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1. Introduction 
 

The overall task of WP3 is to provide careful experimental characterization of shale rock 

samples extracted from formations throughout Europe. The objectives of WP3 include the 

characterization of the pore network including fluids and the determination of the long – 

term behavior of conductive fractures in shale rocks by  

 measuring the mechanical properties and creep strength. Accompanying 

advanced in – situ experiments at synchrotron and neutron facilities aims to 

understand the propagation of hydraulically induced fractures. 

 

This specific report details the work performed to fulfil deliverable D3.4: “Experimental 

characterization regarding fracture permeability and healing properties, elastic mechanical 

data and creep behaviour under high pressure”. 

 

1.1 General context  

 
The productivity of a well drilled in unconventional hydrocarbon formations like shale gas 

plays often declines strongly after few years operation time. The reduction is likely caused 

by chemical and stress – induced fracture healing of natural and artificially generated cracks, 

in particular due to proppant embedment into the adjacent host rock. Here, we focus on 

mechanical effects on fracture healing that depend on physical boundary conditions 

(differential stress (𝜎), pressure (p), temperature (T)) and on mineral composition of a 

specific shale. Deliverable D3.4 reports the results of deformations experiments, which were 

performed to investigate the influence of these parameters on the mechanical behavior of 

shale rocks. The results form the basis for subsequent fracture permeability measurements. 

1.2 Deliverable objectives 

 
We provide mechanical properties of Bowland shales, which is one of the promising target 

formations in UK, together with some European and American black shales for comparison.  

 



Deliverable D3.4 
 

PU Page 6 of 15 Version 1.1 

 

Measured properties include: density, connected porosity, elastic moduli, short-term 

compressive strength and long-term creep behavior. The data allow to better understand 

the behavior of fractures and fluids within shale rocks, which is important for the 

assessment of economic exploitation and environmental footprint of shale gas plays. These 

results will also underpin activities in several of the other workpackages. 

 

2. Methodological approach 
 
Shale samples from various European (Bowland, Posidonia, Alum) and American (Marcellus, 

Haynesville) formations were examined, but in this report, we focus on European shales. 

They reveal connected porosities between 1 and 15% (Tab. 1), measured by He-pycnometry. 

Particularly Posidonia and Alum shale contain abundant weak phases (organic matter, 

clays), determined by X-ray diffraction. Because a limited amount of Bowland samples from 

boreholes (PH1 and MHM) were available, additional samples from an outcrop (OC) were 

collected. The latter contain slightly more weak phases and more pores than core samples. 

To investigate the mechanical behavior of these shale rocks, we performed short-term 

constant strain rate experiments (Fig. 1 a), lasting only few minutes, and long-term constant 

stress (creep) experiments (Fig. 1b) with a duration of up to several days. The tests were 

done on cylindrical specimens (20 x 10 mm) prepared perpendicular to bedding with as – is 

water content using a Paterson type gas Apparatus (Paterson, 1970). Constant strain rate 

experiments were performed at p = 50 MPa, T = 100 °C and 𝜀̇ = 5 * 10-4 s-1 to simulate P-T 

conditions at depth. From the resulting stress – strain curves (Fig. 2) we determined the 

triaxial compressive strength (TCS, represented by peak strength) and the Young’s modulus 

E (here defined by the secant between origin and the stress – strain value at 50 % peak 

strength). Constant stress tests were conducted at p = 30 – 115 MPa, T = 75 – 150 °C and 𝜎 = 

160 – 450 MPa. Scanning electron microscopy (SEM, Zeiss Ultra Plus) was used to analyze 

the microstructure of intact and deformed samples. 
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Table 1: Petrophysical and mechanical data of investigated samples. 

formation 
𝝓 

[vol%] 

TOC 

[vol%] 

Cly 

[vol%] 

Mca 

[vol%] 

Cb 

[vol%] 

Qtz 

[vol%] 

Py 

[vol%] 

Fsp 

[vol%] 

TCS 

[MPa] 

E 

[GPa] 

B 

[/] 

HAD 10 12 32 0 46 8 2 0 174 11 0,18 

PosidoniaHAR 3 11 32 0 40 15 2 0 165 14 0,25 

DOT 11 17 20 0 47 14 2 0 173 9 0,20 

Upper 

Bowland 

(PH1) 

3 2 0 3 70 22 1 2 429 63 0,50 

3 3 3 6 18 66 2 2 482 52 0,66 

1 3 0 2 62 31 1 1 408 54 0,52 

2 2 0 4 61 31 1 1 352 55 0,53 

3 2 0 3 56 37 1 1 492 54 0,54 

2 4 0 7 7 78 1 3 355 36 0,66 

2 1 0 3 23 68 1 4 556 56 0,69 

Upper 

Bowland (OC) 
8 5 4 9 8 71 2 1 284 16 0,51 

Upper 

Bowland 

(MHM) 

15 16 0 11 29 42 1 1 144 8 0,35 

7 0 3 0 65 32 0 0 411 96 0,6 

12 5 2 0 8 85 0 0 356 37 0,63 

Lower 

Bowland 

(PH1) 

2 2 0 2 59 36 1 0 547 61 0,56 

1 6 3 0 61 30 0 0 430 46 0,48 

3 3 4 6 27 58 1 1 375 44 0,6 

Alum 12 16 55 0 0 26 3 0 159 24 0,32 

Marcellus 2 / / / / / / / 345 68 / 

Haynesville 11 / / / / / / / 188 7 / 
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Figure 1: Schematic drawing of experimental setup for constant strain rate (a) and constant stress (b) 
experiments. v = axial displacement velocity, F = axial force. 

 

3. Summary of activities and research findings 

 
In total, more than 110 deformation experiments were performed to investigate the 

mechanical properties of shale rocks. These comprises 46 constant strain rate as well as 69 

constant stress tests. 

 
Constant strain rate tests 

In general, constant strain rate experiments were stopped after failure of brittle samples or 

at 20% strain for more ductile shales. Maximum bulk strain varied between ≈ 1,5 and – ≈ 20 

%, depending on applied p, T, 𝜎 – conditions and on mineral composition (Fig. 2). Posidonia 

and Alum shales deformed semibrittle with pronounced inelastic deformation and low peak 

strength (160 – 175 MPa). In contrast, Bowland and Marcellus shales are much stronger 

(350 – 550 MPa) and show brittle behavior with predominantly elastic deformation before 

failure. The influence of shale composition on TCS and E is shown in Fig. 3 in terms of 

ternary diagrams separated by the volumetric fraction of mechanically weak phases (clay + 

mica + TOC + pores), intermediate strong minerals (carbonates) and strong constituents 

(quartz + feldspar + pyrite). TCS and E are barely dependent on the relative carbonate/QFP 

content, but clearly decrease for a high amount of weak phases (Figs. 3a, b). For Bowland 

shale, the Upper Bowland outcrop sample is distinctly weaker than the core – derived 

samples, associated with the relatively high fraction of weak phases (cf. Tab.1, Figs. 2, 3). 
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Figure 2: Representative stress – strain curves of black shales obtained at 50 MPa pressure, 100 °C 
temperature and 5 * 10-4 s-1 strain rate. Posidonia and Alum shale are relatively ductile, whereas Bowland and 
Marcellus shale deform brittle. 

 
For shale rocks, increasing compressive strength is associated with increasing static Young’s 

modulus (Tab. 1, Figs. 3 a, b). In addition to TCS and E, we calculated the brittleness (B) of 

investigated samples that correlates at low P-T conditions with composition and Young’s 

modulus (Rybacki, Meier, & Dresen, 2016).Low B (>0) values indicate ductile and high values 

(<1) brittle behavior. In agreement with the shape of stress strain curves Bowland shales 

reveal distinctly higher brittleness than Posidonia and Alum shale (Fig. 3c).  
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Figure 3: Ternary diagrams showing composition of investigated shales with superimposed values for a) triaxial 
compressive strength [MPa], b) static Young’s modulus [GPa] and c) brittleness. Sample composition is 
separated in strong (QFP), intermediate (Cb) and weak (Cly+TOC+Poro) fractions with respect to mechanical 
properties. 

 
Constant stress tests 

Due to the lack of sufficient shale material of required size, constant stress experiments 

were focused on Posidonia (Harderode) and Upper Bowland (OC) shale. Depending on 

applied stress and P-T conditions samples deformed under constant stress displayed either 

only primary (transient) creep or subsequently secondary and tertiary creep, eventually 

resulting in final failure of the specimen (Fig. 4). Total bulk strain ranges between 2,5 and 

5,5 %. 
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Figure 4: Representative creep curves of a) Posidonia (HAR) and b) Bowland (OC) shale demonstrating the 
influence of applied differential stress σ, confining pressure p and temperature T on deformation behavior. At 
high differential stresses specimen show in addition to primary (decelerating) creep also secondary (constant) 
and tertiary (accelerating) creep. Creep rate increases with increasing temperature, but reduces at increasing 
pressure. In comparison, Bowland shale is less sensitive to changes in pressure and temperature than 
Posidonia shale and shows mainly primary creep. Note that stresses applied to strong Bowland shale are about 
one third higher than for weak Posidonia shale. 

 
Fig. 4 shows some typical curves of deformed Posidonia and Bowland shales, indicating the 

influence of pressure, temperature and stress – conditions on creep properties. Creep rates 

increase with increasing differential stress at constant pressure and temperature, inducing 

secondary (constant) creep and finally tertiary (accelerating) creep before failure if the 

stress is close to TCS. At otherwise fixed conditions, increasing temperature results in an 

increasing strain rate, whereas strain rate decreases with increasing confining pressure. In 

comparison, Bowland shale shows less pressure and temperature sensitivity than Posidonia 

shale. Note, that the applied differential stress that is necessary to deform Bowland shale at 

comparable rates to Posidonia shale is approximately 50% times higher than for Posidonia 

shale. The influence of mineral composition on the creep behavior of the two shales at 

similar p, T, 𝜎 – conditions is shown in Fig. 5. The strong, quartz – rich Bowland shale with 

high brittleness is creeping much slower than the weak, clay – rich Posidonia shale of low 

brittleness. The former shows only primary creep, whereas the latter also deformed in the 

secondary and tertiary regime. 
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Figure 5: Creep curves of investigated Bowland (OC) and Posidonia (HAR) shale at constant p, T, σ – conditions. 
Strong, quartz – rich Bowland shale reveals only primary creep with mainly elastic deformation whereas weak, 
clay – rich Posidonia shale displays subsequent to primary also secondary and tertiary creep with pronounced 
inelastic deformation. 

 
High resolution SEM-images of primary deformed Posidonia sample (Fig. 6 a) display almost 

no visible deformation features compared to intact material. Indentation of strong material 

into weaker phases (e.g., quartz into clay) or bending of phyllosilicates is hardly present. The 

same observation was made for Bowland shale. Bowland shale deformed in the secondary 

and tertiary regime (Fig. 6 b) often shows single shear cracks inclined at 37  2 ° with 

respect to sample axis, corresponding to a friction coefficient of 0,75  0,05. The fracture 

usually formed along boundaries of strong grains. In contrast, Posidonia shale deformed at 

high stresses including tertiary creep formed a wide damage zone filled with crushed 

material (Fig. 6 c). Interestingly, the inclination of the fractures with respect to sample axis 

was also 37  2 °. Additional inter – and intragranular microcracks developed nearby the 

main fracture (Figs. 6 b, c). 
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Figure 6: BSE images of Posidonia (a, c) and Bowland (b) shale samples deformed in the primary regime (a) and 
tertiary regime (b, c). Loading direction is indicated by white arrows. Samples mainly consists of quartz (Qtz), 
carbonates (Cb), clays (Cly), pyrite (Py) and organic matter (Om). Porosity of Posidonia and Bowland shale is ≈ 3 
% and ≈ 8%, respectively. The Posidonia sample showing only primary creep at low stress reveals almost no 
visible indications of deformation (a). Highly stressed Bowland shale deformed close to failure formed a 
relatively sharp single shear fracture (b) propagating along grain boundaries of strong minerals (solid black 
arrow), occasionally transecting soft components (open black arrow). In contrast, the highly stressed Posidonia 
shale (c) displays a broad damage zone containing crushed material, e.g., stretched pyrite framboids (black 
arrow). In addition, both shales formed adjacent to the main fracture intergranular (bold yellow arrow) and 
intragranular (light yellow arrow) microcracks. 
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We fitted our data for primary creep to a power law relationship between strain and time to 

allow extrapolation of laboratory time scales to about 3 years duration, typical for the 

production time span in shale gas plays. Assuming primary creep is the predominant creep 

mechanism under reservoir conditions, the extrapolated creep strain is≈ 35 % lower for 

Bowland shale than for Posidonia shale, suggesting a relatively low fracture healing rate. 

 

4. Conclusions and future steps 
 
The deformation experiments reveal that Bowland shales, which are poor in weak phases, 

deform relatively brittle; showing high strength, Young’s modulus and brittleness index. At 

constant stress, they display mainly primary creep. In comparison, other European shales 

are weaker and more ductile. The results suggest a low fracture healing rate of Bowland 

shale and therefore a good potential for hydraulic fracturing operations. In future 

investigations, we will measure permeability of fractured samples containing proppants 

under deviatoric stress conditions to better estimate the production decline of a fractured 

well drilled in this formation. The experiments will be performed at elevated pressures and 

temperatures using various fluids, including green fracture fluids developed within 

ShaleXenvironmenT project. 

 

5. Publications resulting from the work described 
 
Publications are under preparation. 
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