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Highlights: 

• Hydraulic fracturing experiments are conducted on synthetic materials exhibiting a wide 

range of mechanical properties under true triaxial stresses with a low (σv = 6.5 MPa, σH =3 

MPa, and σh =1.5MPa), and a higher (15 MPa, 10 MPa, and 5MPa) confinement where 

the wellbore pressure, three dimensional (3D) and volumetric strain induced by hydraulic 

fracturing are monitored and interpreted. 

• The geometry of hydraulic fracture is highly inclined to the maximum horizontal σH (or 

vertical σv) stresses in brittle/semi-brittle samples; in contrast, the orientation angle is 

reduced in semi-ductile samples, and nearly reaches to zero (parallel to σH and σv) for 

ductile samples.  

• The viscoelastic stress modelling explains the distinct characteristics of hydraulic 

fracturing induced deformation among the tested samples subjected to true triaxial stress 

state. 

• The intermediate stress plays a profound role in hydraulic fracture (HF) propagation 

subjected to normal faulting regime, i.e., the transition of intermediate strain are 

temporally observed from brittle to ductile samples. 

• The fracturing area are shown to be reduced as the decrease of brittleness for either low or 

higher confinement; the tortuosity and roughness of fracture surface increases as the 

confinement. 
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Abstract  

Understanding the propagation of hydraulic fracture (HF) is essential for effectively 

stimulating the hydrocarbon production of unconventional reservoirs. Hydraulic fracturing 

may induce distinct failure modes within the formation, depending on the rheology of the solid 

and the in-situ stresses. A brittle-to-ductile transition of HF is thus anticipated with increasing 

depth, although only scarce data are available to support this hypothesis. Here we carry out 

laboratory hydraulic fracturing experiments in artificial geomaterials exhibiting a wide range 

of rheology: cubic samples 50x50x50 mm3 in size are subjected to true triaxial stresses with 

either a low (σv = 6.5 MPa, σH =3 MPa, and σh =1.5MPa), or a higher (15 MPa, 10 MPa, and 

5MPa) confinement. The 3D strains induced by hydraulic fracturing are monitored and 

interpreted; X-ray Computed Tomography (CT) imaging is used to document the HF geometry; 

and viscoelastic modelling of the tested materials is also conducted to explain the distinct 

geometry of hydraulic fracture subjected to the stress state.  Finally, a correlation between the 

normalized fracture area (AFN) and the brittleness index (BI) of tested samples is introduced. 

Our results reveal that: (i)The intermediate stress plays a profound role in hydraulic fracture 

propagation subjected to the normal faulting regimes (i.e., the transitional intermediate strain 

observed from brittle to ductile samples); (ii) The orientation angle of hydraulic fracture is 

highly inclined to the maximum horizontal σH (or vertical σv) stresses in brittle/semi-brittle 

samples; as BI decreases, the angle inclination is reduced for that of semi-ductile samples, 

finally reaches to zero (parallel to σH and σv) in ductile sample. (iii) The normalized fracturing 

area (AFN) decreases as the decrease of BI among different samples under either low or higher 

confinement. The results of viscoelastic modelling explain the distinct characteristics of 

hydraulic fracturing induced deformation among the tested samples subjected to true triaxial 

stress state. This study reveals the importance of understanding the underground brittle-to-

ductile behaviour of hydraulic fracture prior to the field implementation. 

1. Introduction 

The deformation of geo-materials incorporate the process as shear stress is increased toward 

failure: I- initial elastic deformation; II – non-recoverable deformation, i.e., brittle micro-

cracking, or ductile/plastic flow; III – micro-cracks nucleation and macroscopic fracture 

propagation. The three stages are highly influenced by the confinement of stress, a brittle-to-

ductile transitional failure is thus expected and observed as the increase of confinement 

(Aharonov and Scholz 2019; Evans et al. 1990; Minaeian 2014; Nygård et al. 2006; 

Vachaparampil and Ghassemi 2017; Wong and Baud 2012; Zhang et al. 1993). However, much 
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fewer studies focus on the transitional deformation induced by hydraulic fracturing emerging 

in a wide range of underground engineering applications. Hydro-mechanical force is the main 

driven mechanism for the propagation of hydraulic fracture and with the same analogy, such 

transitional failure is expected as the function of confinement. Deeply understanding this 

transitional deformation can facilitate not only theoretical/numerical modelling but also 

provide critical insights for field applications associated with hydraulic fracturing. 

When hydraulic fracture initiates and propagates within geo-materials under in-situ stresses, 

three types of failure modes are often observed: mode-I (tensile), mode-II (shear), and mixed-

mode-I and II (Economides and Nolte 1989; Gischig and Preisig 2015; Wu 2006). The stress 

anisotropy, fluid mechanics, natural fractures, and rock mechanical properties are recognized 

as the most influential factors in the failure mode (Papanastasiou 1997; Zhou et al. 2008; Zhang 

et al. 2009; Gischig and Preisig 2015; Li et al. 2020; Liu et al. 2020; Sarmadivaleh 2012; Wang 

2019; Wang et al. 2013; Zeng et al. 2020; Yang et al. 2021; Liu et al 2022). Incorporating all 

these parameters in fracturing analysis is complicated to be achieved. Since the hydraulic 

fracture growth is a dynamic process where the damage is mainly accumulated adjacent to the 

tip within the process zone (Desroches et al. 1994; Elices et al. 2002; Garagash 2019; Ju et al. 

2021; Liu and Lecampion 2021; Papanastasiou 1997), which allows an alternative way 

studying the fracturing process. Several studies demonstrated that the plastic yielding/stress 

softening at the tip will absorb the effective injection energy, which significantly hinders the 

fracture propagation and results in a uniformed fracture geometry in ductile rocks (Feng et al. 

2020; Ju et al. 2021; Papanastasiou 1997; Parisio et al. 2021).  

Recently, Ju et al. (2021) performed a 3D numerical model for hydraulic fracture propagation 

in tightly brittle and ductile reservoirs. They confirmed that the stress concentration near the 

fracture tip is highly accommodated in the ductile reservoir. Parisio et al. (2021) carried out an 

experimental study of the brittle-to-ductile transition of hydraulic fracture within Polymethyl 

Methacrylate (PMMA). They observed complex fracture patterns under non-uniform stress 

distribution in the sample under the brittle regime. The complexity of fracture is significantly 

reduced as the ductility is increased. These studies revealed that a brittle-to-ductile transition 

is anticipated for the hydraulic fracture in a wide range of rock types in elevated confinements. 

However, such experimental study on a wide range of geo-materials is still lacking, which is 

essential to provide the data set required for the calibration of the modelling suitable for field 

applications. 
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In this paper, we present hydro-mechanical data based on hydraulic fracturing tests on variable 

types of geomaterials subjected to two sets of true triaxial stress conditions (TTSC), i.e., low 

confining (σ1= 6.5MPa, σ2= 3MPa, and σ3=1.5MPa), and higher confining stresses (σ1= 15MPa, 

σ2=10MPa, and σ2=5MPa); the evolution of wellbore pressure and the three mutually 

orthogonal strains induced by hydraulic fracture propagation are interpreted. We also 

interpreted the geometry and surface area (AF) of hydraulic fracture based on the visualization 

of the X-ray Computational Tomography (CT) images of tested samples. These quantifications 

allow us to correlate the AF and the brittleness index (BI) of the samples subjected to hydraulic 

fracturing; this correlation is compared against the previous numerical study. Viscoelastic 

stress relaxation of the tested materials is also conducted to explain the distinct geometry of 

hydraulic fracture subjected to the stress state. 

2. Experimental Procedure 

The six types of samples (see details of sample preparation and rock characterization in 

Appendix A) are used for rock mechanical, creep, and the hydraulic fracturing experiments 

under true triaxial stress conditions. Honey is used as fracturing fluid due to its Newtonian 

behavior. A micro-metering needle valve Vi is added to the injection inlet to restrict the flow 

rate when the rock breakdown takes place (Bunger 2005; Sarmadivaleh 2012). The experiments 

consist of three main components (a-pumping system; b-fracturing system c-data acquisition 

system) and are conducted in the following steps (Fig.2): 

(i) The cubic samples are initially loaded into the cell (Fig.2b), where the injection tube 

glued into the wellbore is connected to the injection line of the fracturing fluid. 

(ii) The confining stresses are simultaneously elevated to a target value (at low confining 

case of σV = 6.5 MPa (940psi), σH = 3 MPa (440psi), σh = 1.5 MPa (220psi) or the 

higher case of σV = 15 MPa (2175psi), σH = 10 MPa (1450psi), σh = 5 MPa (725psi)): 

all stresses elevated to minimum stress, then two bigger stresses raised to the 

intermediate level, finally, the maximum stress is reached on one side, i.e., the loading 

rate is sufficiently small and constant to avoid any premature cracks induced by stresses. 

Waiting for at least 12hrs to ensure the stresses reach an equilibrium state, which also 

allows the time-dependent deformation (creep) has been fully developed prior to the 

initiation and propagation of the hydraulic fracture.  
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(iii)Vacuuming the injection line before injecting the honey into the wellbore (Fig.2a); 

monitoring the wellbore pressure for 1 hr when it reached a constant vacuum pressure 

value of -14 psi.  

(iv) Start to inject the fracturing fluid into wellbore; start to monitor the wellbore pressure 

and 3D strain at the same time. 

After the fracturing tests are completed, all samples are scanned a 3D X-ray Computed 

Tomography (XCT) image at a voxel resolution of 0.1 x 0.1 x 0.1 mm (Siemens SOMATOM 

Definition AS, set for helical scanning at 140 kV/500 mA) (Liu et al. 2022) were produced to 

document the geometry of hydraulic fractures within the samples. All quantities from CT 

images are interpreted by Avizo software.  

 

Fig.2 Schematic of hydraulic fracturing experimental setup: a Pumping system; b fracturing system; 

and c data acquisition system. PT pressure transducer, PG pressure gauge, V valve, Vi micro-meter 

valve, LVDT Linear Variable Differential Transformer, PC data acquisition. 

3. Results 

The representative hydro-mechanical results for tested samples (S1-S6) under low and high 

confinement are presented in Section 3.1; We also discuss the characteristics of intermediate 

strain (εH) induced by hydraulic fracture propagation (Section 3.2). Moreover, the geometry of 

hydraulic fracture subjected to both confinements are presented (Section 3.3). Finally, the 

correlation between fractured area and brittleness index (BI) is reported in Section 3.4. 

According to the quantification of brittleness index (BI) (Feng et al (2022)) and the failure 

characteristics of samples subjected to triaxial compression tests (Figs.A2 and A3), the six 

types of samples are classified into: brittle PMMA (BI=0.97), semi-brittle quartz-rich S1 
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(BI=0.68),  semi-brittle mixed-average S4 (BI=0.57), semi-ductile calcite-rich S3 (BI=0.44), the 

ductile clay-rich2 S5 (BI=0.38) and clay-rich S2 (BI=0.35) under the low confinement. The same 

classification with different BI values under higher confinement: PMMA (BI=0.94), S1 

(BI=0.35), S4 (BI=0.26), S3 (BI=0.24), S5 (BI=0.14), and S2 (BI=0.09).  

3.1 Hydro-mechanical data 

Figs.3 and 4 show the representative hydro-mechanical data (i.e., the wellbore pressure and 3D 

strain (volumetric) induced by hydraulic fracturing) subjected to low (Fig.3) and high (Fig.4) 

confinement for the different samples: brittle PMMA (Fig.3a and 4a), semi-brittle S1 (Fig.3b 

and 4b), semi-brittle S4 (Fig.3c and 4c),  semi-ductile S3 (Fig.3d and 4d), ductile S5 (Fig.3e 

and 4e), and S2 (Fig.3f and 4f). The variation of 3D strain prior to the breakdown (maximum) 

pressure remains constant comparing to the strain after the breakdown pressure. The minimum 

horizontal strain εh is mainly produced by the propagation of fracture (negative εh in green 

curve), whereas the positive vertical strain εV (blue) indicates the vertical compression induced 

by the vertical stress. For brittle PMMA, and semi-brittle rock S1, the strain εh abruptly 

increases after the (breakdown pressure) (Figs.3 and 4a and b); in contrast, for  the ductile 

rock (S5 and S2), the εh are gradually increased to the peak value (Figs.3 and 4e and f).  

Interestingly, the magnitude of strain εH along the intermediate horizontal stress σH (orange 

curve) shows a slightly negative deflection (tension) for semi-brittle sample S1 under both low 

(Fig.3b) and high confinement (Fig.4b); a slightly postive deflection (compression) for ductile 

sample S2 under low confinement (Fig.3f) but a significantly postive deflection (compression) 

of εH is observed for S2 under high confinement (Fig.4f). The more specific characteristics of 

intermediate strain εH will be discussed in Sections 3.2 and 4.2. Another important observation 

is the coincidence of the intermediate (εH) and vertical (εV) strain for semi-ductile S3 (Fig.4d), 

ductile S5 (Fig.4e) and S2 (Fig.4f) subjected to the high confinement, which would be discussed 

in Section 4. 

The volumetric strains (εT) are correspondingly shown at top right conner (purple curve) for 

each test. Under the low confinement (Figs.3): i) for brittle PMMA (Figs.3a), and semi-brittle 

sample S1(Figs.3b), the volumetric strain εT are abruptly increased to the maximum value 

(negative deflection) after the period of constancy, indicating a significant dilated behaviour; 

ii) for semi-brittle samples S4 (Figs.3c), and semi-ductile sample S3 (Figs.3d), the εT are more 

gradually developed (nonlinear dilated behaviour); iii) whereas for the ductile sample S5 

(Figs.3e) the εT keeps relatively constant from the initiation to the end of propagation; notably 
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for ductile sample S2 (Figs.3f), the positive deflection of εT indicates a compressive manner of 

the deformation subjected to hydraulic fracturing. 

Under the high confinement (Figs.4): i) for brittle PMMA (Figs.4a), the volumetric strain εT 

shows a more significant negative deflection (relatively linear after the breakdown) comparing 

to that under the low confinement; for semi-brittle sample S1, the εT shows a significant 

negative deflection with strong nonlinearity (Figs.4b). ii) for semi-brittle S4 (Figs.4c), semi-

ductile S3 (Figs.4d), and ductile samples S5 (Figs.4e), the εT  exhibits the analogous slightly 

negative deflection; ii) while for ductile sample S2, volumetric strain εT is relatively constant 

from the early initiation until the end of propagation. 
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Fig.3 Synchronization of wellbore pressure and hydraulic fracture induced strain (vertical-εv, maximum 

horizontal (intermediate)-εH, and minimum horizontal-εh) under low confinement (6.5MPa , 3MPa, and 

1.5MPa): a) PMMA2 b) S1 c) S4 d) S3 e) S5 f) S2. Pi and Pe denote the borehole pressure at the initiation 
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and at the end of fracture propagation, respectively. The corresponding each sample after test are shown 

at the left. The volumetric strain (εv) are shown at the top-right. 

 

Fig.4 Synchronization of wellbore pressure and hydraulic fracture induced strain (vertical-εv, maximum 

horizontal (intermediate)-εH, and minimum horizontal-εh) under high confinement (15MPa , 10MPa, 
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and 5MPa): a) PMMA4 b) S1 c) S4 d) S3 e) S5 f) S2. Pi and Pe denote the borehole pressure at the initiation 

and at the end of fracture propagation, respectively.The corresponding each sample after test are shown 

at the left. The volumetric strain (εv) are shown at the top-right. 

3.2 Intermediate strain (εH) transition 

Refer to the hydro-mechanical data set (Figs.3 and 4), the vertical strain εv shows a 

compression, and the minimum horizontal strain εh exhibits tension after breakdown pressure 

reaches for all samples. However, the characteristics of intermediate strain εH are highly 

variable, depending on the sample types and confinement (Fig.5). For semi-ductile S3, and 

ductile samples S5 and S2 under higher confinement (Fig.5b), the magnitude of εH  is 

significantly larger than that of lower confinement (Fig.5a). In summary, the significant 

transitions of εH from the brittle to ductile samples are observed: 

Under the low confinement (Fig.5a): the intermediate strain εH shows a significant tensile 

deflection for brittle PMMA; a moderate tensile deflection for semi-brittle rock sample S1 and 

S4; a slight deflection for semi-ductile S3; a nearly constant εH for ductile S5; while a slight 

compressive deflection for ductile rock sample S2. For the high confinement (Fig.5b), the 

transition is analogous to the lower one: the negative deflection of εH becomes ease for PMMA, 

and still exhibits the highest value among all samples; for the rock samples (from S1 to S5), the 

moderate negative deflection of εH are observed in semi-brittle rock sample S1 and S4 , but a 

significant positive compression of εH are found in semi-ductile S3 , ductile S5 and S2. 

 

Fig.5 Transition of intermediate strain εH from brittle to ductile samples for a) low confinement b) high 

confinement  

3.3 Geometry of Hydraulic Fracture 

The geometry of hydraulic fracture for different samples subjected to low confinement (i.e., 

6.5, 3 , and 1.5MPa) are shown in Fig.6. The fractures are highly tilted with respect to both σH 

and σh for brittle PMMA (Fig.6a), and semi-brittle rock S1 (Fig.6b) and S4 (Fig.6c). For the 
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semi-ductile S3(Fig.6d) and ductile rock S5 (Fig.6e), the tilted angle are significantly reduced. 

In contrast, for ductile sample S2 the fractures are nearly orthogonal to σh only (Fig.6f). Overall, 

it turns out a clear transition from highly titled (brittle) to orthogonal (ductile) fractures as the 

increase of ductility. This analogous phenomenon is also observed in the samples subjected to 

higher confinement (i.e., 15, 10 , and 5MPa) (Fig.7). The most interesting observation is the 

significant shear failure induced by hydraulic fracturing within PMMA: the geometry of 

hydraulic fracture (HF) is highly titled to εV and εh (Fig.7a), instead of inclining to εH and εh 

subjected to the lower confinement. Macroscopically, the geometry of hydraulic fractures are 

more planar/smooth under high confinement (Fig.7) rather than that of relatively tortuous 

fractures under the low confinement (Fig.6). 

The experimental geometry of hydraulic fracture(HF) with respect to the brittle and ductile 

rocks (Figs.6 and 7) are in good agreement with the numerical study performed by Ju et al. 

(2021): for brittle reservoir the fracture is severely titled and result in a nonplanar geometry 

(Fig.8a), while for the ductile reservoir the inclination of fracture is highly mitigated due to the 

tip plasticity (Fig.8c), resulting in an axisymmetrically short fracture. Their numerical results 

are shown to be more consistent with our experimental geometry of HF subjected to the high 

confinement (Fig.7). 
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Fig.6. Geometry of hydraulic fracture from brittle to ductile transition a) PMMA b) S1 c) S4 d) S3 e) S5 

f) S2 under 6.5, 3.0, 1.5MPa 

 

Fig.7. Geometry of hydraulic fracture from brittle to ductile transition a) PMMA b) S1 c) S4 d) S3 e) 

S5 f) S2 under 15, 10, 5MPa 

 

Fig.8.  Numerical modelling of the morphology of hydraulic fracture from a) brittle, b) semi-brittle, 

and c) ductile reservoir under true triaxial stresses σv=30MPa, σH= σh=20MPa. Images modified from 

a 3D numerical work (Ju et al. (2021)). 

 

3.4 Viscoelastic Stress Relaxation 

In this section, we investigate the possible mechanisms for the distinct characteristics of hydro-

mechanical deformation subjected to true triaxial stress states (i.e., Sections 3.1 to 3.3). 

Viscoelastic stress relaxation has been recognized as one of the primary reasons for higher 

magnitude of the minimum horizontal stress σh in unconventional shale gas reservoirs 
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compared to the other layered clastic formations (Sone and Zoback 2014; Zoback, M. D., & 

Kohli, A. H. 2019; Mandal 2021). 

The Fig.9 illustrates how does the stress relaxation play a role in decreasing the stress 

anisotropy due to the increase of the magnitude of the least principal stress: as the significant 

increase of the minimum stress of the shale zone, the fracture growth is expected to be restricted. 

The creep compliance function based on power law model (among the constitutive models) has 

been accepted for sedimentary rock (Sone and Zoback 2014): 

𝜀 = 𝜎𝐵𝑡𝑛                                                                                                                              (4.1) 

 𝐽(𝑡) = 𝐵𝑡𝑛                                                                                                                           (4.2) 

where J(t) is the creep compliance function described by axial strain ε(t) per unit value of 

differential stress σ; B and n are the fitting parameters referred to the creep constitutive 

parameters: B is the instantaneous elastic compliance in response to a unit stress step loading, 

n is the time-dependent exponent reflecting the rate of creep. These two parameters can be 

obtained based on the fitting of the creeping data shown in Fig.B1. 

 

Fig.9 Schematic diagram illustrating how viscoelastic stress relaxation results in decreasing stress 

anisotropy due to increasing the magnitude of the least principal stress. Left: greater increment of Shmin 

for the shale zone below rather than the minor increase of the  Shmin above the sand zone, which provide 

a barrier for fracture growth. Right: The Mohr-circle diagram in response to the viscoelastic stress 

relaxation (modified from Zoback, M. D., & Kohli, A. H. (2019)). Note the minimum horizontal stress 

σ3= σh in this schematic. 

Fig.10 shows the amount of different stress would be remained on the samples (PMMA, S1 to 

S5) after one-day from application of a one-dimensional strain step of 0.02. This value is 

selected based on our axial strain data of our samples under both triaxial (Fig.A3) and true-
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triaxial compressive tests (Fig.B1). The contour lines represent the predicted reciprocal stress 

relaxation after one-day with the strain step (Error! Reference source not found.): the highest 

magnitude of contour (e.g.,100MPa) indicates the stress accumulation is much faster than stress 

relaxation caused by viscoelastic deformation, which is usually observed in brittle rocks 

(Zoback, M. D., & Kohli, A. H. 2019); while the lowest magnitude of contour (e.g.,10MPa) 

reveals that the stress accumulation is much lower than the viscoelastic stress relaxation, which 

is evident in ductile rocks (Zoback, M. D., & Kohli, A. H. 2019). The contours intersected with 

the horizontal axis represents the purely elastic stress magnitude resulted from the strain. It can 

be seen that the samples-PMMA and S1 are nearly located at the contour with the highest 

differential stress (100MPa), while the sample S2 is at the lowest one (10MPa); and the samples 

S3 ,S4 , and S5 are located in the between (from 30 to 40MPa). The repeatability of these results 

are shown in Fig.10b, although the difference are existed for the value of B and n (e.g., S2_2, 

PMMA_2), the result of contour line shows the good repeatability. A clear brittle-to-ductile 

transition among our tested samples are indicated from this stress relaxation analysis. These 

results of viscoelastic stress relaxation not only explain the distinct characteristics of 

deformation among the tested samples (PMMA and S1 to S5) subjected to hydraulic fracturing 

(from Fig.3 to Fig.7), but also verified our BI prediction based on our recently proposed BI 

model (Feng et al 2022). 
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Fig.10 Differential stress response to change of the strain (0.02) for tested samples PMMA, and S1 to 

S5 after 1 Day under confinement of 15, 10, and 5MPa: a) representative stress relaxation results (see 

the creep data shown in Fig.B1 b) full results of stress relaxation confirming the repeatability.  

 

3.5 Fractured area verse BI 

Ju et al. (2021) numerically studied the relation between fractured area and the brittleness index 

(BI) of shale reservoir. He showed that the fractured area is increased as the increase of BI. 

Here we quantify the hydraulic fractured area based on the CT images of tested rock samples 

(S1 to S5).  We normalized the numerical (ATN) and experimental fractured area (AFN) based 

on the sample dimension, and plot both ATN and AFN verse BI (Fig.11). Both ATN and AFN  
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show an increased trend as the increase of BI. Notably, under the lower confinement, the fitting 

of AFN and BI shows a second polynomial relation (negative coefficient). On the other hand, 

under the high confinement, the analogous second polynomial relation (positive coefficients) 

are observed for both AFN and ATN verse BI; but their quantities are significantly different. 

 

Fig.11 Normalized fractured area vs brittleness index (BI) based on our experimental results and 

literature data 

 

4. Discussion and implementations 

4.1 Deformation characteristics 

The characteristics of hydro-mechanical deformation can be indicated by the 3D strain 

(vertical-εv, intermediate-εH, and minimum horizontal-εh), and the volumetric strain (εT). Under 

the lower confinement, for brittle PMMA (Fig.3a), and semi-brittle samples S1 (Fig.3b) the 

volumetric strain and small portion of axial strain indicate the fracture deformation are 

relatively localized. On the other hand, for semi-brittle S4 (Fig.3c), and semi-ductile S3 (Fig.3d) 

the volumetric strain (εT) experiences more nonlinearity; while for ductile samples S5 (Fig.3e) 

and S2 (Fig.3f), the relative constant or compressive εT reveal that nonlocalized (spatially 

extended) plastic deformation are expected to be developed during the fracture propagation 

within the sample. Under the higher confinement, the failure of PMMA(Fig.4a) is dominated 

by vertical shear dilation (PMMA), while for semi-brittle rock S1 (Fig.4b) the lateral shear-

tensile opening is dominated; the more pronounced strain is attributed to higher breakdown/net 
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pressure. In contrast to the significantly dilated volumetric strain (εT) observed for PMMA and 

S1, the volume of the samples are only slightly dilated for semi-brittle S4 (Fig.4c), semi-ductile 

S3 (Fig.4d), and ductile sample S5 (Fig.4e); while it stay relatively constant for ductile sample 

S2 (Fig.4f). These observations indicate that the plastic deformation are highly nonlocalized 

within semi-ductile S3, and ductile samples (S5 and S2) where the compression of intermediate 

(εH) and vertical strain (εV) are highly coincided (Figs.4d,e, and f). Such evidence of 

nonlocalized (spatially extended) plastic deformation induced by fracture propagation 

(stress/hydraulic) are also observed and proven in the numerical/experimental studies (Brantut 

et al. 2011; Huang and Chen 2021; Huang and Ghassemi 2016; Liu and Brantut 2022; Parisio 

et al. 2021; Ramos Gurjao et al. 2022; Richard et al. 2021; Schmidt et al. 2022; Tan et al. 2021; 

Vinci et al. 2014; Wrobel et al. 2022; Zhang et al. 2020).  

 

4.2 Role of intermediate stress (σH) in hydraulic fracture 

The intermediate stress σH is considered as an important parameter for the stress intensity factor 

(KHF) if the geometry of hydraulic fracture (HF) is inclined to directions of both horizontal 

stresses (Eqs.C6 to C8), which is often observed in the laboratory or field (Sarvaramini et al. 

2019; Yu et al. 2022). The previous studies demonstrated the significant role of σH in the 

mechanical properties, and associated failure modes induced by the elevated mechanical 

stresses on sandstone and shale (Minaeian 2014). In this study, the intermediate strain εH 

induced by the coupled hydraulic and mechanical force are highly variable regarding the 

sample types, and the confinement. The deflection of εH exhibits a clear brittle-to-ductile 

transition among the tested samples especially for the higher confining case (Fig.5). 

Noteworthily, for semi-ductile and ductile samples subjected to the higher confinement, the εH 

are significantly compressive after the early initiation stage (i.e., 200s), then starts to coincident 

with the vertical strain (εV) (Figs.4d,e and f). This observation can be explained by the more 

pronounced nonlocal (spatial extend) deformation induced by hydraulic fracture in the semi-

ductile/ductile samples subjected to higher confining stresses (as discussed in Section 4.1). 

4.3 Geometry of hydraulic fracture  

The representative transitional geometry of hydraulic fracture (HF) for brittle and ductile 

samples (Figs.6 and 7) are in good agreement with the numerical study (Fig.8) performed by 

Ju et al. (2021). The mechanisms behind these interesting observations are worthily to be 

discussed. In this section, we will concentrate on the possible mechanisms leading to the more 

representative geometry under the higher confinement (i.e., 15, 10, and 5MPa)(Fig.7). 
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Fig.12 shows a typical shear failure induced by true tri-axial stresses compression (TTSC) i.e., 

σv> σH > σh (Minaeian 2014; Rahjoo and Eberhardt 2021). Prior to this failure, a fictitious weak 

plane (normal faulting regime) is anticipated within the sample subjected to the stresses 

(Fig.12). Noteworthily, this fictitious plane is distinct from the weakest plane for propagation 

of a hydraulic fracture (i.e., the one perpendicular to minimum horizontal stress). Based on the 

geometry observed in our tested samples (Figs.6 and 7), the representative schematic of brittle 

to ductile transition for the hydraulic fracture subjected to the stress regime displayed in Fig.12.  

For the brittle PMMA the HF propagates along to the normal faulting regime (Fig.7a, Fig.12, 

and Fig.13a), which is mainly attributed to (i) the energy effectively converted from highly 

pressurized fracturing fluid causes high stress concentration near the crack tip (higher KI (Pf) 

in Eq.C7), and (ii) the higher stress anisotropy accumulated from the principal stress 

magnitudes (Fig.10). While for semi-brittle rocks S1 and S4, the vertical shearing failure 

observed in PMMA is highly eased, instead, the hydraulic fracture is mainly inclined to both 

intermediate stress σH and the least principal stress σh (Figs.7b and c, Fig.13b). Compared to 

the HF geometry of brittle PMMA, the alleviation could be attributed to: (i) the slightly 

mitigated stress concentration near the fracture tip (KI (σcoh) in Eq.C7) due to the strain 

softening (Ju et al. 2021; Papanastasiou 1997) and (ii) the slightly reduced stress anisotropy 

due to the viscoelastic stress relaxation. On the other hand, for semi-ductile (S3), and the ductile 

samples (S5 and S2), the HF is nearly perpendicular to the least principal stress σh (Fig.13c and 

d). This is attributed to (i) the significant tip plasticity and softening behaviour highly reduce 

the stress concentration (Feng et al. 2020; Ju et al. 2021; Papanastasiou 1997), which 

significantly reduces the kinematic energy transformation from the accumulated injection 

energy (lower KHF in Eq.C7); and (ii) the significant viscoelastic stress relaxation causes the 

increase of the least principal stress (Fig.10), resulting in more isotropic stress magnitude in 

these ductile formations (Zoback, M. D., & Kohli, A. H. 2019).  

The abovementioned mechanisms (e.g., crack tip plasticity, viscoelastic stress relaxation) 

clearly explain why the geometry of hydraulic fracture always propagated along the theoretical 

weakest plane in semi-ductile/ductile samples, i.e., nearly perpendicular to the minimum 

horizontal stress (Fig.13c or d), without being significantly affected by the fictitious weak 

plane induced by the deviatoric stress state (σV > σH  > σh) shown in Fig.12. Notably, for the 

materials (S1 to S5) tested in this study, the macroscopic geometry of hydraulic fractures 

subjected to high confinement (Fig.7) are more planar than that of low confinement (Fig.6), 
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which is attributed to the higher resistance of fracture propagation as the increase of 

confinement/ductility. 

 

Fig.12 The failure mode of brittle materials under true triaxial stress compression i.e., σv> σH> σh 

(Minaeian 2014; Rahjoo and Eberhardt 2021). 

 

Fig.13 Representative Geometry of hydraulic fracture from brittle to ductile transition: a) brittle 

PMMA (under high confinement) b) brittle PMMA (under low confinement) or brittle/semi-brittle 

sample c) semi-brittle/semi-ductile sample d) ductile sample. Note: the failure plane shown above is a 

simplified diagram, not necessarily indicating the fracture will exactly follow that plane or penetrated 

to the boundary of sample. 
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4.4 Role of BI in Fractured area  

laboratory results indicated that the fractured area (AFN) are reduced from brittle to ductile 

samples subjected to both low and high confinement (Fig.11), which is in good agreement with 

the numerical study recently performed by Ju et al. (2021). As shown in Fig.11, the 

experimental results subjected to the high confinement (AFN verse BI) shows an analogous 

polynomial relation comparing to the numerical results (ATN verse BI); regardless of their 

quantities. For laboratory experiments, the limited sample size and continuously injected 

energy allow the fluid-driven fractures penetrate the boundary of sample; while the HF are 

retained within the boundary of numerical model due to the early termination of fracture 

propagation in ductile reservoirs (Ju et al. 2021). 

Interestingly, for the same type of tested sample, the fractured area (AFN) subjected to high 

confinement (15MPa, 10 MPa, and 5MPa) are larger than that of lower confinement (6.5MPa, 

3 MPa, and 1.5MPa) (Fig.11), although the brittleness index (BI) of former one is reduced. 

This could be attributed to: (i) higher deviatoric horizontal stress exerted on the samples 

subjected to high confinement (Van Dam and De Pater 1999; Van Dam et al. 2000). (ii) higher 

stress concentration near the fracture tip due to the higher breakdown/propagation pressure. 

This coupled mechanism causes the fracture to propagate in a manner of relatively higher 

effective stress and sufficient propagating time, resulting in a more tortuous fracture with 

relatively rougher surface in the view of meso-scale (Fig.14). 

 

Fig.14 CT images of hydraulic fracture in semi-brittle rock S1 under a) low and a) high confinement; 

ductile rock S2 under c) low and d) high confinement 
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6. Conclusion 

The initiation and propagation of hydraulic fractures in geomaterials plays an important role in 

geology (Weinberg and Regenauer-Lieb 2010), reservoir stimulation (Bakhshi et al. 2021; 

Huang and Chen 2021; Mandal et al. 2020), and the management of micro-seismicity 

(Amitrano 2003). However, the brittle-to-ductile transition of hydraulic fracturing process with 

depth has been rarely quantified in the laboratory despite its pivotal role for benchmarking field 

operations. 

In this study, we conducted hydraulic fracturing experiments on five types of rock samples in 

addition to PMMA, which represents the extreme brittle reference. The samples were subjected 

to true triaxial stress conditions (TTSC), and during fluid injection wellbore pressure and the 

three-dimensional (3D) strains induced by hydraulic fracture propagation were simultaneously 

monitored. After each experiment the fractured sample was imaged using X-ray Computed 

Tomography (XCT); the 3D images were used to quantitatively evaluate the morphology and 

area of the induced hydraulic fracture (Avizo software). The analysis of stress relaxation based 

on creep data indicates the viscoelastic behavior should be considered for analysis of the stress 

state or deformation of different lithological layers in the field, rather than the simplified 

elasticity. These experiments are designed to shed light on the hydraulic fracturing response as 

a function of depth for a wide range of engineering applications. The following conclusions 

are addressed based on this study:  

(i) The interpretation of the hydro-mechanical data (3D strain and volumetric strain (εT)) 

reveals the distinctive deformation characteristics for the brittle/semi-brittle, semi-

ductile, and ductile samples. The non-localized (spatial extend) plastic deformation 

induced by hydraulic fracturing is pronounced in a semi-ductile sample (e.g., S3), and a 

ductile sample (e.g., S5 and S2), especially for the higher confinement (Figs.3 and 4). In 

contrast, the fracture deformation is more localized dilation for the brittle PMMA 

(Figs.3a and b), and the semi-brittle sample S1 (Figs.4a and b).  

(ii) The intermediate stress (σH) may play a profound role in HF propagation and associated 

rock deformation: for the tested samples subjected to normal faulting regime (i.e., σv > 

σH > σh), the intermediate strain εH transits from tensile deflection to positive 

compression from the brittle to ductile samples; this phenomenon is enhanced as the 

increase of confinement (Fig.5).  

(iii) The high-to-low inclined angle for hydraulic fractures (HFs) are observed from the 

brittle/semi-brittle to semi-ductile/ductile samples (Figs.6 and 7): For the brittle PMMA 
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under the high confinement, extremely high stress concentration near the crack tip leads 

to a strong hydro-shearing fracture (Figs.7a and 13a), which is consistent with the 

normal faulting regime (Fig.12). For the semi-brittle samples (S1 and S4), the 

nonlocalized plasticity reduces the stress concentration near the fracture tip, inhibiting 

vertical hydro-shearing failure, instead, the horizontal hydro-dilating fractures are 

formed (see Figs.7b and c; Figs.13b and c). While for the semi-ductile sample S3 and 

the ductile samples (S5 and S2), (i) the significantly nonlocalized plasticity reduces the 

near-tip stress concentration, which significantly reduces the effective propagation 

energy (Feng et al. 2020; Ju et al. 2021; Papanastasiou 1997; Parisio et al. 2021), 

allowing stress redistribution within the ductile rock surrounding the tip. (ii) the 

significant viscoelastic stress relaxation causes the increase of the least principal stress, 

resulting in more isotropic stress magnitude in these ductile formations (Figs.9 and 10). 

These mechanisms are thought to be the key reasons of the highly mitigated inclination 

of hydraulic fractures observed in samples S3 (Figs.6d and 7d; Fig.13c), S5 (Figs.6e and 

7e; Fig.13c), and the most significant-sample S2 where hydraulic fracture is 

perpendicular to the minimum horizontal stress (Figs.6f and 7f; Fig.13d). 

(iv) The measured surface area of the hydraulic fractures is reduced when transiting from the 

brittle to the ductile regime, regardless of the confinement (Fig 13), which is in good 

agreement with the numerical study reported by Ju et al. (2021). Notably, for the same 

type of sample under high confinement (15MPa, 10 MPa, and 5MPa), the fractured area 

(AFN) is shown to be larger than that for lower confinement values (6.5MPa, 3 MPa, and 

1.5MPa), despite the fact that the brittleness index (BI) is reduced when confinement is 

significantly higher. This is attributed to a more tortuous fracture with a relatively 

rougher surface at high confinement (Fig 14). 
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Appendix A: Test Materials and Mechanical properties 

Synthetic rock blocks constituted of variable fractions of fine-grain quartz, kaolinite clay, 

calcite, and Standard Portland cement mixture (Table A1) are moulded. The PMMA were 

additionally used as an ideally homogeneous and brittle reference. More details on the 

fabrication procedures of block samples can be found in Sarmadivaleh and Rasouli (2015) and 

Feng et al. (2020). The prepared cubic/cylindrical blocks and the schematic of cubic sample 

assembly for a typical hydraulic fracturing test are shown in Fig.A1. In field, defects and stress 

concentrations play a role in hydraulic fracture propagating in mix-modes, i.e., non-

perpendicular to the minimum principal stress (Parisio et al. 2021). To allow the stress 

concentration generating around the borehole, we design for drilling a 2/3 depth of the borehole 

(Feng et al. 2020; Parisio et al. 2021) (Fig.A1).The mechanical properties of prepared blocks 

are shown in Table A2. Details of the procedures for UCS and TCS testing used to determine 

these values can be found in Feng et al. (2020). 

The physical photo of five new types of samples after Tri-axial compressive tests (TCS) are 

presented in Fig.A2. The shear failure is observed in Quartz-rich S1 (Fig.A2a), Average-mix 

S4 (Fig.A2b) and Calcite-rich S3 (Fig.A2c) samples, while for the two types of Clay-rich 

sample S5 (Fig.A2d) and S2 (Fig.A2e) there are no significant failure plane due to their high 

ductility under 3.4MPa of confinement. The representative stress-strain curve from TCS is 

shown in Fig.A3, in which the higher portion of plastic strain (axial/lateral) are observed in 

both clay-rich samples (S2 and S5). 

Table A1. Composition and density of the five synthetic rock formulations (mineral cement mixtures) 

used in this study. 

Mineral-cement mixture Silica (%) Kaolinite (%) Calcite (%) Cement (%) Density(g/cm3) 

Quartz-rich(S1) 52.5% 22.5% 0.0% 25% 1.58 

Clay-rich(S2) 22.5% 52.5% 0.0% 25% 1.26 

Calcite-rich(S3) 15.0% 7.5% 52.5% 25% 1.44 

Mixed average(S4) 30.0% 22.5% 22.5% 25% 1.50 

Clay-rich2(S5) 30.0% 45% 0.0% 25% 1.46 
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Fig.A1 a) Part of the synthetic rock samples used in this study: a) 50x50x50mm cubes for hydraulic 

fracturing, and 36x72mm cylindrical plugs for mechanical characterisation; b) schematic of a typical 

cubic sample prepared for hydraulic fracturing tests (modified from Feng et al. (2022)). 

Table A2. Mechanical properties of the mineral-cement mixtures and PMMA used in this study, and 

determined through unconfined (UCS) and triaxial (TCS) compression tests.  

Mineral-cement 
mixture 

Young’s 
modulus E 

(GPa) 

Poisson’s 

ratio 
(-) 

Friction 
angle Φ 

(°) 

Cohesion 
CO 

(MPa) 

P-wave 
velocity 

VP 
(km/s) 

S-wave 
velocity 

VS 
(km/s) 

Porosity 

  

(-) 

Quartz-rich(S1) 6.9* 0.17* 42* 1.76* 2.1 1.4 0.29 
Clay-rich(S2) 2.6* 0.1* 35.3* 0.6* 1.3 0.87 0.3 
Calcite-rich(S3) 3.2* 0.21* 40.9* 0.9* 1.69 1.07 0.2 
Mixed average(S4) 3.0* 0.18* 35.8* 1.5* 1.8 1.17 0.24 
Clay-rich2(S5) 1.6* 0.17* 37.3* 0.8* 1.47 0.97 0.3 
PMMA(S6) 6.2** 0.39** 14.4** 44.6** 2.75 1.4 0 

* UCS tests are conducted on dry samples, and TCS tests are conducted in dry conditions at 0.6, 2.1, and 3.4 MPa 

confining pressure. 

** Data reported in the literature. 

 

 

Fig.A2 Failure patterns of the five new synthetic samples after TCS under confinement of 3.4MPa: a) 

Quartz-rich S1 b) Average-mix S4 c) Calcite-rich S3 d) Clay-rich S2 e) Clay-rich S5 
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Fig.A3 Stress vs strain curve obtained from TCS testing on samples (S1 to S5) 

 

Appendix B. Creep data used for stress relaxation analysis  
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Fig.B1 Representative creep data (including the loading stage shown at the left) used for stress 

relaxation analysis for six type of the samples tested in this study: a) PMMA b) Quartz-rich S1 c) 

Mixed-average S4 d) Calcite-rich S3 e) Clay-rich2 S5 f) Clay-rich S2 under 15, 10, and 5MPa 

 

Appendix C. Propagation Criterion for Hydraulic Fracture 

Stress intensity factor (K) at the crack tip has been studied as an important parameter in linear 

elastic fracture mechanics (Irwin 1957). Later, Barenblatt (1962) and Dugdale (1960) proposed 

a well-known Barenblatt-Dugdale model, accounting for the nonlinear material behaviour into 

a small size of cohesive zone near the crack tip.  Hillerborg et al. (1976) introduced a model 

for the finite cohesive zone, adapting to the propagation of a cohesive crack in elastic material 

when the tensile softening takes place (Boone et al. 1986; Desroches et al. 1994; Papanastasiou 

and Thiercelin 1993).  

For propagating a penny-shaped hydraulic fracture (Fig.C1), the three aspects- (i) fluid 

pressure, (ii) in-situ stresses, and (iii) cohesive stresses are necessarily considered into the stress 

intensity factor (KHF) (Lhomme 2005). The pressurized fracturing fluid provides a positive 

contribution to the stress intensity factor KI (Pf) reads: 

𝐾𝐼(𝑃𝑓) = 2√
𝑅

𝜋
∫ 𝐾𝑛𝑝(𝜉, 𝑐)𝑝𝑓(𝜉, 𝑡)𝑑𝜉
𝑐𝑓
0

                                                                                (C1) 

Where Pf is the fluid pressure, R is the radius of fracture extent, Rf is the radius of fluid front 

(Fig.C1); ξ=x/Rw , c=R/Rw, and cf =Rf/Rw are the normalized length variables to borehole 

radius Rw; the kernel function Knp (ξ,c) denotes the effect of wellbore geometry in stress 

intensity factor(Keer et al. 1977; Lhomme 2005; Nilson and Proffer 1984). 

If we consider a hydraulic fracture subjected to the both horizontal stresses, i.e., minimum (σh) 

and intermediate (σH), the resultant normal stress on the fracture walls (σr) negatively 

contributed to the stress intensity factor KI (σr) reads: 

𝐾𝐼(𝜎𝑟) = −2√
𝑅

𝜋
𝜎𝑟 ∫ 𝐾𝑛𝑝(𝜉, 𝑐)𝑑𝜉

𝑐

0
                                                                                       (C2) 

The inelastic behaviour can be modelled by tensile cohesive stresses exerted on the fracture 

wall within the cohesive zone (Elices et al. 2002; Garagash 2019; Lhomme 2005; Liu and 

Lecampion 2021), a degradation function fwct is introduced to address the linear/nonlinear 

relation between the cohesive stress (σcoh)  and associated fracture opening (w) from the peak 

load to critical fracture opening (wc): 
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σ𝑐𝑜ℎ  = σ𝑡 𝑓𝑤𝑐𝑡  , 0 < 𝑓𝑤𝑐𝑡 < 1  , 𝑤 < 𝑤𝑐                                                                              (C3) 

σ𝑐𝑜ℎ = 0 ,   𝑤 ≥ 𝑤𝑐                                                                                                                 (C4) 

The cohesive stresses provided a negative contribution to the stress intensity factor KI (σcoh) 

reads as: 

𝐾𝐼(𝜎𝑐𝑜ℎ) = −2√
𝑅

𝜋
𝜎𝑡 ∫ 𝐾𝑛𝑝(𝜉, 𝑐)𝑓𝑤𝑐𝑡𝑑𝜉

𝑐

𝑐𝑣
                                                                               (C5) 

Where Rv is the visible radius of the crack (Fig.C1); cv= (Rv- Rw)/ Rw  

 

Fig.C1 Schematic of loading of a penny-shaped hydraulic fracture with fluid lag (Image 

modified from Lhomme (2005)) 

The summation of the three contributions (Eqs.C1 to C3) to the stress intensity factor (KHF) 

for hydraulic fracture is necessarily to be equal to zero at the true crack tip, reads: 

𝐾𝐻𝐹 = 𝐾𝐼(𝑃𝑓) + 𝐾𝐼(𝜎𝑟) + 𝐾𝐼(𝜎𝑐𝑜ℎ) = 0                                                                                (C6) 

In order to propagate a hydraulic fracture, the KHF must be larger than 0, reads: 

2√
𝑅

𝜋
∫ 𝐾𝑛𝑝(𝜉, 𝑐)𝑝𝑓(𝜉, 𝑡)𝑑𝜉
𝑐𝑓
0⏟                  

𝐾𝐼(𝑃𝑓)

> [2√
𝑅

𝜋
𝜎𝑟 ∫ 𝐾𝑛𝑝(𝜉, 𝑐)𝑑𝜉

𝑐

0⏟              
𝐾𝐼(𝜎𝑟)

+ 2√
𝑅

𝜋
𝜎𝑡 ∫ 𝐾𝑛𝑝(𝜉, 𝑐)𝑓𝑤𝑐𝑡𝑑𝜉

𝑐

𝑐𝑣⏟                
𝐾𝐼(𝜎𝑐𝑜ℎ)

]                  (C7) 

and reduces to: 
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∫ 𝐾𝑛𝑝(𝜉, 𝑐)𝑝𝑓(𝜉, 𝑡)𝑑𝜉
𝑐𝑓
0

> [𝜎𝑟 ∫ 𝐾𝑛𝑝(𝜉, 𝑐)𝑑𝜉
𝑐

0
+ 𝜎𝑡 ∫ 𝐾𝑛𝑝(𝜉, 𝑐)𝑓𝑤𝑐𝑡

𝑑𝜉
𝑐

𝑐𝑣
]                                          (C8) 

It can be seen that both σr and σcoh provide the resistance for initiation and propagation of a 

hydraulic fracture (HF). It is worthy to note that the intermediate stress σH may play an 

important role in KI (σr) if the HF is inclined to the directions of both horizontal stresses. 

Therefore, the performance of σH and the intermediate strain εH induced by HF propagation are 

worthily to be monitored/evaluated (see Section 3.2). The cohesive stress σcoh profoundly 

affect the propagation of a HF, especially for soft/ductile materials under stress field (Ju et al. 

2021; Liu and Lecampion 2021; Papanastasiou 1997; Papanastasiou and Thiercelin 1993). If 

the different materials exhibit the same value of both KI (Pf) and KI (σr), the KI (σcoh) will be 

the dominated parameter differentiating the behaviour of fracture propagation.  
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