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Abstract

To unravel their long-term creep properties at simulated reservoir conditions, we conducted constant stress deformation 

experiments at elevated confining pressures, pc = 50–115 MPa, and temperatures, T = 75–150 °C, on Posidonia (GER) and 

Bowland (UK) shale, which exhibit varying petrophysical and mechanical properties. Depending on applied pc–T condi-

tions and sample composition, recorded creep curves exhibit either only a primary (decelerating) or additionally a secondary 

(quasi-steady state) and a tertiary (accelerating) creep phase during deformation. At high temperature and axial differential 

stress and low confining pressure, creep strain is enhanced and a transition from primary towards secondary and tertiary creep 

behavior is observable. Creep strain of Posidonia shale, which is rich in weak constituents (clay, mica, and organic content), 

is enhanced when compared to creep strain recorded during deformation of either carbonate- or quartz-rich Bowland shale. 

Electron microscopy observations revealed that creep strain is mainly accommodated by the deformation of weak minerals 

and local pore space reduction. In addition, microcrack growth occurred during secondary creep. An empirical correlation 

between creep strain and time based on a power law was used to describe the decelerating creep phase, also accounting for 

the influence of confining pressure, temperature, and axial differential stress. The results suggest that the primary creep 

strain can be correlated with mechanical properties determined from short-term constant strain rate experiments such as 

static Young’s modulus and triaxial compressive strength.
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List of Symbols

�
H

2
O
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εt  Total axial strain

εel  Elastic axial strain

εinel  Inelastic axial strain

σ  Axial differential stress

σTCS  Triaxial compressive strength

E  Static Young’s modulus

t  Experimental time

n  Stress exponent

Q  Activation energy

V  Activation volume

R  Gas constant

Tabs  Absolute temperature

BE  Brittleness

µ  Viscosity

𝜀̇
min

  Minimum strain rate

𝜀̇
creep

  Creep strain rate

𝜀̇
0
  Applied constant strain rate

∆Q  Stress deficit

σ*  Characteristic activation stress

K  Strength parameter

o  Strain-hardening exponent

p  Strain rate sensitivity

ϕ  Porosity

pc  Confining pressure

T  Temperature

a, a0, b, b0, c0, α  Constants

1 Introduction

Currently, energy consumption depends largely on conven-

tional and unconventional resources, e.g., coal, oil, or gas 

(Kuchler 2017). The use of hydrocarbons from unconventional 
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reservoirs such as shale plays may help to bridge the transition 

from conventional towards renewable energy resources (Haus-

father 2015; Zhang et al. 2016; Kuchler 2017). For example, 

shale gas production has increased tremendously over the 

past decades (Howarth and Ingraffea 2011; McGlade et al. 

2013; Wu et al. 2017). Specifically, in North America, the 

gas production from shale reservoirs has had a major impact 

on the energy supply (McGlade et al. 2013; Kuchler 2017). In 

Europe, unconventional shale reservoirs (e.g., Posidonia, Bow-

land—Hodder formations) also show potential for economi-

cal hydrocarbon production (Andrews 2013; Kuchler 2017; 

Wiseall et al. 2018).

As the permeability of shales is very low (e.g., Naumann 

et al. 2007; Holt et al. 2012; Villamor Lora et al. 2016), res-

ervoir stimulation using hydraulic fracturing is needed to 

increase well productivity and allow economical exploita-

tion (Li et al. 2015). Commonly, proppants (quartz, bauxite 

ceramic) are added to the frac fluid to keep fractures open. 

However, recorded production curves of fractured wells typi-

cally exhibit a rapid decline within the first few years (Hughes 

2013; Wang 2016; Al-Rbeawi 2018) as a result of reservoir 

depletion and fracture closure due to time-dependent proppant 

embedment (Sone and Zoback 2014; Wang 2016; Cerasi et al. 

2017). Fracture closure is influenced by temperature (Johnston 

1987; Brantut et al. 2013; Masri et al. 2014), confining pres-

sure (Niandou et al. 1997; Petley 1999; Naumann et al. 2007; 

Kuila et al. 2011; Islam and Skalle 2013; Brantut et al. 2013), 

stress conditions (Swan et al. 1989; Chong and Boresi 1990; 

Ibanez and Kronenberg 1993; Kwon and Kronenberg 1994; 

Brantut et al. 2013; Sone and Zoback 2013a; Rybacki et al. 

2015, 2017), and mechanical and petrophysical properties 

(Brantut et al. 2013; Rybacki et al. 2016; Cerasi et al. 2017; 

Morley et al. 2017; Teixeira et al. 2017).

Since proppant embedment and fracture closure depend 

on the long-term creep behavior of shales, we conducted 

a series of deformation experiments at simulated reservoir 

conditions. In an effort to characterize the time-dependent 

deformation behavior of shale rocks, we conducted tests 

at a broad range of conditions, since only limited data on 

the creep properties of shale rocks exist until now (Sone 

and Zoback 2010, 2013b, 2014; Li and Ghassemi 2012; 

Almasoodi et al. 2014; Rassouli and Zoback 2015; Rybacki 

et al. 2017). We established empirical relations between the 

stress-induced creep strain and time, which also account for 

the influence of confining pressure and temperature on the 

creep rate.

2  Sample Material

We examined shale rocks from two European formations, 

namely, Lower Jurassic Posidonia (GER) shale and Car-

boniferous Bowland (UK) shale (Table 1). Posidonia (POS) 

shale sample was taken from core material (Harderode—

HAR, Haddessen—HAD) recovered at shallow depth 

(z ≈ 58–61 m) from research wells drilled in N-Germany in 

the 1980s (Gasparik et al. 2014). Upper Bowland (BOS) 

shale samples were collected from two different localities: 

(1) drill core samples (BOS1–7, depth z ≈ 2076–2345 m) 

from the well Preese Hall 1 (PH1) drilled in 2010 (Green 

et al. 2012) and (2) outcrop samples (BOS_OC) collected 

within the county of Lancashire (NW England).

Maturation measurements, VRr, indicate maximum tem-

peratures Tmax at peak oil maturity (VRr = 0.9%) experienced 

by Posidonia (HAR) and Bowland shale. Posidonia (HAD) 

shale is an overmature gas shale (VRr = 1.2%). The vitrinite 

reflectance of sample BOS1 (VRr = 0.67%) indicates that 

shale specimens recovered from the Preese Hall well PH1 

are immature.

In addition, we compare our results to published data on 

an immature Lower Jurassic Posidonia shale. Sample mate-

rial was recovered from a quarry in SW Germany, close to 

the village of Dotternhausen (DOT) (Rybacki et al. 2015). 

Details on the sample material and acronyms are given in 

Table 1.

Compositions of the specimens were determined using 

X-ray diffraction analysis (XRD). Samples contain a mixture 

of quartz (Qtz), clay (Cly), carbonates (Cb), mica (Mca), 

feldspar (Fsp), pyrite (Py), and organic matter (TOC) 

(Table 1). Porosity (incl. micropores) was determined by 

Helium-pycnometry. For Posidonia and Bowland shale 

samples, porosity ranges between 1 and 12% (Table 1). 

Note that, mineral data in Table 1 are given in vol%, as 

mechanical behavior of the samples largely depends on 

volumetric fraction and spatial distribution of the compo-

nents. Posidonia shale is rich in mechanically weak phases 

(Cly + TOC + Mca + pores) and Upper Bowland shale sam-

ples are either quartz- or carbonate rich (Fig. 1, Table 1). 

For simplicity, we will use the attribute ‘weak’ in the fol-

lowing for Posidonia shale with respect to sample composi-

tion, where ‘weak’ represents Cly + TOC + Mca and pores. 

Outcrop material of Upper Bowland shale contains higher 

fractions of clay, mica, and pores compared to core-derived 

samples, likely due to weathering (Table 1). Microstructural 

observations reveal a very fine-grained matrix with a grain 

size ≤ 20 µm for Posidonia and Bowland shales (Fig. 5a, b). 

The bedding orientation is characterized by preferred align-

ment of organic matter and phyllosilicates (Fig. 5).

For deformation experiments, cylindrical samples of 

10 mm diameter and 20 mm length were prepared with 

their axis-oriented perpendicular to bedding orientation. 

Although not fully representing in situ conditions, all speci-

mens were dried at 50 °C for at least 48 h before starting 

deformations experiments. Typically, rocks at depth are at 

least partly saturated with formation fluids, which impacts 

their mechanical behavior (e.g., Ibanez and Kronenberg 
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1993; Rybacki et al. 2015). However, for comparison pur-

poses, we dried all specimens prior to deformation, since we 

are not aware of the formation fluids present in the different 

shales and the degree of saturation under in situ conditions. 

In addition, the low permeability of the investigated shales 

favors testing under undrained conditions if they are fluid-

rich, which may not represent natural deformation condi-

tions. Note that after drying at 50 °C, Posidonia and Bow-

land samples still contained a small water fraction, �H2O, 

of �H2O, (POS_HAR) = 0.6 vol% and �H2O, (BOS_OC) = 1.6 

vol%, respectively, which was determined by measuring the 

weight loss of some samples after drying them at a tempera-

ture of 110 °C.

3  Experimental Methods

We used a Paterson-type deformation apparatus (Pat-

erson 1970) to perform triaxial creep experiments at 

elevated confining pressures (pc = 50–115  MPa), tem-

peratures (T = 75–150 °C), and axial differential stresses 

(σ = 9–453 MPa) (Table 2). For simplicity, we use the term 

‘stress’ instead of ‘axial differential stress’. Argon gas was 

used as the confinement medium due to its inert properties. 

To prevent intrusion of the Argon gas into the samples, they 

were jacketed by thin (wall thickness ≈ 0.35 mm) copper Ta
b
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Fig. 1  Ternary plot displaying mineral composition of inves-

tigated samples. Composition is separated into mechanically 

strong (Qtz + Fsp + Py), intermediate strong (Cb) and weak 

(Cly + TOC + Mca + Poro) fractions. Qtz quartz, Fsp feldspar, Py 

pyrite, Cb carbonate, Cly clay, TOC total organic carbon, Mca mica. 

Mineral data are given in vol%, normalized to 100 vol% taking also 

the sample porosity into account. Posidonia (HAR, HAD) shales are 

clay rich, whereas Bowland shales are either carbonate or quartz-rich. 

Outcrop samples of Bowland shale reveal higher amounts of weak 

material than core-derived samples. PH1 Preese Hall 1, OC outcrop, 

HAR Harderode, HAD Haddessen, BOS Bowland
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sleeves. Axial load was measured using an internal load cell, 

installed within the pressure vessel. Calibration runs were 

performed on pure copper samples to correct for copper 

jacket strength. Measured axial load was then converted to 

stress assuming constant volume deformation. Uncertainties 

of resulting peak stresses are < 4%. Recorded axial displace-

ment, measured by a linear variable differential transformer 

(LVDT), was corrected for system compliance and converted 

to total axial strain, εt. The error of calculated strains is < 6% 

of the strain value.

All experiments were performed with loading direction 

normal to bedding orientation. The triaxial compressive 

strength, σTCS, and static Young’s modulus, E, of investi-

gated samples were determined in previous constant strain 

rate experiments performed at similar confining pressures 

and temperatures (Herrmann et al. 2018).

For creep testing, the axial load was increased to the 

desired level, which typically stabilized within ≈ 20 s. Sub-

sequently, the load was held constant until the end of the 

experiment. Depending on deformation conditions, experi-

ments were stopped either after sample shear failure or after 

a fixed time if no failure occurred. The total duration of 

creep tests was between 22 s and ≈ 15 days with maximum 

total axial strains of εt ≈ 0.5–5.5% (Table 2).

Scanning electron microscope observations (SEM) were 

performed on mechanically polished thin sections using a 

Zeiss Ultra 55 Plus-microscope. High-resolution analysis of 

microstructures was performed using transmission electron 

microscopy (TEM, Fei Tecnai G2 F20 x-Twin) on focused 

ion beam (FIB, Fei FIB200TEM) prepared foils.

4  Results

We performed 49 triaxial creep experiments. During 42 

experiments, we fixed two of the three parameters pc, T, and 

σ and changed the remaining third parameter within a given 

range to investigate the influence of this particular parameter 

on the resulting creep strain behavior (Table 2). In addition, 

in one triaxial creep experiment, axial stress was changed 

stepwise to investigate possible sample strain-hardening 

effects. The three different creep phases (primary, second-

ary, tertiary, cf., Fig. 3b) were distinguished in the creep 

curves (see Sect. 5.1).

After a tertiary creep phase, some samples failed along a 

single shear fracture inclined at φ ≈ 35 ± 2° with respect to 

the sample axis. From this, we estimated an apparent coef-

ficient of internal friction of µi ≈ 0.7 ± 0.05.

4.1  Effect of Loading History (Strain Hardening)

To investigate potential effects of loading history on the 

creep behavior of shale rocks, we performed one experi-

ment at constant confining pressure of 50 MPa, 100 °C 

temperature and stepwise increased and decreased stresses 

between σ = 9 and 140 MPa (Fig. 2). The experiment was 

performed on Posidonia (HAD) shale, with a similar min-

eral composition as Posidonia (HAR) shale (cf., Fig. 1). 

During testing, the axial stress was first increased in two 

steps (σ1, σ2), then decreased to σ3, and subsequently 

increased up to σ2 in four steps. Finally, the sample was 

loaded again by repeating stress steps σ3–σ5 (Fig. 2). For 

the first two steps, creep strain increases with increasing 

stress, but for the next 4 steps, the creep strain is almost 

negligible, even when approaching the same stress, σ1, as 

applied in the first step. This was also found for the last 

three loading steps. Repeated loading at the highest stress 

level (σ2) also reveals a considerably lower strain rate for 

the subsequent loading cycle (see lines in Fig. 2). This 

decrease in strain rate at similar stress demonstrates strain 

hardening of the shale, possibly caused by non-reversible 

pore collapse and closure of preexisting microcracks. Con-

sequently, to exclude any influence of loading history on 

the creep behavior in the remaining tests, we performed 

creep experiments using a single loading step at predefined 

stress levels.

4.2  Effect of Composition

Triaxial creep experiments on Bowland (PH1) and Posido-

nia (HAR) shale were performed at 90 °C temperature and 

75 MPa confining pressure, simulating pc–T conditions at 

about 3 km depth. Creep curves of Bowland shales recov-

ered from borehole PH1 at different depths display varying 

creep strengths, which change with composition (Fig. 3a). 

A clear trend accounting for varying amounts of inter-

mediate strong (Cb) or strong (Qtz) sample constituents 

is not evident. Quartz-rich samples appear to be stronger 

than carbonate-rich samples and deform solely by primary 

creep at the applied stress of 442 ± 11 MPa. The latter 

exhibit only primary creep (BOS5) or in addition second-

ary (quasi-steady state) and tertiary (accelerated) creep 

stages (BOS1) until failure occurred (BOS3). In compari-

son, the Bowland (OC) shale and Posidonia (HAR) shale 

showed comparable creep strain values, but at consider-

ably lower stress of 206 ± 4 MPa (Fig. 3b). This relatively 

low stress level was used, since Posidonia (HAR) would 

fail immediately when applying higher stresses (Fig. 3a). 

Under these conditions, quartz-rich Bowland shale col-

lected from the outcrop was distinctively stronger than 

weak Posidonia (HAR) shale. Moreover, Bowland shale 
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Table 2  Experimental 

conditions

Sample abbreviation that were used during experimental procedure. HAD = Haddessen, HAR = Harderode 

→ Posidonia formation; BOS1–7 → upper Bowland formation (PH1); BOS16–35 → upper Bowland forma-

tion (OC)

Sample T (°C) pc (MPa) σ (MPa) εmax (–) tmax (s) a  (s−b) b (–) �̇min  (s
−1) Rem

HAR8 75 75 197 0.043 31,134 – – 1.9E−7 Failure

HAR9 100 75 191 0.051 1122 – – 1.1E−5

HAR11 80 75 190 0.041 400 – – 1.7E−5 Failure

HAR12 85 75 194 0.041 3623 – – 1.6E−6 Failure

HAR13 90 75 198 0.042 19,385 0.00296 0.19209 –

HAR14 95 75 193 0.046 1384 0.00354 0.26815 –

HAR15 80 75 198 0.042 25,189 0.00283 0.19466 –

HAR16 85 75 193 0.040 649 – – 1.1E−5 Failure

HAR17 85 75 192 0.044 802 – – 1.1E−5 Failure

HAR18 90 75 193 0.047 4122 – – 2.0E−6

HAR19 90 65 191 0.044 192 – – 5.5E−6 Failure

HAR31 90 85 195 0.045 5708 0.00506 0.17762 –

HAR32 90 95 195 0.045 11,443 0.00639 0.1379 –

HAR33 90 105 194 0.042 22,632 0.0061 0.12285 –

HAR34 90 115 198 0.040 24,904 0.00525 0.12232 –

HAR35 90 80 196 0.041 9860 0.00418 0.16519 –

HAR36 90 80 196 0.042 7382 0.00466 0.16356 –

HAR38 90 75 160 0.026 20,512 0.00134 0.17873 –

HAR39 90 75 170 0.027 20,144 0.00122 0.19206 –

HAR40 90 75 180 0.030 22,721 0.00121 0.20652 –

HAR41 90 75 190 0.039 102,334 0.00367 0.13731 –

HAR42 90 75 199 0.046 106,820 0.00291 0.18252 –

HAR43 90 75 202 0.054 2485 – – 5.0E−6

HAR44 90 75 196 0.039 112,746 0.00378 0.13258 –

HAR45 90 75 197 0.051 175,923 – – 4.5E−8

BOS16 90 75 209 0.022 258,517 0.00274 0.07206 –

BOS17 90 75 222 0.021 72,088 0.00162 0.10299 –

BOS18 90 75 237 0.023 69,603 0.00231 0.08666 –

BOS19 90 75 259 0.026 68,736 0.00278 0.08402 –

BOS20 90 75 301 0.035 64,398 0.00507 0.08605 –

BOS23 90 75 316 0.042 986 – – 5.5E−6 Failure

BOS24 90 75 313 0.033 83,820 0.0037 0.09255 –

BOS25 75 75 312 0.032 82,248 0.00334 0.0951 –

BOS26 100 75 314 0.033 76,620 0.00409 0.0829 –

BOS27 150 75 301 0.044 69 – – 1.2E−4 Failure

BOS28 125 75 313 0.037 81,016 0.00611 0.07853 –

BOS29 140 75 314 0.037 86,188 0.00633 0.07272 –

BOS30 90 115 312 0.031 82,124 0.00345 0.08064 –

BOS31 90 65 313 0.038 62,229 – – 4.2E−8 Failure

BOS33 90 90 312 0.031 88,260 0.00283 0.09993 –

BOS34 90 70 305 0.038 1429 – – 2.1E−6

BOS35 90 70 309 0.039 34,409 – – 9.1E−8 Failure

BOS1 90 75 436 0.035 3689 – – 2E−6

BOS2 90 75 450 0.018 66,506 0.00373 0.05851 –

BOS3 90 75 431 0.023 22 – – – Failure

BOS5 90 75 452 0.017 87,611 0.00277 0.08038 –

BOS6 90 75 447 0.024 92,759 0.00293 0.08957 –

BOS7 90 75 453 0.014 99,629 0.00265 0.05835 –

HAD 100 50 9–140 0.030 1,294,861 – – –
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from the outcrop exhibited only primary creep, while Posi-

donia (HAR) shale showed all three creep phases before 

the test was terminated.

4.3  Effect of Confining Pressure, Temperature, 
and Stress

Selected creep curves of Posidonia (HAR) and Bowland 

(OC) shale at various pc, T, and σ conditions are shown in 

Fig. 4a, c, e and b, d, f, respectively. Creep strains of both 

shales at T = 90 °C decrease with increasing confining pres-

sure (Fig. 4a, b). Note that the applied stress on Bowland 

(OC) shale (σ ≈ 300 MPa) is about 100 MPa higher than 

exerted on Posidonia (HAR) samples (σ ≈ 200 MPa). The 

higher stresses for Bowland (OC) were chosen due to its 

higher strength compared to Posidonia shale (HAR) (Her-

rmann et al. 2018). Applying stresses comparable to the 

values exerted on Posidonia (HAR) shale on Bowland (OC) 

shale samples would yield only elastic and negligible inelas-

tic strains. In most cases, samples deformed at low confining 

pressure display primary creep followed by secondary and 

tertiary creep until sample failure, indicated by (x) in Fig. 4. 

In contrast, at high confining pressure, samples deformed 

only by primary creep. Outliers, which do not follow the 

general trend are indicated by dashed lines in Fig. 4. They 

reflect sample-to-sample variations caused by the relatively 

strong mineral heterogeneity of shale rocks, cf. (Könitzer 

et al. 2014; Ougier-Simonin et al. 2016; Ilgen et al. 2017).

At similar stresses and constant confining pressure of 

75 MPa, the creep strain of Posidonia (HAR) and Bow-

land (OC) increases with increasing temperature, but with 

a higher sensitivity in Posidonia (HAR) shale (Fig. 4c, d). 

Posidonia (HAR) shale loaded at high temperature deformed 

also by secondary creep, but Bowland (OC) shale showed 

only primary creep behavior in the investigated temperature 

range.

The effect of increasing stress at pc = 75  MPa and 

T = 90 °C on creep of Posidonia (HAR) and Bowland (OC) 

shale is shown in Fig. 4e, f. Samples subjected to high stress 

Fig. 2  Creep curve of Posidonia (HAD) shale recorded at 50  MPa 

confining pressure, 100 °C temperature and stepwise increased stress, 

σi. Initially, creep strain is increasing with increasing stress. Sample 

strain hardening is evident after repeated loading at similar stress lev-

els by a decrease of associated strain rate (e.g., α for σ2)

Fig. 3  Creep curves of Posidonia (HAR) and Upper Bowland (PH1) 

shales measured at a confining pressure of 75 MPa and 90 °C temper-

ature. The influence of sample composition on creep behavior of the 

rocks is separated into various Bowland shales recovered from well 

PH1 (a) and a comparison of Posidonia (HAR) and Bowland (OC) 

shales (b). A unique trend, accounting for the amount of strong (Qtz) 

or intermediate strong (Cb) components on the measured creep strain 

is not evident (a). However, with the exception of sample BOS5, 

quartz-rich Bowland shale samples (BOS7, BOS2, BOS6) appear to 

be stronger than carbonate-rich samples (BOS1, BOS3). The weak 

Posidonia shale (HAR) is distinctively weaker than quartz-rich out-

crop material of Bowland (OC) shale (b). Note the difference in stress 

in a and b. Depending on mineralogy, samples display only primary 

(decelerating) or in addition to primary, also secondary (quasi-steady 

state) and tertiary (accelerated) creep (b). Deformation conditions are 

indicated. Cly clay, Qtz quartz, Cb carbonate, POS Posidonia shale, 

BOS Bowland shale, HAR Harderode, OC outcrop, PH1 Preese Hall 

1, x failure
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Fig. 4  Selected creep curves of Harderode Posidonia (HAR) (a, c, e) 

and Bowland (OC) shale (b, d, f) in relation to a variation of confin-

ing pressure (a, b), temperature (c, d) and stress (e, f). Creep curves 

display mainly primary creep. At high temperatures and stresses and 

at low confining pressures, the creep curves reveal in addition to pri-

mary also secondary and tertiary creep, leading to failure of some 

samples, as indicated (x). In general, with increasing confining pres-

sure, the creep rate of both shales is reduced, whereas it is enhanced 

with increasing temperature and stress. Outliers of this overall trend 

are indicated by dashed lines. Weak Posidonia (HAR) shale is more 

sensitive to changes in confining pressure, temperature and stress 

than quartz-rich Bowland (OC) shale. For comparison, all curves 

were cut off at 5000 s, but the duration of most tests was much longer 

(Table 1). Deformation conditions are indicated
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Fig. 5  SEM-BSE images (a, c, e, g) of low porous (≈ 3%) Posido-

nia shale (HAR) and (b, d, f, h) porous (≈ 8%) Bowland shale (OC). 

a, b Show undeformed samples. c–h Display samples deformed 

by primary creep and e–h those deformed until failure. Bold white 

arrows indicate loading direction. Main constituents of both shales 

are mechanically weak phyllosilicates (Phy) and organic mat-

ter (Om), intermediate strong calcite (Cal) and dolomite (Dol) 

and strong quartz (Qtz) and pyrite (Py). Ap and Ttn are apatite and 

titanite, respectively. Pores and organic matter appear nearly black, 

quartz is medium grey, phyllosilicates and carbonates (Cal + Dol) 

are light grey and pyrite is almost white. Microstructures indicative 

of primary creep (c, d) are hardly visible, but can be identified by 

deformed pyrite aggregates (c, bold black arrow) and formation of 

intracrystalline fractures in dolomite (c, open black arrows) for Posi-

donia shale (HAR38). Primary creep of Bowland shale (BOS16) may 

induce bending or minor fracturing of phyllosilicates (d, bold black 

arrow). Tertiary creep behavior (e–h) of both shales is accompa-

nied by fracture initiation and propagation. Additional deformation 

mechanisms within Posidonia shale (HAR43) are crushing and shear-

ing of pyrite framboids (e, open black arrows) and rotation of larger 

quartz grains close to the main fracture (h, bold black arrow). Bow-

land shale (BOS34) exhibit fracturing of dolomite and phyllosilicates 

(f, bold black arrows), but no deformation of pyrite grains (f, open 

black arrow). In addition, inter (f, dashed, bold black arrow)—as well 

as intracrystalline (f, dashed, open black arrows) fractures subparal-

lel to the main fracture are evident. Near the fracture tip of Posido-

nia (HAR) shale (g, dashed white line), deformation is indicated by 

intracrystalline fractures in calcite (g, bold black arrow). Bowland 

(OC) shale shows in addition to intracrystalline fractured apatite (h, 

open black arrow) also bending of phyllosilicates little beyond the 

fracture tip (h, bold black arrow)
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display all three creep phases (primary, secondary, and ter-

tiary) in contrast to samples deformed at low stress, which 

reveal only primary creep behavior. The transition from pri-

mary creep to secondary and tertiary creep of both shales 

appears to occur within a relatively narrow stress range of 

Δσ ≈ 15 MPa.

In summary, the creep behavior of both shales is sensi-

tive to the applied pc, T, and σ-conditions. Quartz-rich Bow-

land (OC) shale is less sensitive to variations of pc, T, and 

σ-conditions than weak Posidonia (HAR) shale. Most creep 

experiments were finished within 1 day, either by manual 

termination or by sample failure (Table 1).

4.4  Microstructures

The microstructures of deformed samples of Posidonia 

(HAR) and Bowland (OC) shale were investigated using 

scanning electron microscopy (SEM, Fig. 5) and transmis-

sion electron microscopy (TEM, Fig. 6). The microstructures 

of samples of both shales that were deformed at low stresses 

in the primary creep regime (Fig. 5c, d) are hard to dis-

tinguish from those of undeformed samples (Fig. 5a, b). 

Deformed Posidonia (HAR) shale sometimes reveals slightly 

deformed pyrite (Fig. 5c, bold black arrow) and intracrys-

talline fracturing of dolomite (Fig. 5c, open black arrows). 

Bowland (OC) shale displays minor bending of phyllosili-

cates (Fig. 5d, bold black arrow).

Figure  5e–h shows microstructures of samples that 

failed after tertiary creep. The main shear fracture within 

Posidonia (HAR) samples is composed of crushed fine-

grained material (Fig. 5e). Deformation is accompanied by 

sheared framboidal pyrite aggregates (open black arrows) 

and rotation of larger grains close to the main fracture 

(bold black arrow). Close to the tip of the fracture (indi-

cated by the dashed white line in Fig. 5g), intracrystalline 

fractures within calcite grains (bold black arrow) are vis-

ible. The main fracture terminated at the weak organic 

matter (center of Fig. 5g). Within Bowland (OC) shale 

Fig. 6  High resolution TEM photographs of primary deformed 

(a, c) low porous Posidonia (HAR38) and (b, d) porous Bowland 

(BOS16) shale. Deformation conditions are pc = 75 MPa, T = 90  °C, 

σ (HAR38) = 160 MPa and σ (BOS16) = 209 MPa. Almost no brittle 

deformation is visible in images (a, b). Deformed Posidonia (HAR) 

shale shows pore space reduction between calcite flakes (c, bold black 

arrow) and bending of phyllosilicates around stronger quartz grains 

(c, open white arrow). For Bowland (OC) shale, transient creep is 

mainly accommodated by bending of weak phyllosilicates around 

stronger grains, e.g., apatite (d, bold black arrow). Loading direction 

is perpendicular to bedding orientation and indicated by bold white 

arrows. For mineral abbreviations see Fig. 5. Rt rutile
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(Fig. 5f), a discrete fracture developed, partially formed 

by coalescence of broken dolomite grains and transecting 

weak phyllosilicates (bold black arrows). Strong pyrite 

grains are often bypassed (open black arrow). Larger 

quartz grains show intra- (dashed, open black arrows) and 

intercrystalline (dashed, bold black arrow) fractures ori-

ented subparallel to the main fracture.

In a Bowland (OC) shale, sample deformed in tertiary 

creep, intracrystalline fractures of apatite (open black 

arrow), and bent phyllosilicates (bold black arrow) are 

observed (Fig. 5h).

High-resolution TEM micrographs of shales deformed 

by primary creep are shown in Fig.  6. The overview 

images of Posidonia (HAR) and Bowland (OC) shale show 

little evidence of brittle deformation features (Fig. 6a, 

b, respectively). Instead, the deformation of Posidonia 

(HAR) shale appears to be accommodated by local pore 

space reduction between calcite flakes (Fig. 6c, bold black 

arrow) and bending of weak phyllosilicates around strong 

quartz grains (Fig. 6c, open black arrow). Primary creep 

of Bowland (OC) shale is mainly accomplished by bending 

of weak phyllosilicates around stronger grains, e.g., apatite 

(Fig. 6d, bold black arrow).

In summary, our microstructure observations on 

deformed Posidonia and Bowland shale samples indicate 

that a range of deformation mechanisms operates includ-

ing plastic dislocation activities and brittle microcracking.

5  Discussion

The time-dependent deformation (creep) behavior and 

deformation mechanisms of the investigated Posidonia 

(HAR) and Bowland (OC) shale rocks strongly depend 

on sample mineralogy and experimental conditions such 

as confining pressure, temperature, and stress, as rec-

ognized also for other shales (Sone and Zoback 2013b, 

2014; Rybacki et al. 2017). Here, we discuss the influence 

of these parameters on the creep behavior of Posidonia 

(HAR) and Bowland (OC) shale and compare the results 

to literature data that was obtained on other European 

and North American shale rocks (Sone and Zoback 2014; 

Rybacki et al. 2017).

5.1  Deformation Mechanism

Black shales are usually highly anisotropic and deform by a 

combination of brittle and ductile mechanisms, since they 

consist of many different phases with different strength. 

Therefore, it is difficult to establish a constitutive equation 

that describes the macroscopic mechanical behavior based 

on microphysical deformation mechanisms. Commonly, the 

total axial strain is described by adding the elastic strain 

and the inelastic strain in each of the three different creep 

regimes separately (Gao et al. 2010; Brantut et al. 2012, 

2013, 2014a, b; Dewers et al. 2017). This approach was 

successfully applied on monophase materials (e.g., met-

als, Chindam et al. 2013) and may serve as a first approach 

also to describe the mechanical response of polyphase shale 

rocks, although the semibrittle deformation behavior of 

shales suggests that several mechanisms operate in parallel, 

probably with a dominant process acting in each regime.

Depending on the applied deformation conditions (pc, T, 

σ) and composition of the investigated shale rocks, some 

samples showed only primary creep (group 1), while others 

deformed by primary and subsequently secondary creep and 

reached tertiary creep (group 2) (cf., Figs. 3, 4). It is con-

ceivable that different deformation mechanisms may have 

been active in the samples, such as plastic dislocation activ-

ity and brittle microcracking. By definition, primary creep 

occurs at continuously decreasing axial creep strain rate, 

𝜀̇
creep

 , whereas secondary and tertiary creep are character-

ized by a constant (minimum), 𝜀̇
min

 , and increasing strain 

rate, respectively (e.g., Brantut et al. 2014a, b; Rybacki et al. 

2017). To distinguish samples belonging to group 1 or group 

2, we calculated the strain rate as a function of time for 

every experiment. One example is given in Fig. 7, showing 

the change of strain rate with time for the two Posidonia 

(HAR) and Bowland (OC) samples (HAR43 and BOS16), 

as plotted in Fig. 3b. Obviously, the quartz-rich Bowland 

shale (BOS_OC-Qtz) deformed solely by primary creep 

(group 1), displaying a continuously decreasing strain rate 

over time with progressive hardening. In contrast, the weak 

Posidonia shale (POS_HAR-Cly) exhibits first a decrease of 

strain rate with time, but subsequently an increase after pass-

ing a minimum value, which is characteristic for the three 

phases of primary, secondary, and tertiary creep (group 2). 

For samples of group 2, we determined the minimum strain 

rate (Table 2).

Our microstructural observations of deformed Posido-

nia (HAR) and Bowland (OC) shales suggest that primary 

creep is mainly accommodated by deformation (e.g., bend-

ing) of weak material (Figs. 5f, 6b, d), and partly by local 

pore space reduction (Fig. 6c). We assume that plastic flow 

of organic matter and shearing of clay flakes as well as 

intracrystalline dislocation glide of phyllosilicates contrib-

utes to viscous creep. This may be combined with subcriti-

cal crack growth via chemical reactions (stress corrosion) 

during the secondary creep regime (Rybacki et al. 2017). 

Samples exhibiting tertiary creep show strongly localized 

deformation close to a macroscopic shear fracture. Here, 

deformation is mainly assisted by inter- and intracrystal-

line microcracking as well as crack coalescence.

Empirical models in the form of parabolic, exponential, 

logarithmic, or hyperbolic dependence of strain on time 
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have frequently been used to describe the decelerating 

creep phase (group 1) of rocks, soils, and metals (Gupta 

1975; Findley et al. 1976; Karato 2008; Paterson 2013). If 

the strain depends linearly on stress, e.g., in many cases for 

small stress levels, linear viscoelastic models can be used to 

describe the (primary) creep of a polyphase material (Sone 

and Zoback 2013b, 2014). The basic elements of linear vis-

coelastic models (elastic spring and viscous dashpot, each 

of them representing the endmember phenomenon of elastic 

and viscous properties of a specific mineral) may be com-

bined to describe the constitutive behavior of the rock (Li 

and Ghassemi 2012; Almasoodi et al. 2014). However, this 

requires knowledge of the elastic and viscous properties of 

each phase under the applied deformation (pc, T, σ) con-

ditions that are typically not available. In addition, these 

models cannot capture the volumetric and spatial distribu-

tion of the different phases, or brittle fracturing of some con-

stituents. For stress corrosion, Brantut et al. (2013) recently 

suggested a model using an exponential law to approximate 

crack-damage-related primary creep of rocks.

The secondary creep phase of rocks (group 2) at high 

confining pressure and temperature has been characterized 

by quasi-constant strain rate over time (indicating a bal-

ance between the rates of strain hardening and softening), 

where deformation may be accommodated by dislocation 

and diffusion activity or other ductile processes, which is 

commonly described by flow models based on a power law 

(Evans and Kohlstedt 1995; Dorner et al. 2014; Rybacki 

et al. 2017). Brantut et al. (2012) and Heap et al. (2009) 

established a similar power law creep relation between strain 

rate, stress, and confining pressure in the secondary creep 

regime, where they assume that the dominating deforma-

tion mechanism is subcritical microcrack growth (stress 

corrosion). The crack velocity of this thermally activated 

mechanism depends on several factors such as temperature, 

humidity, and stress intensity factor at the crack tip (Kranz 

1980; Kranz et al. 1982; Atkinson 1987; Ciccotti 2009; Heap 

et al. 2009). Although our samples were dried at 50 °C for at 

least 48 h, fluids (clay-bound water) probably remain within 

unconnected pores (see Sample Material section above), 

potentially leading to time-dependent creep strain and static 

fatigue of the investigated samples due to subcritical crack 

growth by stress corrosion (Brantut et al. 2012, 2014a, b).

Unfortunately, the Paterson deformation apparatus did not 

allow us to measure the load-normal lateral strain, and thus 

the volumetric strain, allowing to detect microcrack activity. 

Instead, we measured the porosity of samples before and 

after deformation. Figure 8 shows the calculated porosity 

reduction, ϕreduction = ϕprior deformation − ϕafter deformation, where 

ϕreduction > 0 represents pore space reduction and ϕreduction < 0 

indicates pore space increase. For primary creep, Fig. 8 sug-

gests that an increase of confining pressure yields poros-

ity reduction and an increasing stress results in a porosity 

increase, likely by microcrack generation. Posidonia (HAR) 

(Fig. 8a, c, e) as well as Bowland (OC) shale (Fig. 8b, d, 

f) specimens belonging to group 2 (post primary creep) 

exhibit the largest porosity increase after sample deforma-

tion, independent of applied confining pressure (Fig. 8a, 

b), temperature (Fig. 8c, d), and stress (Fig. 10e, f). An 

increasing ϕreduction with increasing confining pressure may 

be explained by Goetze’s criterion, which suggests that 

dilatancy and microcrack formation may occur as long as 

σ > pc (Evans and Kohlstedt 1995). These observations sug-

gest that group 2 samples may have accommodated part of 

the deformation by subcritical crack growth due to stress 

corrosion. For porous sandstone deformed at room tempera-

ture, Heap et al. (2009) suggested the onset of dilatancy 

already at stresses of about 80–90% of the triaxial compres-

sive strength leading to secondary and eventually tertiary 

creep. Since the applied stresses in this study are close to 

the short-term triaxial compressive strength obtained under 

similar pc–T conditions (Herrmann et al. 2018), we expect 

at least a partial contribution of this mechanism to creep of 

our samples.

Alternatively, secondary creep can be regarded as a (long-

lasting) transient creep phenomenon at minimum strain rate, 

where the deformation mechanisms, which are responsible 

for primary and tertiary creep balance by recovery or recrys-

tallization over a certain period (Zener and Hollomon 1946). 

Brantut et al. (2013), noted that creep driven by irreversible 

Fig. 7  Strain rate versus time curves of Posidonia (POS_HAR-Cly) 

and Bowland (BOS_OC-Qtz) shale, deformed at 75  MPa confining 

pressure, 90 °C temperature and 206 ± 4 MPa stress (cf., Fig. 3b) in 

double-logarithmic scale. Sample BOS_OC-Qtz deformed by pri-

mary creep, indicated by a continuously decreasing strain rate with 

increasing time. The Posidonia (HAR) shale sample shows in addi-

tion a secondary and tertiary creep phase, for which the strain rate 

reaches minimum value (secondary creep) before it increased with 

time (tertiary creep). Note that the strain rate data are smoothed 

because of numerical noise
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crack growth is not a steady-state process and may be more 

likely an inflexion between the primary and tertiary creep 

phase, which exhibits a specific minimum creep strain rate.

The following discussion will focus on the influence of 

composition and boundary conditions (σ, T, pc) on the pri-

mary creep phase of shale rocks, since most of the deformed 

shale specimens exhibited this creep behavior. An attempt to 

Fig. 8  Reduction in sample porosity of Posido-

nia (HAR) (a, c, e) and Bowland (OC) shale (b, d, f), 

ϕreduction = ϕprior deformation − ϕafter deformation depending on pc (a, b), 

T (c, d) and σ (e, f). ϕreduction > 0 represents pore space reduction, 

whereas ϕreduction < 0 displays increasing porosity due to deformation. 

Primary = samples exhibiting only primary creep behavior, post pri-

mary = samples exhibiting in addition to primary also secondary and 

partly tertiary creep behavior. Deformation conditions are indicated



767Deformation Experiments on Bowland and Posidonia Shale—Part II: Creep Behavior at In Situ pc–…

1 3

quantify the influence of σ, T, and pc on the secondary creep 

phase of the investigated shales is given in the appendix, 

revealing large uncertainties of the calculated parameters.

5.2  Effect of Confining Pressure, Temperature, 
and Stress on Primary Creep of Shale Rocks

To discuss the influence of confining pressure, temperature, 

and stress on the primary creep phase of Posidonia (HAR) 

and Bowland (OC) shales, we use a simple phenomenologi-

cal power law approach:

where εt = total axial strain, εel = elastic axial strain, 

εinel = inelastic axial strain, σ = axial differential stress, 

E = static Young’s modulus, t = experimental time, and ‘a’ 

and ‘b’ are constants.

As suggested by Rybacki et al. (2017), the following 

empirical correlations were used to account for the influence 

of pc, T, and σ on the constants ‘a’ and ‘b’ used in Eq. (1):

yielding

where a0 and b0 are rock constants, na,b = stress exponent, 

Qa,b = activation energy, Va,b = activation volume, R = molar 

gas constant, and Tabs = absolute temperature. This approach 

was adopted from constitutive equations describing high-

temperature creep of rocks, where the stress dependence is 

expressed by the stress exponent, the temperature sensitivity 

by the activation energy, and the confining pressure depend-

ence by the activation volume. Note, however, that these cor-

relations are empirical and do not claim to correctly express 

the underlying microphysical processes assumed here such 

as dislocation glide and bending and shearing of phyllosili-

cates, compaction, or granular flow.

The amount of elastic strain in Eq. (1) may be determined 

by calculating the ratio of applied stress and static Young’s 

modulus. We used Young’s modulus data from constant 

strain rate experiments previously performed on similar 

shale samples at similar pc and T conditions (Herrmann 

et al. 2018). Although the authors measured a confining 

pressure dependence of E, we assume no significant change 

of elastic axial creep strain with varying pc–T conditions in 

(1)�t = �el + �inel =
�

E
+ a ∗ t

b,

(2)a = a0 ∗ �
na ∗ e

−

(

Qa+pc∗Va

R∗Tabs

)

,

(3)b = b0 ∗ �
nb ∗ e

−

(

Qb+pc∗Vb

R∗Tabs

)

,

(4)

�t =
�

E
+

(

a0 ∗ �
na ∗ e

−

(

Qa+pc∗Va

R∗Tabs

))

∗ t

(

b0∗�
nb∗e

−

(

Qb+pc∗Vb
R∗Tabs

)
)

,

our experiments, since the changes in the absolute values 

of E are relatively low in the range of the confining pres-

sures applied in the experiments reported by Herrmann et al. 

(2018).

The inelastic axial creep strain of each experiment was 

calculated by subtracting the elastic strain from the total 

measured axial creep strain. Plotting the inelastic axial creep 

strain versus time and fitting the curve by non-linear regres-

sion yields the constants ‘a’ and ‘b’ for each experiment. 

The parameter ‘a’ varies between 0.0011 and 0.00639 s−b 

and ‘b’ between 0.03839 and 0.26815 (Table 2).

We also determined the parameters ‘a’ and ‘b’ of group 

2 samples by fitting only the primary part of creep curves, 

which results in tremendously higher values compared to 

those obtained for group 1 samples. This indicates a differ-

ence in the relative contribution (from bending of miner-

als and pore closure towards generation and coalescence of 

intra- and inter-granular cracks) of the present deformation 

mechanisms, which act in the primary creep regime of both 

sample groups. Therefore, the approach given in Eq. (1) may 

not fully represent the time-dependent deformation behavior 

of shale rocks under all pc, T, and σ conditions, especially 

with respect to proppant embedment, where high stresses 

due to low contact areas between proppant agent and fracture 

surface are expected. However, since the lifetime of stimu-

lated wells is typically only a couple of years, we assume 

that this approach is still useful to discuss the potential of a 

shale play for the economical extraction of hydrocarbons.

Taking the logarithm of Eqs. (2) and (3) yields the fol-

lowing correlations:

which were used to determine the sensitivity of ‘a’ and ‘b’ 

to a change of pc, T, and σ. The corresponding plots to deter-

mine the parameters n, Q, and V for Posidonia (HAR) and 

Bowland (OC) shales are given in Fig. 9. In each graph, 

two of the three deformation conditions (pc, T, σ) are fixed 

to determine the sensitivity of parameters ‘a’ and ‘b’ to the 

remaining one. Linear regression fits for the parameters 

are shown by dashed lines in Fig. 9 and are summarized in 

Table 3, including the calculated constants a0 and b0. They 

are discussed separately in the following three sections.

The equation suggested here to express the stress, tem-

perature, and confining pressure dependence of primary 

creep of shale rocks is phenomenological. However, one may 

argue that the stress and temperature-sensitive creep param-

eter ‘a’ we obtained suggest that mainly viscous mechanisms 

(5)

log(a) = log(a0) + na ∗ log(�) −
Qa ∗ log(e)

R ∗ Tabs

−
Va ∗ pc ∗ log(e)

R ∗ Tabs

,

(6)

log(b) = log(b0) + nb ∗ log(�) −
Qb ∗ log(e)

R ∗ Tabs

−
Vb ∗ pc ∗ log(e)

R ∗ Tabs

,
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are described by this creep parameter, since these mecha-

nisms are known to be stress and temperature sensitive 

(Ruano et al. 2019; Hobbs and Ord 2015). In contrast, brittle 

processes may be connected to the power law exponent ‘b’, 

since it is strongly influenced by confining pressure (Hobbs 

and Ord 2015).

Fig. 9  Influence of axial differential stress (a, b), temperature (c, d) 

and confining pressure (e, f) on power law creep parameter ‘a’ and 

‘b’ used to describe inelastic strain during primary creep. Dashed 

lines show linear regression fits for stress sensitivity (n) (a, b), activa-

tion energy (Q) (c, d) and activation volume (V) (e, f). Dotted lines 

indicate no correlation. Subscripts a and b belong to power law creep 

parameter ‘a’ and ‘b’, respectively. Deformation conditions and the 

coefficient of determination (r2) are indicated
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5.2.1  Effect of Axial Stress

The effect of stress on the primary creep behavior of Posi-

donia (HAR) and Bowland (OC) shale is expressed by the 

stress sensitivity na and nb of the power law creep param-

eters ‘a’ and ‘b’, respectively. The stress exponent na = 5.4 

of weak Posidonia (POS_HAR) shale is almost three times 

higher than na = 1.9 of quartz-rich (outcrop) Bowland (BOS_

OC) shale (Fig. 9a). Both values are distinctly higher then 

na = 1, which is expected if the rocks would deform in a lin-

ear viscous manner. This non-linear viscous behavior may be 

caused by a range of mechanisms including dislocation glide 

or cracking. As the applied stresses of 160–316 MPa, are 

close to the triaxial compressive strength (Herrmann et al. 

2018), we suggest that the generation of cracks and their 

interaction may also play a role at these conditions.

Comparable results for Posidonia (DOT) shale (na = 1.4), 

deformed at similar confining pressures and temperatures, 

were found by (Rybacki et al. 2017). In addition, Marcellus 

shale deformed at pc = 19 MPa, T = 20 °C and σ < 90 MPa 

exhibited non-Newtonian primary creep (Li and Ghassemi 

2012). In contrast, other North American and Canadian 

shales such as Eagle Ford, Barnett, Haynesville and Fort 

St. John were found to deform in a linear viscous manner 

(Li and Ghassemi 2012; Sone and Zoback 2013a, b, 2014; 

Almasoodi et al. 2014; Rassouli and Zoback 2015). Note 

that in the latter studies, creep experiments were performed 

at low stresses (σ < 90 MPa, mostly < 45 MPa) and confin-

ing pressures (pc < 60 MPa), which are substantially lower 

than the applied stresses and resulting strains in our study. 

In addition, experiments reported in the literature were 

performed at ambient temperature only. Therefore, the 

expected deformation mechanisms are likely different for 

shales deformed at low and high stresses and temperatures, 

respectively. At lower stress conditions, the strain may be 

accommodated mainly by closing of preexisting microcracks 

and pores, whereas at high stress, generation (and subcritical 

growth) of microcracks, grain boundary sliding, and plastic 

deformation of weak mineral phases may have operated as 

well.

As observed by Rybacki et al. (2017) on Posidonia (DOT) 

shale, the stress dependence of the power law exponent ‘b’ 

(Eq. 6), nb, of Posidonia (HAR) as well as Bowland (OC) 

shale appears to be negligible (Fig. 9b).

A stepwise increasing stress irreversibly changes the 

microstructure of the samples within each single step, 

thereby affecting the deformation behavior of the subsequent 

creep steps (Fig. 2). Since most published creep experiments 

on shales were performed stepwise, we assume that the 

experimental protocol also affected the stress sensitivity of 

the investigated rocks (Brantut et al. 2013).

5.2.2  Effect of Temperature

With increasing temperature, we observed an increasing 

primary creep strain (cf. Fig. 4c, d). This may be due to 

weak phases with temperature-sensitive flow strength such 

as clays and organic matter (Mikhail and Guindy 1971). 

Least squares fitting of the temperature sensitivity of the 

creep parameter ‘a’ yields similar apparent activation 

energies of Qa = 14 ± 9 kJ/mol for Posidonia (HAR) shale 

and Qa = 13 ± 2 kJ/mol for Bowland (OC) shale (Fig. 9c). 

Regarding parameter ‘b’, however, shows no clear correla-

tion with temperature (Qb ≡ 0 kJ/mol) for Posidonia (HAR) 

shale deformed at constant stress and confining pressure 

(Fig. 9d), suggesting minor temperature dependence. A 

Table 3  Parameters accounting for influence of confining pressure, temperature and stress on primary and secondary creep of Posidonia (HAR) 

and Bowland (OC) shale

Parameter Posidonia shale (HAR) Bowland shale (OC)

Primary creep Secondary creep Primary creep Secondary creep

na 5.39 ± 4.16 – 1.87 ± 0.75 –

nb ≡ 0 – ≡ 0 –

α – ≡ 0.16 – ≡ 0.57

Qa 14.39 ± 8.49 kJ/mol – 13.12 ± 1.55 kJ/mol –

Qb ≡ 0 – ≡ 0 –

Qc – ≡ 98 kJ/mol – ≡ 140 kJ/mol

Va ≡ 0 – ≡ 0 –

Vb 31.36 ± 6.51 cm3/mol – 11.97 ± 10.96 cm3/mol –

Vc – 76.44 ± 696.35 cm3/mol – 187.13 ± 1466.24 cm3/mol

a0 (2.11 ± 0.71) ×  10−13 

 MPa−5.39  s−b
– (6.63 ± 1.44) ×  10−6  MPa−1.87  s−b –

b0 0.4 ± 0.07 – 0.12 ± 0.02 –

Log(c0) – − 3.81 ± 7.49 log (e−0.16MPa ×  s−1) – − 60.87 ± 14.55 log (e−0.57MPa ×  s−1)
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best fit of the Bowland (OC) shale data (pc, σ = const.) 

gives an apparent negative activation energy of Qb ≈ − 5 kJ/

mol. Since this is counterintuitive, we also fixed Qb (BOS_

OC) ≡ 0 kJ/mol. This seems to be reasonable, since Bow-

land (OC) shale consists of ≈ 70 vol% quartz minerals, the 

strength of which is believed to be hardly sensitive to tem-

perature over the temperatures and dry conditions tested.

The calculated activation energies for primary creep of 

Posidonia (HAR) and Bowland (OC) shales are in rela-

tively good agreement with estimates of Qa ≈ 3 kJ/mol and 

Qb ≈ 5 kJ/mol of other Posidonia (DOT) shales deformed 

in the primary regime (Rybacki et al. 2017). These values 

are lower than activation energies for steady-state creep of 

the weak phases (≈ 50–150 kJ/mol; cf., Rybacki et al. 2017; 

Herrmann et al. 2018) and for stress corrosion of sandstone 

and granite (≈ 30–50 kJ/mol; Brantut et al. 2012). The dif-

ference presumably results from the simultaneous operation 

of deformation mechanisms governing primary and second-

ary creep regime and from the multiphase composition of 

the investigated shales. Our determined apparent activation 

energies represent a bulk temperature sensitivity of primary 

creep of the shale samples.

5.2.3  Effect of Confining Pressure

With increasing confining pressure, we observed reduction 

in total axial strain (rate) for Posidonia (HAR) and Bow-

land (OC) shale deformed in the primary regime (Fig. 4a, 

b), revealing material strengthening with increasing confin-

ing pressure, as expected for semibrittle deformation due to 

compaction of pores, closure of preexisting microcracks and 

enhanced friction between grains with increasing pc. This 

observation is in line with an increasing triaxial compres-

sive strength with increasing confining pressures at constant 

strain rate as observed by (Herrmann et al. 2018) for the 

same types of shale rocks.

To empirically quantify the influence of confining pres-

sure on the primary creep phase of Posidonia (HAR) and 

Bowland (OC) shales, we estimated an apparent activation 

volume, yielding Vb (POS_HAR) = 31 ± 7  cm3/mol and 

Vb (BOS_OC) = 12 ± 11 cm3/mol for the power law creep 

parameter ‘b’ (Fig. 9f). A higher value for Posidonia shale 

than for Bowland shale is likely related to the higher amount 

of weak sample constituents of Posidonia shale (Table 1). 

The power law parameter ‘a’ shows almost no pressure 

sensitivity and was, therefore, fixed to zero [Va (POS_

HAR) = Va (BOS_OC) ≡ 0 cm3/mol] (Fig. 9e), in agreement 

with results observed for Posidonia (DOT) shale (Rybacki 

et al. 2017). In contrast, (Sone and Zoback 2013a, b, 2014) 

found no significant influence of confining pressures on 

the primary creep behavior of Barnett, Eagle Ford, Fort St. 

John and Haynesville shale. The authors observed also linear 

viscoelastic creep for their investigated shales, indicating 

that pressure-sensitive brittle deformation mechanisms 

were likely not the dominant mechanisms accommodating 

creep in their experiments. The low-pressure sensitivity 

may be explained by the relatively low confining pressures 

(pc = 10–60 MPa) and stresses (σ = 3–45 MPa) used by (Sone 

and Zoback 2013a, b, 2014) which minimizes pore collapse 

and microcrack generation.

5.2.4  Effect of Sample Composition and Mechanical 

Properties

To investigate the influence of shale composition on pri-

mary creep on mechanical behavior during reservoir extrac-

tion, we estimated the total primary creep strain after 3 year 

deformation, during which most of the production decline in 

shale gas reservoirs occurs. For comparison with literature 

data on Posidonia (DOT) shale (Rybacki et al. 2017) as well 

as on Barnett, Haynesville and Eagleford shale (Sone and 

Zoback 2014), we used a modified form of Eq. (1) by replac-

ing the power law parameter ‘a’ by a = A * �n
a , yielding

For the determination of εt after 3 year deformation, we 

recalculated the values A and b for deformation conditions 

of pc = 20 MPa, T = 20 °C, and σ = 25 MPa to allow compari-

son with the experiments on N-American shales that were 

performed at low stresses and confining pressures and at 

ambient temperature. Results are given in Table 4 together 

with the approximate composition and porosity. Note that 

Sone and Zoback (2014) and Rybacki et al. (2017) fitted 

measured creep curves of total axial strain, εt. Therefore, no 

elastic strain was added to the strain values determined from 

the literature. For comparison, we additionally calculated the 

elastic, εel, and inelastic strain values, εinel (Table 4), using 

the data provided by Sone and Zoback (2014).

The resulting total strains (in %) are shown in a tertiary 

diagram (Fig. 10a) to visualize the influence of sample min-

eralogy on the time-dependent creep behavior. As shown in 

Fig. 1, sample mineralogy is separated into strong (QFP), 

intermediate strong (Cb), and weak (Clay + TOC + Mica + ϕ) 

components. No correlation between εt and the amount of 

QFP, carbonates, or weak phases is found (Fig. 10a, Table 4). 

There may be a negative correlation between εinel and QFP 

(cf., Table 4), if shale rocks are recovered from different 

formations, although an inverse trend was found for shale 

samples acquired from the same formation. However, it is 

important to recall that the creep mechanisms of the various 

shales are probably different due to the different pc, σ, and 

T conditions applied in the different studies. Separating the 

influence of porosity on creep deformation also shows no 

trend (Table 4).

(7)�
t
=

�

E
+ A ∗ �

n
a ∗ t

b
.
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The correlation between extrapolated total strain after 

3 year deformation and the static Young’s modulus (Her-

rmann et al. 2018; Sone and Zoback 2013a, b, 2014) is 

shown in Fig. 10b. The axial total strain decreases with 

increasing static Young’s moduli (Fig. 10b) and may be 

calculated using the correlation given in the figure (dashed 

line). Note that the correlation found in Fig. 10b is strongly 

influenced by the elastic strain (black line in Fig. 10b). 

Considering only the inelastic strain would yield a less pro-

nounced trend (cf., Table 4). However, since the Young’s 

modulus can be easily measured by wireline logs, this cor-

relation may be especially interesting for practical purposes 

to estimate the long-term creep behavior of shale rocks. Note 

that this correlation is only applicable at depth levels repre-

senting the applied deformation conditions and will change 

at greater depth with high pressure and temperature.

Total strains are also smaller for strong samples with high 

triaxial compressive strength, σTCS (Table 4). This is in line 

with the positive correlation between σTCS and E of shale 

rocks (Herrmann et al. 2018).

In addition to the previously mentioned parameters (com-

position, E, σTCS, and B), the angle between the maximum 

principal stress orientation and bedding orientation will also 

influence the primary creep strain due to the anisotropic 

character of shale rocks (Swan et al. 1989; Villamor Lora 

et al. 2016). If loaded parallel instead of perpendicular to 

bedding, samples would creep at slower rate yielding less 

creep strain after 3 years deformation (cf., Sone and Zoback 

2014). In addition, the degree of anisotropy plays an impor-

tant role in the deformation behavior of shale rocks, since 

bedding perpendicular and bedding parallel loading repre-

sent only endmembers, whereas in nature, an intermediate 

state (of a load-bearing framework of hard mineral phases 

or interconnected weak layers) is more likely, as pointed out 

by (Sone and Zoback 2013b).

The presence of water within samples also affects the 

creep behavior of shales in a way that creep is enhanced for 

samples with higher water content as shown for Haynes-

ville shale by (Sone and Zoback 2014) and Alum shale by 

(Rybacki et al. 2017). This is presumably due to swelling of 

clay minerals or microcrack growth due to stress corrosion 

at higher stresses.

5.2.5  Comparison with Rheological Bodies

In addition to the empirical approach given in Sect. 5.2 to 

characterize the primary creep behavior of shale rocks, we 

also applied a linear viscoelastic model to fit the recorded 

primary creep data of shales, as has been suggested recently 

(Li and Ghassemi 2012; Almasoodi et al. 2014). These mod-

els typically consist of a combination of rheological bodies 

such as springs (elastic) and dashpots (viscous). Note that 

these models ignore effects of changing confining pressure 

and temperature. In addition, the models assume a linear 

correlation between strain and applied stress (n = 1), which 

was found to be different for the investigated shale rocks 

of these study. Irrespective of these limitations, we fitted a 

Zener model in series with a Kelvin–Voigt model, as pro-

posed by (Almasoodi et al. 2014), to our recorded primary 

creep curves using the following equation:

where µ = viscosity and subscripts 1 and 2 represent differ-

ent sample constituents. This model was chosen, since it is 

in good agreement with the approach of separating shale 

(8)�
t
=

�

E
+

�

E1

(

1 − e

−E1∗t

�1

)

+
�

E2

(

1 − e

−E2∗t

�2

)

,

Fig. 10  Calculated primary total strain (in %) after 3 years deformation at 20 MPa confining pressure, 20 °C temperature and 25 MPa stress 

versus composition (a) and static Young’s modulus, E, (b). QFP quartz + feldspar + pyrite, Cb carbonates, TOC total organic carbon, ϕ porosity
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composition into compliant (cly, TOC, ϕ) and stiff (QFP, Cb, 

Mca) components, as suggested by Herrmann et al. (2018) 

for the same shale samples. Mca and Cb are regarded as 

stiff mineral phases here, since they display relatively large 

Young’s moduli (Mavko et al. 2009). Stiff and compliant 

components are represented by subscripts 1 and 2, respec-

tively. Fitting this model to the recorded creep curves, using 

the non-linear Levenberg–Marquardt algorithm yielded 

strongly unstable results for Young’s moduli and viscosities 

both for Posidonia and Bowland shale. Therefore, the usage 

of such models based on springs and dashpots to charac-

terize the time-dependent primary creep behavior of shale 

rocks may only be feasible at low stresses in the Newtonian 

viscous regime. For non-linear viscous creep or if brittle 

mechanisms such as the initiation and coalescence of micro-

cracks contribute to the overall deformation, these models 

may not be appropriate.

5.2.6  Mechanical Equation of State

In addition to the phenomenological approaches given 

in Eqs. (4) and (8), the primary creep behavior of shale 

rocks may be described by a constitutive model based on a 

mechanical equation of state, as has been previously applied 

on metals, Carrara marble, and salt rocks (Zener and Hol-

lomon 1946; Hollomon 1947; Hart 1970, 1976; Stone 1991; 

Covey-Crump 1994, 1998, 2001; Stone and Plookphol 2004; 

Evans 2005). Assuming homogeneous deformation of an 

isotropic material with strain hardening, this approach aims 

to reliably extrapolate results of laboratory experiments to 

geological time scales (Hart 1970; Covey-Crump 1994). 

Although not exactly representing the approach given by the 

authors, we like to introduce an exponential term, since this 

allows data fits at much higher quality. To describe our data, 

we used the following constitutive formulation to describe 

the strain(rate)-dependence of stress:

where the parameter may be described as K = strength 

parameter, εinel = inelastic axial strain, o = strain-hardening 

exponent, 𝜀̇
0
 = inelastic strain rate, and p = strain rate sen-

sitivity. Again, in this equation, we assume an exponential 

dependence on strain, which fits much better to our data 

than the commonly assumed linear dependence (e.g., Karato 

2008; Kassner and Smith 2014, cf., Eq. 10). Further assum-

ing that the parameter p depends solely on stress to avoid 

overparameterization, we determined this parameter by 

plotting ln (σ) over ln ( 𝜀̇
0
 ) at given inelastic strains, εinel, 

of those experiments, where pc and T were held constant 

and only σ was varied. This procedure yields p (POS_

HAR) = 0.027 ± 0.001 and p (BOS_OC) = 0.0395 ± 0.0025, 

respectively. The strength parameter K and strain-hardening 

(9)𝜎 = K ∗ e𝜀
o
inel ∗ 𝜀̇

p

0
,

exponent o of the data at the various employed pressures 

and temperatures were then determined by linear fitting of 

Eq. (9) after taking the natural logarithm, yielding K (POS_

HAR) = 229–258, o (POS_HAR) = 3.84–16.11 and K (BOS_

OC) = 321–394, o (BOS_OC) = 0.10189–0.14028, respec-

tively (Table 5). The parameters ‘K’ and ‘o’ appear to vary 

linearly with confining pressure and temperature (Table 5). 

The corresponding contours are plotted in Fig. 11a, b and 

may be used to account for the influence of pc and T on these 

parameters of Posidonia (HAR) and Bowland (OC) shale at 

a certain depth using appropriate temperature and pressure 

gradients.

The inelastic strain rate as a function of inelastic strain 

calculated from Eq. (9) is compared in Fig. 11c, d with the 

values measured for two experiments (HAR33 and BOS26), 

suggesting relatively good agreement for both Posidonia 

(HAR) and Bowland (OC) shale. These samples were cho-

sen, since they also represent experiments conducted under 

constant stress for the comparison of primary creep and 

constant strain rate behavior, as can be found in Sect. 5.2.7. 

Note that at small inelastic axial strains, corresponding 

Table 5  Strength parameter, K, 

and strain-hardening exponent, 

o, for the primary creep phase 

of Posidonia (HAR) and 

Bowland (OC) shale

Sample K o

HAR08 258 8.13

HAR09 237 3.84

HAR11 230 6.29

HAR12 246 7.16

HAR13 255 8.81

HAR14 241 4.46

HAR15 254 9.05

HAR16 234 7.61

HAR17 237 5.33

HAR18 236 7.26

HAR19 229 4.89

HAR31 240 7.53

HAR32 234 9.98

HAR33 228 13.35

HAR34 232 16.11

HAR35 242 10.51

HAR36 239 10.14

BOS24 369 54.39

BOS25 379 55.31

BOS26 344 62.43

BOS27 394 4.0

BOS28 345 42.27

BOS29 321 49.30

BOS30 343 76.12

BOS31 385 34.89

BOS33 378 62.82

BOS34 361 25.06

BOS35 379 30.75
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to t < 30 min, calculated and measured strain rates do not 

fully coincide, possibly due deformation mechanism that 

are not covered by the used mechanical equation of state, 

such as pore collapse or closure and closing of pre-existing 

microfractures.

5.2.7  Correlation Between Primary Creep and Constant 

Strain Rate Behavior

As suggested by Kassner and Smith (2014), we used a 

slightly modified form of Eq.  (9) to correlate between 

results obtained from constant stress and constant strain 

rate experiments:

The strain rate sensitivity, p, was set p ≡ 0.01 based on 

experiments deformed at varying strain rates in the range 

of 5 ×  10−6 to 5 ×  10−4  s−1 (Herrmann et al. 2018). The 

authors deformed Posidonia (HAR) shale at pc = 100 MPa, 

(10)𝜎 = K ∗ 𝜀
o
inel

∗ 𝜀̇
p

0
.

T = 100 °C and constant strain rate of 𝜀̇
0
 = 5 ×  10−4  s−1 and 

Bowland (OC) shale at pc = 75 MPa, T = 100 °C and 𝜀̇
0
 = 5 

×  10−4  s−1. Non-linear least square fitting of Eq. (9) to 

stress–inelastic axial strain curves recorded during constant 

strain rate deformation results in K (POS_HAR) = 314 ± 1 

MPas, o (POS_HAR) = 0.063 ± 0.001 for Posidonia (HAR) 

shale. For Bowland (OC) shale, we obtained K (BOS_

OC) = 462 ± 2 MPas and o (BOS_OC) = 0.048 ± 0.001. 

For comparison, we selected sample HAR33 of Posido-

nia (HAR) shale, because the applied deformation condi-

tions (pc = 105 MPa, T = 90 °C, σ = 194 MPa) were close 

to the applied deformation conditions of constant strain 

rate test. Here, we obtained K (POS_HAR) = 288 ± 1 

MPas and o (POS_HAR) = 0.0604 ± 0.0001. For Bow-

land shale, sample BOS26 was chosen (pc = 75  MPa, 

T = 100 °C, σ = 314 MPa), for which we calculated the 

parameters K (BOS_OC) = 638 ± 1 MPas and o (BOS_

OC) = 0.1190 ± 0.0002. Comparing the calculated param-

eters determined from constant strain rate and constant 

Fig. 11  Influence of temperature and confining pressure on strength 

parameter, K, (a) and strain-hardening exponent, o (b). Deformation 

conditions are indicated. Crossed symbols represent primary creep 

branch of samples displaying also secondary creep. Comparison of 

calculated strain rate based on a mechanical equation of state with 

recorded strain rate during the deformation of Posidonia (HAR) (c) 

and Bowland (OC) (d) shale
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stress tests yields relatively similar results for Posidonia 

(HAR) shale and to some extend somewhat less compara-

ble parameters of Bowland (OC) shale.

Rearranging Eq. (10) to calculate the inelastic strain 

rate, 𝜀̇
0
 , and using the derived values of ‘K’ and ‘o’ for 

Bowland (OC) shale yields under the assumption of 

εinel = 0.01 and σ = 314 MPa (taken from constant stress 

experiment BOS26) the following rates: 𝜀̇
0
 = 6.7 ×  10−8  s−1 

for K, o determined from constant strain rate experiment, 

and 𝜀̇
0
 = 1.0 ×  10−7  s−1 for K, o determined from con-

stant stress experiment. For Posidonia shale (εinel = 0.01, 

σ = 194 MPa), we obtained 𝜀̇
0
 = 4.9 ×  10−9  s−1 and = 8.4 

×  10−6  s−1, respectively. Surprisingly, the variations are 

small for Bowland shale but rather large for Posidonia 

shale. This may be caused by the slight difference of the 

pc–T deformation conditions for the selected Posidonia 

(HAR) samples deformed under constant strain rate and 

constant stress, or by sample-to-sample variations.

Another approach to compare the constant strain rate 

tests with our constant stress tests may be given by first 

rearranging Eq. (10) and replacing 𝜀̇
0
 by 

��
inel

�t
 that yields

Integrating Eq.  (11) and assuming σ = const. (creep 

experiment) results in the following equation:

The similarity of Eq. (12) and Eq. (1) allows to derive 

the creep parameters, ‘a’ and ‘b’, from constant strain rate 

experiments using the following equations:

Setting σ = 194  MPa (from HAR33 creep experi-

ment) for Posidonia (HAR) shale, we obtained a 

(POS_HAR) = (1.92 ± 0.08) ×  10−3 and b (POS_

HAR) = 0.137 ± 0.002 from the performed constant strain 

rate test using Eqs. (13) and (14). Extrapolated to strain 

achieved after 3 year deformation based on Eq. (1) yields 

a total strain of εt = 0.045 ± 0.002. This value is somewhat 

lower than the total strain of εt = 0.08, extrapolated from 

the corresponding creep experiment.

For Bowland shale (σ = 314 MPa, BOS26), we calculated 

the creep parameters a (BOS_OC) = (1.74 ± 0.07) ×10−3 and 

b (BOS_OC) = 0.172 ± 0.003. Using these values, we obtain 

(11)�

o

p

inel
∗ ��

inel
=

(

�

K

)
1

p

∗ �t.

(12)�
inel

=

(

�

K

)
1

o+p

∗

(

o + p

p

)
p

0+p

∗ t
p

o+p .

(13)a =

(

�

K

)
1

o+p

∗

(

o + p

p

)
p

o+p

,

(14)b =
p

o + p
.

a total axial creep strain of εt = 0.064 ± 0.004 after 3 year 

deformation, which is relatively close to the extrapolated 

total strain of εt = 0.04 based on creep testing. The differ-

ences between extrapolated total axial strains from constant 

strain rate and constant stress tests may arise from slightly 

different deformation conditions or sample-to-sample vari-

ations. In addition, the approach is based on a mechanical 

equation of state, which assumes that the stress required for 

inelastic deformation depends only on the instantaneous val-

ues of strain, strain rate, temperature, and confining pressure 

and not on the loading history, which is in contrast to our 

observations (Fig. 2). However, the obtained results suggest 

that quantitative estimates of the (long-term) creep strain of 

shale rocks from short-term constant strain rate experiments 

may be feasible, but only as a first order approximation.

6  Conclusions

Constant stress experiments performed on Posidonia (HAR) 

and Bowland (OC) shale reveal time-dependent creep behav-

ior characteristic of semibrittle deformation, influenced by 

confining pressure, temperature, and applied stress. At high 

stress and temperature, and at low confinement samples dis-

played primary creep also secondary and tertiary creep prior 

to sample failure. Primary creep strain is mainly accommo-

dated by the deformation of weak sample constituents (clays, 

TOC, and mica) and local pore space reduction. At the onset 

of tertiary creep, samples displayed localized deformation 

by formation of a single macrocrack, which is composed of 

coalesced subparallel microcracks for Bowland (OC) shale. 

Even in these high stress samples, the dislocation activity in 

quartz and carbonates is low.

The effect of deformation conditions on the creep behav-

ior is more pronounced for weak Posidonia (HAR) shale 

than for strong Bowland (OC) shale. Empirical power law 

correlations are applicable to account for the influence of 

stress, confining pressure and temperature on the primary 

creep phase of shale rocks.

The influence of sample composition on the creep behav-

ior is in the same order of magnitude as the effect of applied 

deformation conditions. A negative correlation between pri-

mary creep strain and sample strength and static Young’s 

modulus is evident. These results are useful to assess the 

potential of a reservoir for economical and extended extrac-

tion of hydrocarbons, since the Young’s modulus can be 

easily and quickly estimated from wireline logs.

A correlation between the primary creep and constant 

strain rate behavior of shale rocks was found to some extent 

if calculations are based on a mechanical equation of state. 

This may be useful to estimate the long-term creep behavior 

of shale rocks from their short-term properties.
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With respect to proppant embedment, our results suggest 

a lower fracture closure rate of strong Upper Bowland (OC) 

shales compared to weak Posidonia (HAR) shale
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Appendix

Influence of Stress, Temperature, and Confining 
Pressure on Secondary Creep

Based on the assumption that dislocation glide in clay min-

erals is the main deformation mechanism (Ibanez and Kro-

nenberg 1993), the minimum axial creep strain rate, 𝜀̇min, of 

samples, which displayed secondary creep may be described 

by an exponential law in the form of

where c0 and α are constants. Taking the logarithm of 

Eq. (15) yields

We used values of α = 0.16, Qc = 98 ± 108 kJ/mol and 

α = 0.57, Qc = 140 ± 120 kJ/mol for Posidonia (HAR) and 

Bowland (OC) shale, respectively, which was previously 

determined from constant strain rate test (Herrmann et al. 

2018), since linear regression of data using Eq. (16) yields 

negative α and Vc values, which is opposite to our experi-

mental findings, probably due to a relatively small data 

base and large scatter. Using these values for multilinear 

regression yields log (c0) = − 3.81 ± 7.49 e−0.16MPa  s−1, 

Vc = 76 ± 696 cm3/mol for Posidonia (HAR) shale and log 

(c0) = − 60.87 ± 14.55 e−0.57MPa  s−1, Vc = 187 ± 1466 cm3/mol 

for Bowland (OC) shale (Table 3). These activation volumes 

are considerably higher than those determined for primary 

creep. The large uncertainties suggest that the characteri-

zation of secondary creep behavior of shale rocks based 

(15)𝜀̇min = c0 ∗ e𝛼∗𝜎 ∗ e
−

(

Qc+pc∗Vc

R∗Tabs

)

,

(16)

log
(

𝜀̇min

)

= log(c0) + 𝛼 ∗ 𝜎 ∗ log(e)

−
Qc ∗ log(e)

R ∗ Tabs

−
pc ∗ Vc ∗ log(e)

R ∗ Tabs

.

on dislocation glide in clay minerals, as main deformation 

mechanism may not cover all present mechanisms during 

deformation, which is also in line with our observations 

that microcracking contribute to deformation in the second-

ary creep phase (Fig. 8). Applying a power law approach 

as suggested by (Rybacki et al. 2017) also yielded nega-

tive Qc and Vc values, which do not reflect the experimental 

observations.

Correlation Between Constant Stress and Constant 
Strain Rate

Under the assumption of brittle creep induced by subcritical 

crack growth due to stress corrosion, (Brantut et al. 2014a, 

b) suggested an empirical correlation between creep and 

constant strain rate deformation of sandstone based on a 

stress deficit, ∆Q, measured over a certain inelastic strain 

range (Fig. 12a). The authors performed constant strain rate 

as well as constant stress (creep) experiments at effective 

confining pressures of pceff = pc—pore pressure = 10–40 MPa 

and ambient temperature on three types of sandstones to 

investigate the relation between evolving creep strain rate, 

𝜀̇
creep

 , and applied stress (in constant stress tests) and meas-

ured evolving stress and applied constant strain rate, 𝜀̇
0
 (in 

constant strain rate tests). Following (Brantut et al. 2014a, 

b), we plotted stress–inelastic axial strain curves recorded 

during the deformation of two Posidonia (HAR) shale 

samples, where one experiment was performed at constant 

strain rate (HAR sample taken from Table 4 from (Herrmann 

et al. 2018) and one at constant stress (sample HAR_43, 

this study) (Fig. 12a). Both experiments were conducted at 

75 MPa confining pressure, but at slightly different tempera-

tures (const. σ: T = 90 °C, const. 𝜀̇ : T = 100 °C). Since during 

the ‘constant stress test’ only the applied load is constant, 

the real stress is slightly decreasing with increasing axial 

strain because of increasing sample diameter and assum-

ing constant volume deformation. However, in the second-

ary creep regime, the applied stress was nearly constant 

(σ = 202 ± 2 MPa) up to an inelastic axial strain of ≈ 0.032, 

followed by an abrupt decrease due to an enhanced creep 

strain rate close to sample failure. For the HAR sample, 

deformed at constant strain rate of 𝜀̇
0
 = 5 ×  10−4  s−1, the 

axial stress increases up to a peak value of ≈ 213 MPa at 

an inelastic axial strain of ≈ 0.023, after which it gradually 

decreased (Fig. 12a).

In their experiments on sandstones, (Brantut et  al. 

2014a, b) observed that the two curves of samples 

deformed at constant strain rate and constant stress inter-

sect twice, where after the second intersection, the sam-

ple deformed at constant stress started to show acceler-

ated creep strain rate (onset of tertiary creep phase). The 

area between the first and second intersection of stress 

curves recorded during deformation at constant stress and 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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constant strain rate represents the range, which was used 

by the authors (Fig. 5 in Brantut et al. 2014a, b) to cal-

culate the stress deficit, ∆Q = σcreep test − σconst. strain rate test, 

for every single inelastic strain value. In our tests, the 

stress–inelastic axial strain curves did not intersect each 

other twice, since the sample deformed at constant stress 

failed earlier (Fig. 12a). This may be due to the slightly 

different temperatures, since axial strain increases with 

increasing temperature (cf., Fig 4c, d). Therefore, for the 

calculation of ∆Q, we used the area between the strain 

at the first intersection of recorded curves and the strain, 

where tertiary creep started (dashed grey area in Fig. 12a).

Brantut et al. (2014a, b) proposed the following correla-

tion between creep strain rate, 𝜀̇
creep

 , at any given value of 

inelastic strain during constant stress deformation and ∆Q:

where 𝜀̇
0
 = applied constant strain rate during constant strain 

rate test and σ* = characteristic activation stress, which is 

a combination of parameters describing subcritical crack 

growth (Brantut et al. 2014a, b).

Figure 12b shows the natural logarithm of the creep 

strain rate normalized by the applied constant strain rate 

as a function of ∆Q. In line with observations made by 

(Brantut et al. 2014a, b), the resulting curve has different 

slopes for the decreasing 𝜀̇
creep

 (↓) and the increasing 𝜀̇
creep

 

(↑) with a minimum ∆Q at minimum 𝜀̇
creep

 . Fitting Eq. (17) 

to Posidonia (HAR) shale, data yielded σ* = 6.4 ± 2.7 MPa 

(Fig. 12b), which is larger than what was found for differ-

ent sandstones (σ* = 1–2.7 MPa) by (Brantut et al. 2014a, 

(17)
𝜀̇creep

𝜀̇0

≈ e
ΔQ

𝜎∗ ,

b). The contrasting results may originate from the differ-

ent deformation conditions in our experiments and those 

performed by (Brantut et al. 2014a, b) and the different 

rock types. In addition, during the deformation of Posi-

donia (HAR) shale, other deformation mechanisms may 

be active, but are not considered in the formalism above.

Interestingly, this approach was not applicable on 

Bowland (OC) shale, although it contains ≈ 70 vol% QFP 

and, therefore, should be better comparable to sandstones 

than Posidonia (HAR) shale. The applied constant stress, 

which is necessary to reach the secondary creep phase, is 

slightly larger than the recorded stress during performed 

constant strain rate test. This may be due to the relatively 

high applied constant strain rate, at which the shale sam-

ple cannot accommodate deformation over a certain time 

period, leading to lower strength due to increased pore 

pressures as a result of pore collapse, as all experiments 

have been performed at undrained conditions. This may be 

more pronounced for porous Bowland (OC) than for low 

porous Posidonia (HAR) shale (cf., Table 1). Therefore, 

no ∆Q could be calculated.

However, the obtained results may be useful to sub-

sequently assess specific rock properties of some shales, 

such as the stress intensity factor, time to failure as well 

as creep strain rates by only performing one constant 

stress and one constant strain rate test at the same pc–T 

conditions.

Fig. 12  a Stress–inelastic axial strain curve of two Posidonia (HAR) 

samples deformed at either constant strain rate, 𝜀̇
0
 , or (quasi) con-

stant stress, σ, recorded at slightly different temperatures. Due to the 

assumption of constant volume deformation (yielding an increasing 

sample diameter with increasing strain), σ of constant stress test is 

slightly decreasing, since a constant load was applied. Grey dashed 

area was used to calculate stress deficit, ∆Q. b ln of normalized creep 

strain rate versus stress deficit of the two Posidonia (HAR) samples 

shown in a. σ* = activation stress. Deformation conditions are indi-

cated
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