed by linear elastic deformation in which the 
elastic constants of the rock; i.e., Young’s modulus 
and Poisson’s ratio can be calculated. Crack initia-
tion represents the stress level where micro-fracturing 
begins and is identified as the point where the lat-
eral and volumetric strain curves depart from linear-
ity. Crack growth in this stage is stable implying that 
crack extension is a function of loading and can be 
controlled (Bieniawski 1967b). In AE monitoring 
technique, crack initiation is identified as the first 
point at which a systematic increase in acoustic emis-
sions occurs. In-situ observations and laboratory test-
ing have shown that crack initiation typically begins 
at a stress level corresponding to 30–50% of the uni-
axial compressive strength (UCS) (Eberhardt et  al. 
1998; Scholz 1968; Martin 1997; Martin & Chandler 
1994). The stable crack growth continues until the 
unstable crack growth threshold is reached. The onset 
of unstable crack growth (crack damage threshold) 
is considered to be the point where the stress–axial 
strain curve deviates from linearity and/or at which 
the reverse in volumetric strain occurs. This stress 
level is identified from AE data by a significant 
increase in AE counts.  The unstable crack growth 
continues to the point at which various microcracks 
merge to form larger cracks and the rock can no 
longer support an increase in the load (peak strength).

The first step to characterize the behavior of a rock 
mass is to understand the strength and deformability 
of the intact rock. This is often done by carrying out 
a series of mechanical laboratory testing including 
uniaxial/triaxial compression test, direct shear test, 
and direct/indirect tension test on “intact” samples 
(i.e., samples that do not contain macroscopic, vis-
ible, open joints, or other weakness planes). Some 
key characteristics of rocks such as compressive 
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strength, crack initiation (CI) and crack damage (CD) 
thresholds can be defined through the analysis of the 
stress–strain response and the micro-acoustic emis-
sion during compressive strength tests. One of the 
main challenges in analyzing such laboratory tests is 
often related to the quantification of rock properties 
due to a significant variability in test results, mainly 
associated with inherent, microscopic heterogene-
ity within the specimens (Bewick et al. 2015, 2019). 
At the laboratory scale, heterogeneity can be divided 
into three types: mineral heterogeneity, microcrack 
heterogeneity, and fracture networks (Lan et al. 2010; 
Amann et  al. 2014; Ündül et  al. 2015). Regardless 
of the type, the spatial distribution of these hetero-
geneities is extremely difficult to characterize prior 
to laboratory tests, imposing an inherent natural 
variability in the testing results. Bewick et al. (2015, 
2019) showed that the intact unconfined compres-
sive strength of a macroscopical intact and homo-
geneous rock could have a Coefficient of Variation 
(COV) > 25%. As a consequence of this variability 
in intact rock strength, it is difficult to quantify fac-
tors that could affect the rock mass strength, particu-
larly the strength-degrading effect of non-persistent 
discontinuities.

Here, we discuss the application of 3D-printed, 
synthetic rock samples to overcome challenges asso-
ciated with heterogeneities in natural rock samples 
and present the laboratory test results on “intact” 
rock analogs that produce behavior similar to natural 
materials with a very low variability (Primkulov et al. 
2017). Fulfilling such a requirement is a first step to 
understand the complex behavior of a rock mass at 
the laboratory scale.

2 � 3D printing technology in geomechanics

According to the American Society of Testing Mate-
rial (ASTM 2015), Additive Manufacturing, also 
known as 3D printing, can be categorized into seven 
methods, depending on the material and the machine 
technology used. The Binder Jetting Printing (BJP) 
technique involves selective deposition of a binder 
onto the powder layers, bonding the grains together to 
form a solid part. The process is repeated one layer at 
the time until the final geometry is created. The mate-
rials commonly used in the BJP include metals, sand, 
and ceramics that appear in granular form. Using sil-
ica sand as a core material, it is possible to create a 

Fig. 1   Schematic illustration of the various stages of brittle failure under unconfined compression stress (modified after Cai et al. 
2004)
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synthetic sandstone that behaves similar to a natural 
rock under various loading conditions i.e., compres-
sion and tension (Primkulov et  al. 2017; Perras & 
Vogler 2018; Gomez et  al. 2018). Using BJP tech-
nique, it is possible to print discrete fracture networks 
with predefined geometries, including non-persistent 
discontinuities, inside the printed volumes. This abil-
ity is demonstrated by Hamdi and Amann (2020), 
in which a non-persistent penny-shaped fracture is 
printed within a cylindrical sample and then fracture 
is detected in Computed Tomography (CT) scanning 
through visual inspection of CT images.

Recent advancements in the field of 3D printing 
(3DP) have been adopted in various scientific fields 
including geomechanics (Fereshtenejad and Song 
2016; Vogler et al. 2017; Primkulov et al. 2017). The 
primary advantage of using 3D printing in laboratory 
experiments is to minimize the level of uncertainty 
and variability inherited from the heterogeneous 
nature of natural rock samples, making the geome-
chanical testing repeatable.

Using the binder jetting printing technique spe-
cifically, Zhang & Li (2022) studied the effect of the 
freezing and thawing phenomena on high porosity 
rock replicas, Aad et al., (2023) examined the effect 
of different factors on the aperture and closure of a 
rock joint during direct shear testing on rock repli-
cas, and further demonstrated the ability of BJP to 
replicate artificial rock joints behaving similarly to 
low-strength natural rocks (< 10 MPa). Gomez et al. 
(2018) investigated the suitability of 3D-printed sil-
ica sand samples in reproducing the geomechanical 
and flow characteristics of a natural sandstone at the 
laboratory scale and demonstrated the capability of 
the 3D-printed sandstone analog in reproducing the 
behavior of the natural sandstone.

Primkulov et  al. (2017) studied the impact of 
thermal curing on the strength of 3D-printed sam-
ples composed of sand and furfuryl alcohol resin-
based binder. Their results showed that the uniaxial 
compressive strength of 3D-printed samples could 
be increased by subsequent thermal curing and 
could reach up to 19 MPa. Vogler et al. (2017) com-
pared the indirect tensile strength of a 3D-printed 
sandstone with several natural sandstones by car-
rying out Brazilian tests. They concluded that the 
3D-printed samples exhibited tensile strength, sur-
face roughness, and crack propagation characteris-
tics of a weak natural sandstone. Perras and Vogler 

(2018) examined various geomechanical character-
istics of 3D-printed sandstone including uniaxial 
compressive strength, stiffness, crack initiation, and 
crack damage threshold and showed the suitabil-
ity of the artificial sandstone in replicating natural 
rocks.

More recently, additional studies have broad-
ened the scope of 3DP in rock mechanics. Tian et al. 
(2023) carried out uniaxial, triaxial, and tensile tests 
on sand-based 3D-printed rock-like samples and con-
cluded that the mechanical properties of the speci-
mens can be reliably tailored by adjusting printing 
parameters, demonstrating their potential as synthetic 
rock analogs. Niu et  al. (2023) provided a compre-
hensive review on the applications and prospects of 
3D printing in rock mechanics and engineering, high-
lighting its advantages in controllability, reproduc-
ibility, and potential for embedding fracture networks. 
(Zhuang et  al. 2024) investigated parameter regula-
tion in rock-like samples and emphasized that curing 
temperature, binder content, and layer thickness have 
a strong influence on strength and deformation, pro-
viding insight into optimizing the printing process.

In this study, we explore the capability of the 
Binder Jetting Printing as an analog for brittle geoma-
terials. The mechanical characteristics (i.e., strength 
and deformation) of various 3D-printed samples are 
examined and compared to natural brittle rocks and 
other replicas including resin based, cement based, 
and gypsum rock analogs. We establish the follow-
ing requirements (R1 to R5) to assess whether the 
3D-printed rock analogs behave similar to natural 
brittle rocks:

The strength in compression is similar to typical 
sedimentary rocks (e.g., sandstone).
The ratio between UCS and Young’s modulus falls 
in the domain of natural brittle rocks according to 
the ISRM classification (Ulusay 2015).
The brittle damage thresholds are consistent with 
natural rocks, i.e. crack initiation threshold occur-
ring at around 30–50% of the UCS and crack dam-
age at around 70–90% of the UCS (Bieniawski 
1967b).
The ratio between tensile strength and UCS is in 
the range of 1/30 – 1/5.
The failure process changes from an extensional 
fracture-dominated mode at low confinement, 
to a macroscopic shear failure mode at high con-
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finements, and the brittle to ductile transition is 
defined by the Mogi Line (Mogi 1966).

Upon fulfilling the above requirements, the rock 
analogs can be used for more advanced studies, if the 
variability (i.e. in many natural rocks ≥ 20%) is sig-
nificantly reduced, i.e. less than 10%.

3 � Methodology

3.1 � Sample printing process

To evaluate the geomechanical behavior of sandstone 
analogs, a series of cylindrical and disk-shape speci-
mens were printed using BJP with Ex-One M-FLEX 
system (Ex-One 2014), located in the GeoPrint 
facility at University of Alberta. The strength of the 
3D-printed sandstone depends on various param-
eters including the grain types, grain size distribu-
tion, binder type and saturation, printing orientation, 
and layer thickness, which in this study are similar 
to those used by (Primkulov et  al. 2017). The bind-
ing liquid (ExOne FB001), composed primarily of 
furfuryl alcohol, was applied to silica sand with a 
particle size distribution of D10, D50, and D90 of 
110, 175, and 220  µm, respectively. The sand pow-
der was deposited in 250  µm layers using a vibrat-
ing hopper moving at a constant recoating speed 
of 200  mm/s and a fixed height of 6  mm above the 
powder bed. The binder was dispensed as a directed 
cloud of microdroplets from a print head with 4 × 256 
piezoelectric nozzles, applied in closely spaced par-
allel lines to achieve uniform bonding between lay-
ers. Upon completion of printing, all specimens were 
placed in an oven at 80 °C for 24 h for thermal cur-
ing. The dimensional accuracy of the printed speci-
mens was within ± 0.5% (e.g., ± 0.5 mm for a 100 mm 
specimen).

The printing orientation is the angle between the 
layering direction (i.e., printing direction) and the 
applied load. In the UCS and Brazilian tests, the 
printing orientation is parallel to the applied load 
(Fig.  2a, b) and in the fracture toughness test, the 
printing orientation is perpendicular to the applied 
load (Fig. 2c).

The binder saturation is defined as the percentage 
in volume of void spaces filled by Furfuryl alcohol. 
A higher binder saturation results in increasing the 

peak strength of the 3D-printed specimen; neverthe-
less, an excessive binder saturation could lead to the 
accumulation of the binder material at the bottom of 
the specimen which results in a heterogeneous binder 
distribution and strength along the specimen (Hod-
der et al. 2018).). In this study, two printing configu-
rations (Test Series) with different binder saturation 
were selected to evaluate the capability of the 3D 
printing method in producing specimens with various 
strength and deformability characteristics. The level 
of repeatability for strength and deformation charac-
teristics was evaluated by carrying out multiple tests 
with similar printing configurations. A list of all the 
specimens tested in this study is presented in Table 1. 
The binder saturation values listed in Table  1 are 
obtained by measuring the samples after they have 
been printed.

Prior to destructive testing, petrophysical tests 
were performed on a few samples in order to obtain 
basic properties of the synthetic rock. The average 
values of dry density, saturated density, and porosity 
were determined to be 1560 kg/m3, 1925 kg/m3, and 
40% respectively, with a negligible (< 5%) difference 
between both test series. The calculated porosity is 
2–3 times higher than in natural sedimentary rocks, 
specifically sandstones (Burley & Kantorowicz 1986). 
Hodder et al. (2020, 2022) discussed several methods 
to decrease the porosity in the printed samples. The 
methods include choosing an optimum grain size 
distribution and grain morphology for the deposited 
powder, in addition to compacting every sand layer 
after its deposition on the printing bed using a roller. 
However, they showed that the high porosity created 
due to the round morphology of the sand grains is 
inevitable, since using angular grains would result in 
poor flowability of the powder during its deposition 
on the printing bed. All the mentioned methods are 
followed in the printing procedure of the analogs used 
in this study in order to obtain a minimal porosity of 
40%.

3.2 � Experimental setup

The uniaxial compression tests (UCS), Brazilian 
tests, and fracture toughness tests were carried out 
using a servo-controlled Zwick machine with a load-
ing capacity of 100  kN. UCS cylindrical samples, 
50mm in diameter and 100mm in height (H:D ratio of 
2:1) were printed and tested (Fig.  2-a). The vertical 
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movement of the upper piston was used to calculate 
the axial strain. For the lateral strain measurement, an 
extensometer was attached to a chain wrapped around 
the sample. The uniaxial compression testing proce-
dure recommended by ASTM (ASTM D7012, 2010) 
was followed. The UCS tests were carried out with an 
axial deformation rate of 0.05 mm/min.

Brazilian tests were carried out on disk-shape 
samples, 50 mm in diameter and 25 mm in thickness 
(T/D = 0.5) (Fig. 2-b). The BTS tests were performed 
using flat platens and the testing procedure was 
adopted according to the recommendation by ASTM 
(2021).

Fracture toughness tests were carried out, based on 
the ISRM suggested method ISRM (2014), on a semi-
circular bending (SCB) specimen having a radius and 
a thickness of 50  mm both. The pre-existing notch 

Fig. 2   Experimental set-up 
for a uniaxial compression 
test, b Indirect tension (Bra-
zilian) test, c semicircular 
bending test

Table 1   The set of 3D-Printed samples tested in the study

Binder 
satura-
tion (%)

Uniaxial 
com-
pression 
test 
(UCS)

Triaxial 
com-
pression 
test 
(TRX)

Brazil-
ian test 
(BTS)

Fracture 
toughness 
test (FT)

Test 
Series 
A 
(TSA)

14.5 5 10 6 -

Test 
Series 
B 
(TSB)

17.0 10 20 10 3
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length and width are 25 mm and 1 mm respectively. 
A crack opening extensometer was attached to the 
bottom of the sample as seen in Fig.  2-c to meas-
ure the crack mouth opening displacement during 
the test. Tests were displacement controlled using a 
velocity of 0.05 mm/min.

Digital Image Correlation (DIC) was utilized to 
assess the fracturing process of the synthetic sam-
ples under indirect tension (Brazilian Test and SCB 
tests). To increase the pixel contrast, white speckles 
were sprayed on the surface of the sample disks with 
an air-brush to create the desired random texture to 
improve the quality of DIC results. A digital Canon 
6D Mark II camera with a frame rate of 50 fps was 
used to film Brazilian tests. A high-speed camera 
Optronis Cyclone-25–150-M (Mono) with a frame 
rate of 800 fps was used for filming the SCB tests. 
A fixed lighting condition was ensured in both cases. 
The DIC analysis was conducted using an open-
source 2D digital DIC software Ncorr (Blaber et  al. 
2015).

A servo-electrical, triaxial rock testing machine 
with a maximum loading capacity of 100 kN was 
used to test the cylindrical printed samples, which 
were 30 mm in diameter and 60 mm in height (H:D 
ratio of 2:1). All specimens were placed in a 0.5-mm 
thick fluorocarbon jacket. On opposing sides of the 
specimens, three axial LVDTs (linear variable dif-
ferential transformers) (Fig. 3), each with a measure-
ment base-length of 50 mm, were firmly attached. A 
diametral extensometer was attached to the specimen 
at mid-height to measure the lateral displacement. A 
wide range of confining stresses from 0.2 to 15 MPa 
were selected to study the behavior of the 3D-printed 
samples under both low and higher confining pres-
sures. An isostatic stress state was achieved by the 
simultaneous increase of both axial and radial stress 
components until the target confinement was reached. 
A constant axial displacement rate of 0.05  mm/min 
was applied to the top of the samples while the radial 
confining pressure was kept constant. All tests were 
manually stopped right after rupture to avoid exten-
sive sample disintegration and to allow for an assess-
ment of the failure characteristics.

3.3 � Thin section method

Thin section analysis was conducted in this study 
to closely examine the microstructure of the rock 

analogs and to better understand the compactional 
failure mode occurring at the grain scale. After TRX 
and UCS tests, the cylindrical samples were subjected 
to epoxy resin stabilization to maintain their micro-
structure during further preparations. The stabilized 
sample is cut in half longitudinally, and a thin sliver 
is then cut out using a diamond saw. This sliver is 
ground until it’s optically flat (30 µm) using progres-
sively finer abrasive grit, treated with epoxy, and 
placed on top of a glass sheet. This process leads to 
rock analogs thin sections with length of 48 mm and 
width of 28 mm, allowing light to pass through, mak-
ing them ready for viewing under a microscope.

4 � Laboratory results

4.1 � Uniaxial compression test results

4.1.1 � Stress–strain relationship

Figure  4 presents an example of the stress–strain 
curves obtained from uniaxial compression tests 

Fig. 3   Experimental set-up of the triaxial compression test
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carried out on test series A (TSA) and test series B 
(TSB). Similar to natural brittle rocks, the results 
show an elastic brittle-plastic behavior for both test 
series, with a sudden post-peak stress drop. The axial 
stress–strain curve starts with a non-linear trend with 
increasing stiffness, indicating the compaction and/or 
closure of pre-existing voids in the sample. At higher 
axial stresses, the axial strain curve becomes linear 
enabling the determination of the Young’s modulus 
(E). Upon further loading, the stress strain curves 
become progressively non-linear and eventually 
approach the peak bearing capacity (i.e. UCS).

There is a distinct difference between TSA and 
TSB stress–strain responses. The higher binder satu-
ration in TSB (17% vs. 14.5%) led to higher uniaxial 
strength compared to TSA, demonstrating the pos-
sibility of producing samples with varied strength 
using the 3D printing method. In contrast, the axial 
strain at failure for TSA (i.e. 0.7% of total strain) is 
significantly lower than for TSB samples (i.e. 2.1% of 
total strain), showing a higher level of axial compac-
tion in TSB. This resulted in absence of volumetric 
strain reversal prior to failure (i.e. typically observed 
for brittle rocks and TSA) in TSB.

4.1.2 � Strength and stiffness properties

Perras & Vogler (2019) were able to prove that the 
use of sand and furan with the binder jetting technol-
ogy is the most promising combination to produce a 

brittle rock-like synthetic material, but they reached 
a maximum UCS value of 7 MPa, which categorizes 
this material as a low-strength rock according to the 
ISRM strength classification. The UCS of the analogs 
in this study was 26 MPa and 32.5 MPa for TSA and 
TSB respectively, a factor 3–5 higher, due to a higher 
binder saturation and heat-curing. Despite the abso-
lute magnitude of UCS, both TSA and TSB failed 
predominately through axial splitting commonly 
observed for natural brittle rocks under unconfined 
compression (Jaeger et  al. 2007; Basu et  al. 2013). 
The analogs (i.e. both, TSA and TSB samples) fulfill 
requirement R1 of the minimum UCS for a moder-
ate strength rock. The Young’s modulus calculated 
for TSA and TSB is 4.5 GPa and 2 GPa, respectively. 
The ratios (UCS/E) of TSA, TSB, and other rock ana-
logs obtained from earlier studies on synthetic rocks 
(Perras and Vogler 2018; Salami 2021; Tatone 2014), 
are plotted in Fig. 5, and compared to the natural sed-
imentary rocks modulus ratio domain. Results show 
that the printing configuration used in this study pro-
duces synthetic sandstones that a) are on the lower 
limit of an average modulus ratio (TSA) or b) at the 
lower limit of low modulus ratio (TSB). The calcu-
lated coefficient of variation of the UCS test results is 
3.3% and 12.3% for TSA and TSB respectively, indi-
cating an acceptable inter-sample variation for TSA 
and relatively high inter-sample variation for TSB 
which will be discussed in Sect. 4.3.

Fig. 4   Stress vs. strain 
curves obtained from 
uniaxial compression test 
on 3D printed synthetic 
samples (TSA and TSB), 
showing different stages of 
brittle fracturing
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4.1.3 � Brittle damage thresholds

Extensive research has been conducted on natu-
ral rocks to determine damage thresholds such as 
the crack initiation (CI) and crack damage (CD) 
for various brittle rock types. It is shown that under 
unconfined compressive loading, CI typically occurs 
between 30–50% of UCS and CD at 70–90% of 

UCS. Several methods were suggested in earlier 
studies for determining damage thresholds based on 
the stress–strain curves recorded during compres-
sive loading (Bieniawski 1967b; Diederichs et  al. 
2004; Martin 1993; Martin & Chandler 1994; Nick-
siar & Martin 2013). In this study, the crack initia-
tion is determined as the point where stress-lateral 
strain curve (Ɛlat) deviates from linearity (Bieniawski 
1967b; Brace et al. 1966; Lajtai & Lajtai 1974), and 
crack damage stress is determined as the point where 
stress-axial strain curve (Ɛax) deviates from linear-
ity (Bieniawski 1967b; Lajtai & Lajtai 1974; Martin 
1997).

Figure 6 shows an example of the method to derive 
the onset of CI and CD from lateral stress/strain and 
axial stress/strain curves, respectively. This method 
is used for all the corresponding stress–strain curves 
recorded by TSA and TSB and the mean values of the 
results are obtained.

The onset of the CI for both test series is estimated 
to be ~ 35% of UCS and the CD threshold at ~ 75% 
of UCS (Fig. 7). This agrees with findings from pre-
vious studies on brittle rocks such as sedimentary 
and crystalline rocks (Amann et  al. 2011; Cai et  al. 
2004; Nicksiar & Martin 2013; Perras & Diederichs 
2014; Perras & Vogler 2019, p. 201), demonstrating 
that the requirement R3 is fulfilled for both TSA and 
TSB samples. However, TSB samples do not show 
a volumetric strain reversal as typically observed for 
brittle rocks under uniaxial compression. The dis-
tinct onset of non-linearity in the axial strain curve at 

Fig. 5   The relationship between the Young’s modulus and 
UCS for the current study (TSA and TSB) and published 
data on natural and synthetic rocks. Based on Deere & Miller 
(1966), modified from Tatone (2014)

Fig. 6   An example of the 
method adopted for deter-
mining a the crack initiation 
threshold CI, and b the 
crack damage threshold 
CD, based on the devia-
tion from linearity of the 
axial stress—strain curves 
obtained from a UCS test 
on TSB
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approximately 75% of UCS may indicate pronounced 
compaction failure rather than crack coalescence. For 
axial loads higher than CD, TSB samples show a vol-
umetric compression rather than extension.

4.2 � Brazilian test results

For each test series, 10 Brazilian tests were car-
ried out to allow for calculating the variability of 
the results. The average indirect tensile strength was 
found to be 3.5 MPa for TSA and 5.6 MPa for TSB, 
with a standard deviation of 0.4  MPa and 0.7  MPa, 
respectively. The calculated coefficient of variation 
(CoV) is 10,7% and 11,6% for TSA and TSB, respec-
tively. The validity of test results highly depends on 
the boundary conditions imposed in the experimen-
tal setup, therefore, digital image correlation (DIC) 
analysis was used to monitor the failure process and 
ensure that failure initiates in the disc’s center and 
propagates towards the loading points to be con-
sidered valid (Li & Wong 2012; Mellor & Hawkes 
1971). Figure  8 presents the ratio of UCS to ten-
sile strength (strength ratio) of TSA and TSB along 
with data points from earlier studies on rock replicas 
(Perras & Vogler 2018; Salami 2021; Tatone 2014). 
Compared to other replica material, the sand-furan 
3D-printed analogs used in this study have a ten-
sile strength to UCS ratio of 1/5 to 1/10, and thus 
fall within the average strength ratio of sedimentary 
rocks, fulfilling requirement R4.

4.2.1 � Semi‑circular bending test results

In his studies on natural rocks, Hoagland (1973) 
observed that the fracture development during a 
3-point-bending test, as analyzed through the load-
crack-opening-displacement (COD) curve, can be 
divided into three main regions: Region I, character-
ized by linear elastic behavior; Region II, marked by 
nonlinear inelastic pre-peak behavior with no visible 
crack extension; and Region III, where a decrease in 

Fig. 7   UCS vs. CI (circular markers), and UCS vs. CD (dia-
mond-shape markers) ratios plotted for the 3D printed rocks 
(TSA, TSB and Ex1-SF), and compared to other natural sedi-

mentary rocks (listed in the legends). UCS ranges from 0 to 
50 MPa in (a) and from 0 to 250 (MPa) in (b) to cover a wider 
range of UCS values

Fig. 8   The relationship between the tensile strength and UCS 
for the current study (TSA and TSB) and published data on 
natural and synthetic rocks modified from Tatone (2014)
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the applied load accompanies visible crack extension. 
A similar phenomenon was observed in the 3-point-
bending tests on TSB rock analogs. The resulting 
load-COD curve, as shown in Fig. 9-a, also indicates 
three regions: the initial linear elastic behavior; the 
deviation from linearity at approximately 75% of the 
peak load, indicating the onset of inelastic behavior 
due to increasing microcracks above the notch, with-
out visible crack extension; and the post-peak section, 
characterized by a slight load decrease followed by 
brittle failure, during which visible crack extension 
occurs, signifying the coalescence of microcracks. 
Digital image correlation analysis of the rock analog 
during the tests showed that—just before brittle fail-
ure occurring – a fracture process zone is developed 
above the notch with no visible crack, indicating a 
high strain intensity along the lateral axis due to for-
mation of microcracks (Fig. 9-b).

The critical stress intensity factor, known as Mode 
I fracture Toughness KIc, is found to be 0.95  MPa.
m1/2, calculated from the peak load recording using 
Eq. 1 suggested by ISRM (Kuruppu et al. 2014):

where Y� = −1.29 + 9.516

(
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The ratio �t
KIc

 of the rock analog is 5.79, falling in an 
acceptable proximity from the empirical relation 
between tensile strength and fracture toughness 

(1)KIc = Y �
Pmax

√

�a

2RB

a, s,BandRarenotchlength, spanlength, samplethickness, andsampleradius, respectively

deduced by Zhang (2002) during his studies on natu-
ral rocks: �t

KIc

= 6.88.

4.3 � Triaxial compression test results

4.3.1 � Stress–strain relationship and brittle damage 
thresholds

Similar to natural sedimentary brittle rocks, tri-
axial compression tests on 3D-printed samples of 
TSA and TSB (Fig. 10) show that the peak strength 
increases with increasing confining pressure (Byerlee 
1968; Jaeger et al. 2007), and the post peak behavior 
changes from brittle to ductile. At low confining pres-
sures (i.e. < 1.5 MPa), the post-peak behavior is char-
acterized by a sudden stress drop. At higher confining 
pressures (i.e. > 5  MPa), no evident post-peak stress 
drop is observed, indicating a typical ductile post-
peak behavior. The TSB results however, exhibited 
some discrepancies caused by the non-uniformity of 
the strength among the rock analogs. Sanchez-Barra 
et  al. (2023) studied the impact of position of the 
samples in the printing bed on the final strength of the 
samples and concluded that the strength and stiffness 
of the printed samples are influenced by their loca-
tions in the printing bed. The exhibited discrepancy 
in the TSB is attributed to this factor. The coefficient 
of variability can be further reduced by maintaining a 

consistent printing location for the rock analogs in the 
future printing jobs.

Fig. 9   Results of a 3-point-
bending test on a semicircu-
lar 3D printed rock: a load-
COD curve b horizontal 
strain field results captured 
just before failure using 
DIC analysis
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To evaluate the impact of confining pressure on the 
brittle damage thresholds of the 3D-printed synthetic 
samples, the differential stress at crack initiation and 
crack damage obtained from various triaxial tests was 
calculated as a function of the confining pressure, and 
the results are presented in Fig. 11. The results of the 
TSA and TSB indicated that, while the peak strength 
increases with an increase in confining pressure, the 
brittle damage thresholds are almost independent of 
the confinement level, agreeing well with natural brit-
tle geomaterials (Amann et al. 2012).

4.3.2 � Strength properties

Triaxial and indirect tensile laboratory test results from 
this study were used to derive the Hoek–Brown (HB) 
and Mohr–Coulomb (MC) failure envelopes for each of 
the test series. Mogi (1966) studies revealed that there 
is a transition from brittle to ductile behavior in many 
rocks with increasing confining pressure. Mogi’s line 

determines the boundary between brittle and ductile 
region at �1

�3

= 3.4 . Any test data lying to the right side 
of the Mogi line indicate that failure occurred in a duc-
tile manner. This is consistent with the macroscopic 
appearance, i.e. no visible shear fracture, of TSB speci-
mens at 15 MPa confining pressure (Fig. 12). The con-
fining stresses at which the material fails in a ductile 
manner according to Mogi’s line are 15 MPa for TSB 
and 10, 15, and 20 MPa for TSA (marked by a cross 
sign). These points are not included in the curve fitting, 
since the criterion is not applicable for compaction fail-
ure beyond Mogi’s line (Bewick & Kaiser 2014).

The empirical HB criterion for intact rock samples 
is as follows:

where �1 and �3 are the major and minor principal 
stresses at failure, respectively, �ci is the uniaxial 
compressive strength of the intact rock material and 
m , s and a are empirical constants. For the intact rock, 
the constant “a” is set to be 0.5. The RSData software 
(Rocscience Inc., 2007) was used for the curve fit-
ting on the laboratory test results based on a Linear 
Regression algorithm to derive the HB material con-
stant mi . The MC envelope is derived by fitting a lin-
ear relationship to the data points plotting to the left 
of Mogi’s line.

(2)�1 = �3 + �ci(m
�3

�ci

+ s)
a

Fig. 10   Results of triaxial compression tests with various con-
fining pressures on a TSA and b TSB

Fig. 11   Differential stress determined at which a the crack ini-
tiation and b the crack damage occurred in TSA and TSB at 
different confinement pressure values during TRX tests
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Table 2 presents the Hoek–Brown and Mohr–Cou-
lomb parameters derived from the curve fittings on 
laboratory results of the test series A and B. The mi is 
calculated to be 3.6 which is relatively low compared 
to natural sandstones (Grasselli 2001; Hoek et  al. 
1998). The calculated cohesion for TSA and TSB is 7 
and 11 MPa, respectively with friction angles of 16° 
(TSA) and 15° (TSB). Although the obtained UCS 
values fall within the range of natural sandstones 
with moderate strength, both the friction angles and 
mi values for both TSA and TSB samples are sig-
nificantly smaller than typically observed for natu-
ral sandstones. Barton (1976) reports basic friction 
angles for natural sandstones ranging between 25° 
and 34°. Hoek and Brown (1997) suggest a mi value 
of 19 for natural sandstone.

The relatively low friction angles and mi values 
obtained are attributed to the high porosity gener-
ated in the analogs upon printing. The generation of 
voids is found to be inevitable due to the restrictions 
imposed by the binder jetting printing method, which 
dictates the usage of non-angular grain particles with 
a spherical-like morphology, and a grain size distri-
bution with a high fraction of coarse grains. A more 
detailed discussion with regards to the low friction 

angle and the impact of the grain morphology on the 
strength is provided in Sect. 5.

4.3.3 � Failure mode

Figure  13-a presents the structural appearance 
observed for TSB after uniaxial and triaxial com-
pression tests from which the type of failure mode 
was inferred. At low confining pressures, extensional 
fracturing parallel to the loading direction is domi-
nant characterizing a brittle behavior (case of 0.2, 0.3 
and 0.5 MPa). With an increase in confining pressure, 
well-defined shear bands start to occur, indicating a 
transitional stage between brittle and ductile behavior 
(case of 1.5, 2, and 5  MPa). It can be seen that the 
inclination angle β of the macroscopic failure surface, 
with respect to the horizontal plane, decreases upon 
increasing the confining pressure. At high confining 
pressure (15  MPa for TSB), the sample experiences 
“barreling” and no visible fractures. This observa-
tion is an indication for compaction failure occurring 
in the samples at confining pressures beyond Mogi’s 
line. The changing failure patterns indicate a transi-
tional behavior from brittle to ductile is clear with 
increasing confinement, fulfilling the requirement R5.

Fig. 12   MC and HB failure 
envelopes of the 3D printed 
synthetic sandstone fitted on 
the data sets obtained from 
UCS, TRX and Brazilian 
tests. Data points on the 
right side of Mogi line are 
indicated by a cross mark

Table 2   Summary of 
the calculated strength 
parameters from conducted 
laboratory tests on TSA 
and TSB

BTS (MPa) UCS (MPa) E (GPa) CI (%) CD (%) mi C (MPa) φ (°)

TSA 3.5 ( ± 0.4) 25.9 ( ± 0.9) 4.5 ( ± 0.1) 36 (−) 75 (−) 3.6 7 16
TSB 5.5 ( ± 0.6) 32.3 ( ± 3.9) 2.0 ( ± 0.1) 32 ( ± 2) 76 ( ± 3) 3.6 11 15
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Figure  13-b shows an example of the failure pat-
tern observed in a Brazilian disc after an indirect ten-
sile strength test. Horizontal strain field results obtained 
from DIC analysis show that the failure in the disc is 
initiating in an area close to its center, which verifies 
the validity of a Brazilian test.

5 � Thin section analysis

Figure  14-a is an example of a thin section of an 
untested rock analog viewed under an optical micro-
scope (5 × magnification) in plane-polarized light, 
showing the different structural components, namely: 

Fig. 13   a post-failure images of 3D printed sandstone analogs 
after uniaxial and triaxial tests with different confining pres-
sures. Visible failure patterns indicate the transition from brit-
tle to ductile behavior as confining increases. b Left: post-fail-

ure images of 3D printed sandstone analogs after a Brazilian 
test. Right: horizontal strain field results obtained from DIC 
analysis done on Brazilian disc
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silica/sand, resins, voids, and binders. It is noticeable 
that the sand resins have a dominating round mor-
phology, which plays a great role in reducing the fric-
tion resistance, hence reducing the friction angle, of 
the rock analogs undergoing compression and shear 
stresses (discussed in Sect. 4.3.2). Using ImageJ soft-
ware for image analysis, a representative elementary 
area (REA) was found to be 28mm2 calculated from 
the untested sample, and used as a fixed area for fur-
ther analysis. The calculated porosity using ImageJ of 
an untested sample was 40%, confirming the helium 
porosity measurement reported earlier.

Thin sections were prepared from samples sub-
jected to confining pressures of 0  MPa (UCS), 
0.5  MPa, 2  MPa, and 5  MPa, and viewed under a 
microscope. The first analysis evaluated the effect of 
confining pressure applied during TRX tests on the 

porosity of rock analogs away from the macroscopic 
fracturing area. As shown in Fig. 14-c, the compari-
son between the untested sample with a porosity of 
40% and the tested samples revealed a porosity reduc-
tion induced by confinement, with a decrease of up 
to 12% in the sample subjected to 5  MPa confine-
ment. This reduction in porosity can be attributed 
to the morphology of the sand particles, which have 
a round-like shape, and the initial high void space 
between them. Therefore, under compression, there 
is little to no interlocking between the particles, lead-
ing to void closure (reduction in porosity), which cor-
responds to a reduction in volume and reflects the 
dominating compactional behavior observed under 
increased confinement. The second analysis was con-
ducted on the TRX sample with confining pressure of 
5  MPa. The porosity was evaluated in two different 

Fig. 14   Microscope view 
of a thin section extracted 
from a 3D printed rock 
sample a untested and b 
undergone a TRX test with 
5 MPa confinement and 
had a visible crack. c Effect 
of the applied confinement 
during compression tests on 
the porosity of the analogs, 
measured using thin section 
method
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regions: a) in the proximity of the visible fracture 
and b) in an area away from the fracture (Fig. 14-b). 
It was found that the porosity in the region near the 
fracture was approximately 8% lower than that in the 
area distant from the fracture, which further proves 
a compactional failure. Both porosity analyses sup-
port the dominating compactional failure occurring at 
the grain scale of the rock analogs during compres-
sion tests and explaining the relatively low frictional 
strength compared to rocks.

6 � Conclusion

This study demonstrates the applicability of the BJP 
method in producing brittle rock analogs that behave 
similar to natural rocks, with the main objective of 
creating specimens that exhibit a very small vari-
ability in test results facilitating an unbiased future 
testing of artificial rock mass containing a fracture 
network. A thorough analysis on the brittle failure 
aspects of the rock analogs associated with a compar-
ison to natural brittle rocks is conducted. Two labo-
ratory test series (TSA and TSB) were performed on 
3D printed Sand-Furan analogs with different binder 
saturations under uniaxial/triaxial compression and 
indirect tensions. Five requirements were defined that 
needed to be fulfilled for 3D-printed samples to be 
classified as rock analogs. The requirements include 
acceptable strength levels and ratio in compression 
and tension, ability to exhibit brittle damage thresh-
olds, and brittle to ductile transition upon increasing 
confining pressure.

Laboratory test results indicate that the analogs 
can reach a UCS of up to 32 MPa, grouped as “mod-
erate strength” according to ISRM classification. 
Stress–strain curves analysis suggests that the fail-
ure process under uniaxial compression is associated 
with initiation, growth, and coalescence of microc-
racks; the crack initiation and crack damage thresh-
olds are in the ranges of 30–50% and 70–90% of 
UCS, respectively, which agrees well with the dam-
age thresholds of natural sedimentary rocks. How-
ever, while TSA showed the volumetric strain reversal 
typically observed for natural sandstones under uni-
axial compression, the TSB samples failed to exhibit 
such behavior. In TSB, bulk volumetric compaction 
dominates the pre-peak behavior, overshadowing the 

volumetric strain reversal associated with accumu-
lated damage and dilation.

The ratio between UCS and Young’s modulus falls 
in the range for natural brittle rocks in case of TSA 
samples. In case of TSB samples, the ratio is at a very 
lower limit. Both ratios of: UCS to tensile strength, 
and tensile strength to mode I fracture toughness are 
well within the range of natural sandstones for the 
rock analogs. In triaxial compression tests, the ana-
logs captured the transitional behavior from brittle 
to ductile with increasing confining pressure and the 
specimen’s strength gradually increased. Despite the 
acceptable strength ranges both in compression and 
tension, the friction angle and the Hoek–Brown con-
stant (mi) are lower than typically observed in natural 
rocks. Based on microstructural analyses, this behav-
ior is attributed to the compactional failure occurring 
during compression tests accompanied by a signifi-
cant decrease in porosity, i.e. up to absolute 12%, of 
the analogs undergoing compression tests (UCS and 
TRX) compared to untested rock analog porosity of 
40%. Moreover, it was observed in this study (10–12) 
% variability among repetitive laboratory tests results, 
caused by varied printing locations in the print-
ing bed. Therefore, in the future studies, the volume 
in which the samples are printed will be restricted, 
decreasing the variability among test results signifi-
cantly. Overall, the findings of our study confirm the 
suitability of 3D printed specimens produced using 
the BJP method for replicating the behavior of natural 
brittle rocks. This validates performing future labora-
tory tests on synthetic rocks with embedded discrete 
fracture networks that contain fully and/or non-persis-
tent joints. 3D printed specimens enable highly con-
trolled laboratory testing and reliable parametric stud-
ies, thereby supporting more robust calibration and 
validation of numerical models. Moreover, they allow 
researchers to systematically isolate and investigate 
the influence of individual parameters on the overall 
strength and deformation behavior of a rock mass.
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