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Abstract
Carbonate reservoirs accommodate a significant proportion of global hydrocarbon reserves. However they are often tight and 
permeability is therefore usually dependent on either flow through existing fractures or through those produced by hydraulic 
stimulation. Hence, understanding how fracture networks develop in carbonate reservoir rocks is key to efficient and effec-
tive production. However, despite their prevalence as reservoir rocks, there is a paucity of data on key fracture properties 
of carbonate rocks, particularly in more than one orientation. Here, therefore we report measurements of both the tensile 
strength and fracture toughness of Nash Point limestone in the three principal fracture orientations to determine what effect 
any mechanical anisotropy might have on fracture propagation. We find Nash Point limestone to be essentially isotropic in 
terms of both its microstructure and its fracture properties. When comparing the fracture toughness of Nash Point limestone 
with that of others limestones, we find that fracture toughness decreases with increasing porosity, although this dependency 
is not as strong as found in other porous rocks. Finally, as many so-called carbonate reservoirs actually comprise layered 
sequences, we extend our analysis to consider the layered sequence of limestones and shales at Nash Point. We find that the 
fracture toughness of Nash Point limestone is higher than Nash Point shale but that the fracture energy is lower. We therefore 
discuss how the implications of fracturing through multi-layered sequences could be explored in future work.

Keywords Fracture mechanics · Limestone · Mechanical stratigraphy

1 Introduction

A significant proportion of global hydrocarbon reserves are 
hosted within carbonate reservoirs, including limestones 
(Lamarche et al. 2012; Burberry and Peppers 2017; Li et al. 
2018). Limestones are usually considered brittle and are 
therefore likely to have higher Young’s moduli than other 
sedimentary rocks in a basin (Afşar et al. 2014). As such, 
limestones can often become fractured following deposition 
and burial, thereby enhancing their porosity and permeabil-
ity (Dashti et al. 2018; Li et al. 2018). By contrast, where 
limestones are not naturally fractured and the matrix perme-
ability is low, hydraulic stimulation or hydraulic fracturing 
is commonly required to enhance permeability and increase 

fluid flow. Examples of limestone reservoirs which are con-
sidered tight include the Taq Taq, Kirkuk, Jambur, Khabaz 
and Bai Hassan oil fields in the Zagros fold belt (Rashid 
et al. 2017) and the Dariyan formation in the central Persian 
Gulf (Hosseini et al. 2018). In both situations, it is impor-
tant to know the fracture properties of the limestone, firstly 
to determine fracture spacing, aperture and tortuosity, and 
thus accurately estimate reservoir porosity and permeability, 
and secondly to understand how and when fractures will 
propagate during anthropogenic stimulation.

Despite its prevalence as a reservoir rock, relatively few 
studies have been conducted on the tensile fracture proper-
ties of limestones, especially where both tensile strength and 
fracture toughness have been measured in more than one 
orientation to address the issue of anisotropy. In Table 1, 
we summarise the available data on tensile strength and 
mode-I fracture toughness (KIc) of different limestones. 
The data clearly show that limestone mechanical proper-
ties vary over a wide range, with tensile strengths varying 
from 2.3 to 15 MPa, and values of KIc varying from 0.24 to 
2.06 MPa  m1/2. For many of the studies listed in Table 1, 
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information on testing orientation and other rock proper-
ties is unfortunately missing, but any additional information 
available on the methods and materials is provided in the 
Supporting Information.

Given the importance of limestone fracture properties, 
and their variation with orientation to bedding, we report 
results from a systematic study where we measured both the 
tensile strength and mode-I fracture toughness (KIc) of Nash 
Point limestone in all three principal fracture orientations 
(Short-transverse, Arrester and Divider (Chong et al. 1987), 
which are defined in the methodology and described in the 
Supplementary Information).

2  Sample Material and Characterisation

2.1  Mineralogy and Microstructure

Nash Point limestone is the limestone member of the 
Porthkerry Formation, which comprises a repeating 
sequence of limestone and shale strata outcropping at Nash 

Point on the northern shore of the Bristol Channel in south 
Wales, UK (Fig. 1).

Thin section analysis demonstrates that Nash Point 
limestone is poorly sorted, with grains that are angular to 
sub-angular but with no significant alignment (Fig. 2). The 
majority of the grains are shell fragments, such as bivalve, 
gastropod, echinoderm and sponge spicules. The nature of 
the grain angularity and the proportion of shell fragments 
present suggest that the environment of deposition was low 
energy and likely shallow marine. The shell fragments range 
in size up to 3 mm. XRD analysis shows that Nash Point 
limestone is comprised predominately of calcite (> 90%), 
with lesser amounts of quartz (5–7%), clays and other trace 
minerals (< 3%).

The Nash Point limestone used in this study had a bulk 
density of 2671 kg  m−3 and a porosity of ~ 1%, measured 
using Helium pycnometry (Heap et  al. 2009; Chandler 
et al. 2016; Chalmers and Bustin 2017), very similar to the 
porosity of 0.82 to 1.52% reported by Afşar et al. (2014) 
for limestone from three locations around the Bristol Chan-
nel. The bulk density is very close to that of pure calcite 

Table 1  Fracture properties of a variety of limestones

Abbreviations for the different methods are: SCN-3 straight cut notched sample in three point bending, SCN-4 straight cut notched sample in four 
point bending, SR short-rod, DT double torsion, CCCD centre cracked circular disk, SCB semi-circular bend, CCNBD cracked chevron notched 
Brazilian disk, CB chevron bend

Rocktype Orientation Tensile strength (MPa) KIc [method] (MPa  m1/2) Porosity References

Indiana limestone Short-transverse – 0.71 [SCN-3] 10–15% Schmidt (1976)
Indiana limestone Arrester/Divider 5.38 0.85–0.89 [SCN-3] 10–15% Schmidt (1976)
Irondequoit limestone Normal to bedding 11.9 1.36 [SR] 3 Gunsallus and Kulhawy (1984)
Reynales limestones Normal to bedding 15 2.06 [SR] 0.7 Gunsallus and Kulhawy (1984)
Solnhofen limestone Normal to bedding – 1.01 [DT] – Atkinson (1984)
Solnhofen limestone Parallel to bedding – 0.87 [DT] – Atkinson (1984)
Pierre de Lens ? – 0.62 [CCCD]

0.64 [SCB]
0.68 [CCNBD]

13% Helmer et al. (2014)

Guiting limestone ? – 0.24 [CCCD]
0.35 [SCB]

Porous Aliha et al. (2012)

Limestone (Saudi Arabia) ? 2.31 0.35—0.42 [CCCD]
0.61 [CCNBD]

5.4% Khan and Al-Shayea (2000)

Oolitic limestone (SE Spain) ? 7.8 ± 1.1 0.72 [SCN-4] – Cicero et al. (2014)
Treuchtlinger Marmor ? 8.2 ± 2.2  ~ 1.3 [CB] – Stoeckhert et al. (2016)
Jurassic limestone ? – 1.04 [SCN-3] – Dibb et al. (1983)
Carboniferous limestone ? – 1.25 [SCN-3] – Dibb et al. (1983)
White limestone ? – 1.65 [CB] – Guo et al. (1993)
Grey limestone ? – 1.42 [CB] – Guo et al. (1993)
Welsh limestone ? 8.49 ± 0.86 0.85 [SCB] – Nath Singh and Sun (1990)
Balmholtz limestone ? – 1.77 [CB] – Bergkvist and Fornerod (1979)
Hällekis limestone ? – 1.25 [SCN-4] – Lundborg and Almgren (1972)
Shelly limestone ? – 1.44 [SR] – Meredith (1989)
Klinthagen limestone ? – 1.31 [CB] – Ouchterlony and Sun (1983)
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(2710 kg  m−3), which is not surprising given the XRD analy-
sis and the very low porosity.

2.2  Elastic Anisotropy and Moduli

We characterised the anisotropy of Nash point limestone 
by measuring the P-wave and S-wave velocities of 38 mm 
cylindrical samples under dry, ambient pressure and ambi-
ent temperature conditions. Velocities were measured 
both parallel and normal to bedding on multiple samples. 

The mean P-wave velocity parallel to bedding (Vp0) was 
5.88 ± 0.03 km  s−1, and that normal to bedding (Vp90) was 
5.79 ± 0.02 km  s−1, giving a P-wave velocity anisotropy 
of < 2%.

For comparison, the S-wave velocity parallel to bed-
ding (VsH0) was 3.50 ± 0.03 km  s−1 and that normal to 
bedding (VsH90) was 3.48 ± 0.02 km  s−1, giving an S-wave 
velocity anisotropy of < 1%. Given that these differences 
in velocity are within the picking accuracy of first arrivals 
for both P and S waves (Vinciguerra et al. 2005), Nash 

Fig. 1  Left - Map of Wales showing the location of Nash Point on the 
north coast of the Bristol Channel. Right - Cliff section at Nash Point 
showing the inter-bedded sequence of limestone and shaly mudstone. 

Cliff height in the background is approximately 30 m. Modified after 
Forbes Inskip et al. (2018)

Fig. 2  Thin section of Nash 
Point limestone with 1 mm bars 
for scale. This is a vertical sec-
tion through a horizontal bed
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Point limestone can be considered essentially elastically 
isotropic. Using these values and standard relation-
ships (Wang 2002; Mavko et al. 2009), we calculate the 
dynamic Young’s modulus of Nash Point limestone to 
be 76.9 GPa normal to bedding and 79.9 GPa parallel to 
bedding, and the three dynamic Poisson’s ratio’s, ν31, ν13 
and ν12, to be 0.23, 0.24 and 0.22, respectively.

We also measured the static (tangent) Young’s moduli 
and Poisson’s ratios using conventional uniaxial com-
pression tests (ISRM 1970) on cores loaded parallel and 
normal to bedding. The static Young’s modulus paral-
lel to bedding was 26.3 GPa and that normal to bedding 
was 28.5 GPa, and the static Poisson’s ratio was found 
to be 0.14 for both orientations. All of these data are 
summarised in Table 2, and examples of representative 
stress–strain curves are provided in the Supporting Infor-
mation. We note that our static Young’s modulus values 
are lower than the values of 38–48 GPa reported by Afşar 
et al. (2014) for other limestone samples from the Bristol 
Channel. However, Afşar et al. (2014) sampled material 
from three different sites along the Bristol Channel, but 
do not indicate from which site their Young’s modulus 
samples were collected.

2.3  Methods

In this study, we measured tensile strength using the Bra-
zil disk test (ISRM 1978) and mode-I fracture toughness 
(KIc) using both the Semi-circular Bend (Kuruppu et al. 
2014) and short-rod (ISRM 1988) testing methods. These 
are all Suggested Methods recommended by the Interna-
tional Society of Rock Mechanics (ISRM). For each suite 
of tests, measurements were made in all three principal 
fracture orientations: Short-transverse (where both the 
fracture plane and the fracture propagation direction are 
parallel to bedding), Arrester (where both the fracture 
plane and the fracture propagation direction are normal to 
bedding), and Divider (where the fracture plane is normal 

to bedding but the fracture propagation direction is paral-
lel to bedding) (Chong et al. 1987).

2.4  Tensile Strength

We measured the indirect tensile strength of Nash Point 
limestone using Brazil disk samples measuring 38 mm in 
diameter by 19 mm in thickness. Sample preparation and 
testing were carried out using the same facilities, jigs and 
fixtures as described in Forbes Inskip et al. (2018). Sam-
ples were cored from a single block of material gathered 
from Nash Point, and their surfaces ground flat and paral-
lel to within 0.02 mm using a surface grinder. All samples 
were loaded diametrically, at a constant displacement rate 
of 0.1 mm  min−1 using a Brazil test jig mounted within a 
servo-controlled loading frame. A minimum of four tests 
were carried out in each orientation.

2.5  Fracture Toughness

Mode-I fracture toughness (KIc) was measured using both 
the Semi-circular Bend (SCB) (Kuruppu et al. 2014) and 
short-rod (SR) (ISRM 1988) test methodologies. Sample 
preparation and testing were carried out using the same 
facilities, jigs and fixtures as described in Forbes Inskip 
et al. (2018) and Chandler et al. (2016). Therefore, we only 
provide a brief description here, and refer the reader to the 
above studies and the relevant ISRM Suggested Methods for 
more detailed descriptions. All of our SCB and SR samples 
were cored from the same block of material as the Brazil 
disk samples.

SCB samples were manufactured from 76 mm diameter 
cores, cut to a thickness of 30 mm. The faces of each disk 
were ground flat and parallel to eachother to within 0.02 mm 
using a surface grinder. Each disk was then cut in half to pro-
duce two quasi-semi-circular samples. The cut edge was then 
ground flat, before a straight notch was cut perpendicular to 
this surface in the centre of the sample using a diamond saw. 
The width of the notch was 1.5 mm, and its notional depth 
was 22 mm (Forbes Inskip et al. 2018). Samples were then 

Table 2  Measured elastic properties of Nash Point limestone

Normal to bedding Parallel to bedding

Static Young’s modulus (GPa) 28.5 26.3
Static Poisson’s ratio 0.14 0.14
Vp (km  s−1) 5.79 ± 0.02 5.88 ± 0.03
Vs (km  s−1) 3.48 ± 0.02 3.50 ± 0.03
Dynamic Young’s modulus (GPa) 76.89 79.89

v31 v13 v12

Dynamic Poisson’s ratio 0.23 0.24 0.22
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mounted in a testing jig and loaded in three-point bending 
via three hardened steel rollers at a constant displacement 
rate of 0.1 mm  min−1.

SR samples were manufactured from 60 mm diameter 
cores that were cut to a length of 89 mm, with the end sur-
faces ground flat and parallel using a surface grinder in the 
same way as described above. A 1.8 mm wide chevron-
shaped notch was then cut along the centre of the sample 
using a specially designed cutting jig, to leave a triangu-
lar ligament of material for testing (Chandler et al. 2016). 
Finally, a 25 mm wide by 6 mm deep groove was ground out 
of the end surface of the sample to enable to accommodate 
the hardened steel loading jaws. Samples were then mounted 
in a testing jig and a tensile load was applied across the 
groove, normal to the plane of the triangular ligament, caus-
ing a fracture to nucleate at the ligament tip and propagate 
along the ligament. Illustrations of both sample geometries 
are given in Fig. 4, which shows photographs of fractured 
SCB and SR samples after testing, together with photo-
graphs of fractured Brazil disk samples.

For both methods, the value of KIc is calculated from 
the peak load sustained by the sample and the sample 

dimensions, via standard equations (Forbes Inskip et al. 
2018; Chandler et al. 2016), which are included in the Sup-
porting Information.

3  Results

3.1  Tensile Strength

The tensile strengths (mean ± one standard deviation) of 
samples of Nash Point limestone measured in the three 
principal orientations are given in Fig. 3 and Table 3. All 
of the tests produced fractures that were straight and passed 
through the centre of the sample and are therefore consid-
ered valid (see Fig. 4).

The strength values for all orientations are within approx-
imately one standard deviation of each other, suggesting that 
Nash Point limestone is not only elastically isotropic but also 
essentially mechanically isotropic.

Fig. 3  Tensile strength and 
KIc of Nash Point limestone 
in the three principal fracture 
orientations. Bars represent ± 1 
standard deviation

Table 3  Mean values ± 1 
standard deviation of tensile 
strength and KIc for Nash Point 
limestone measured in three 
principal fracture orientations

Tensile Strength (MPa) KIc [SCB] (MPa  m1/2) KIc [SR] (MPa  m1/2)

Short-transverse 14.68 ± 1.38 0.82 ± 0.05 1.12 ± 0.16
Arrester 13.49 ± 1.10 0.89 ± 0.03 1.02 ± 0.11
Divider 12.70 ± 1.25 0.93 ± 0.10 1.07 ± 0.19
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3.2  Fracture Toughness

Fracture toughness results from both the SCB and SR tests 
are given in Table 3 and Fig. 3 where the mean ± one stand-
ard deviation are plotted for each of the three principal ori-
entations. All tests were considered valid for both methods 
as they met the necessary criterion of the fracture plane devi-
ating by less than 5% of the sample diameter from its ideal 
orientation (Ingraffea et al. 1984; Kuruppu et al. 2014), as 
illustrated in Fig. 4.

As for the tensile strength results, we observe that the 
KIc values for all three principal orientations fall within one 
standard deviation of each other for both the SCB and SR 
tests. Again, this supports the suggestion that Nash Point 
limestone is essentially isotropic. However, we also observe 
that the KIc values obtained from the SR tests are consist-
ently higher than those from the SCB tests; by a little more 
than one standard deviation.

4  Discussion

4.1  Influence of Orientation on Fracture Properties

All of the data, wave velocities, tensile strengths and fracture 
toughnesses, indicate that Nash Point limestone is both elas-
tically and mechanically isotropic. This is entirely consistent 
with the microstructural observation of a lack of any grain 
alignment within the rock matrix.

Although the outcrop at Nash Point is bedded (Fig. 1), 
there is uncertainty as to whether the origin of the lime-
stone beds is primary and depositional or secondary and 
diagenetic. A diagenetic origin has been hypothesised by 
Sheppard et al. (2006), and the nodular nature of some of the 
beds may support this. If this is the case, then the beds are 
likely to have grown outwards in all directions from a set of 
nucleation points to form nodules, and we would therefore 
not necessarily expect to observe any structural alignment. 
Consequently, we would not expect to measure any signifi-
cant mechanical anisotropy.

However, the majority of the rock is made up of shell 
fragments that are depositional in nature (Fig. 2), and their 

Fig. 4  Brazil disk, SCB and SR samples tested in the Short-transverse (a, d and g), Arrester (b, e and h) and Divider (c and f) orientations. Solid 
black lines show the orientation of the bedding plane and a scale bar lies below each sample where each division is 1 cm
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lack of alignment may not be entirely explained by a diage-
netic model which is based on dissolution and re-precipita-
tion. Hence, the question still remains open as to whether 
these limestone beds are primary or secondary in origin. 
Nevertheless, as we have noted, all our measurements dem-
onstrate that there is no significant mechanical anisotropy 
with respect to any bedding orientation. Furthermore, the 
fracture propagation paths in each of the three principal 
fracture orientations were all essentially straight and exhib-
ited very low tortuosity (Fig. 4). This is entirely as expected 
for an isotropic material. This property is also important in 
terms of the fluid flow potential of the formation, where fluid 
transport through the low tortuosity limestone fractures is 
likely to be very different to that through the highly tortuous 
fractures in the shale layers in the sequence at Nash Point 
(Fig. 1 and Forbes Inskip et al. 2018).

4.2  Comparison of the Different Methods 
to Measure KIc

Since KIc is defined as a material property, different meas-
urement methods should, in principle, produce the same 
results. However, this is not the case for our SCB and SR 
measurements on Nash Point limestone. While there is 
internal consistency within each method, the mean frac-
ture toughness for each orientation is consistently higher 
for the SR measurements than for the SCB measurements. 
Interestingly, Khan and Al-Shayea (2000) also found that 
there was a consistent difference between KIc measurements 
made on the same material but using samples with straight 
cut notches and those with chevron notches. In their tests 
on limestone from Saudi Arabia, they found that KIc values 
measured using chevron-notch CCNDB samples were close 
to 50% higher than values measured using straight-cut-notch 
CCCD samples (Table 1), in spite of the fact that the sample 
dimensions were identical except for the notch geometry. In 
our measurements on Nash Point limestone, we found that 
KIc values measured using chevron-notch SR samples were 
between 15% higher (Arrester and Divider orientations) and 
35% higher (Short-transverse orientation) than values meas-
ured using straight-cut-notch SCB samples. Although not as 
high as the differences found by Khan and Al-Shayea (2000), 
they are still significant. In their measurements on Guiting 
limestone, Aliha et al. (2012) also found discrepancies in KIc 
values measured using different sample geometries (CCCD 
and SCB) even though both sample geometries used straight-
cut notches (Table 1). They suggested that the observed dis-
crepancy was due to the different sample geometries, and 
proposed that modified forms of the standard equations that 
take account of variations in the maximum tangential stress 
close to the crack tip might be able to reconcile the differ-
ent results. By contrast, Helmer et al. (2014) obtained very 
consistent results in their measurements on Pierre de Lens 

limestone using both chevron-notch and straight-cut notch 
samples (Table 1). They measured KIc values of 0.62, 0.64 
and 0.68 MPa  m1/2, using CCCD, SCB and CCNBD sample 
geometries, respectively.

Ultimately, all fracture mechanics methodologies for 
measuring KIc require complex sample geometries with 
large, stress-concentrating notches. This results in a non-
uniform stress distribution within the sample, often with 
very high stress gradients. It is therefore perhaps not sur-
prising that discrepancies occur between measurements 
made using different sample geometries. Nevertheless, this 
should not occur if the stress analysis of the different sam-
ples geometries is robust, and this issue should form the 
basis of future research on this topic. In the meantime, we 
would simply urge caution in comparing fracture mechanics 
results obtained using different measurement methodologies.

4.3  Comparison of the Fracture Properties 
of Nash Point Limestone with Those of Other 
Limestones

Both the tensile strength and fracture toughness values 
measured for Nash Point limestone lie within the broad 
range reported for other limestones and presented in Table 1. 
From the Griffith criterion (Paterson and Wong 2005), we 
can write the following relationship between tensile strength 
(

�
t

)

 and fracture toughness (KIc):

where, C is a dimensionless geometric factor, and a is a 
characteristic (or critical) flaw size. Previous studies have 
shown that a broadly linear relationship exists between ten-
sile strength and fracture toughness for many different rock 
types (Gunsallus and Kulhawy 1984; Bhagat 1985; Zhang 
2002; Chandler et al. 2016; Forbes Inskip et al. 2018). In 
Fig. 5, we illustrate this relationship for limestones.

A linear least squares fit to the data from Table 1 with 
the addition of the results for Nash Point limestone from 
this study, is found to have a gradient of 8.5  m−1/2 and an 
R2 value of 0.93, with a forced intercept through the origin. 
This follows previous practice (e.g., Chandler et al. 2016; 
Forbes Inskip et al. 2018), since we would expect a cohe-
sionless material with a tensile strength of zero to also have a 
fracture toughness of zero. However, we note that the spread 
in the limestone data of Fig. 5 is broader than seen for many 
other rocks types (e.g., see Zhang 2002). Where the rela-
tionship between tensile strength and fracture toughness is 
linear, it implies that the characteristic flaw size control-
ling fracture nucleation does not vary between rock types. 
While this may be a reasonable assumption for some rock 
types, it is almost certainly not valid for limestones which 

(1)�
t
= C

K
Ic

√

a
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have a notoriously wide range of microstructures based on 
the wide variation in their diagenetic origins (Tucker 2001; 
Tucker and Wright 2009; Haines et al. 2016; Rashid et al. 
2017). We therefore suggest that the broad spread in the 
data of Fig. 5 is likely due to variation in the character-
istic flaw size between the different rocks. Our mean val-
ues of tensile strength (13.62 MPa) and fracture toughness 
(0.98 MPa  m1/2) fall well within the range of values listed 
in Table 1. However, the Nash Point limestone data sit well 
above the regression line and this implies that the character-
istic flaw size controlling fracture nucleation in this rock is 
smaller than the average for the other limestones considered 
here. We therefore suggest that fracture nucleation in Nash 
Point limestone is controlled by the matrix rather than by the 
large shell fragments.

4.4  Porosity

It is a robust observation that both the strength and frac-
ture toughness of rocks generally decrease with increasing 
porosity (Al-Harthi et al. 1999; Palchik and Hatzor 2004; 
Sabatakakis et al. 2008; Heap et al. 2009, 2014; Lian et al. 
2011; Meille et al. 2012; Schaefer et al. 2015; Bubeck et al. 
2016). We have therefore plotted both tensile strength and 
fracture toughness against porosity for the different lime-
stones considered in this study in Fig. 6. We find a reason-
able correlation between tensile strength and porosity, with 
an R2 value of 0.54. We find a weaker relationship between 
fracture toughness and porosity, with an R2 value of only 

0.39 (Fig. 6). This difference is perhaps not surprising. The 
dependence of strength on porosity is relatively straightfor-
ward. Materials with higher porosity have less solid matrix 
to support any applied load and therefore fail at lower stress. 
By contrast, fracture toughness depends on the nucleation 
and propagation of fractures from stress concentrating flaws 
(microcracks and pores). In turn, the stress intensity at the 
tips of such flaws depends both on the flaw size and the 
radius of curvature at the flaw tip. In this case, the flaw 
geometry takes on as much importance as the flaw density. 
We have already alluded to the wide range of microstruc-
tures reported for limestones (Tucker 2001; Tucker and 
Wright 2009; Haines et al. 2016; Rashid et al. 2017), and 
we therefore suggest that the poorer correlation between 
fracture toughness and porosity seen in Fig. 6 is likely due 
to the extra complexity of pore geometries and microcrack 
networks in carbonate rocks (Bubeck et al. 2016) relative to 
rocks with simpler microstructures.

4.5  Impact on Preferential Fracture Orientation

Our measured values of both wave velocities and fracture 
properties of Nash Point limestone vary very little with 
orientation to bedding, and we can therefore consider it to 
be essentially isotropic, both elastically and mechanically. 
Consequently, the orientation of fractures that nucleate and 
propagate in this rock will depend almost exclusively on 
external rather than internal factors, and primarily on the 
prevailing in-situ stress field.

Fig. 5  Relationship between 
tensile strength and KIc for 
different limestone formations. 
The solid line is a least squares 
fit to the data with a forced 
intercept through the origin. 
Where more than one value is 
provided for the same rock, the 
mean value is plotted in order 
not to distort the regression, 
and the error bars represent the 
range of values
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Since hydraulic fractures are by definition predominately 
mode-I, they will propagate parallel to the maximum princi-
pal compressive stress (σ1) and in the plane perpendicular to 
the minimum principal compressive stress (σ3).

The Bristol Channel Basin, which encompasses the 
outcrop at Nash Point, formed during the Mesozoic and 
has been subjected to a series of different stress regimes 
throughout its history that can be divided into three main 
components (Nemčok et al. 1995; Rawnsley et al. 1998; 
Peacock and Sanderson 1999; Petit et al. 2000; Belayneh 
and Cosgrove 2010): (1) N-S extension, which gave rise to 
the basin, (2) N-S compression and inversion, as a result of 
the Alpine Orogeny, and (3) stress relaxation following the 
Alpine Orogeny. The fractures shown in Fig. 1 form part 
of a joint set that abut against strike-slip faults related to 
Alpine compression, and therefore it has been suggested by 
Rawnsley et al. (1998) that they formed during the relaxa-
tion of compressional stresses following the Alpine Orogeny. 
Furthermore, data compiled from the World Stress Map pro-
ject (Heidbach and Höhne 2008; Heidbach et al. 2010) for 
this region suggest a normal faulting regime with the maxi-
mum principal stress (σ1) being vertical and the maximum 
horizontal stress (σH = σ2) being oriented NNW-SSE. As a 
result, and due to its isotropic nature, we would expect both 
natural and anthropogenic fractures to open horizontally in a 
WSW-ENE orientation and grow preferentially vertically at 
all depths in Nash Point limestone; which is what we observe 
in the field (Fig. 1).

4.6  Implications for Fracture Propagation 
through Layered Rock Sequences

Carbonate sequences, including that at Nash Point, are com-
monly composed of interbedded layers of limestone and cal-
careous shales (Galvis et al. 2017; Sosa et al. 2017; Forbes 
Inskip et al. 2018; Hosseini et al. 2018). In such sequences, 
there are likely significant contrasts in the fracture properties 
of the different strata and this will affect how fractures prop-
agate across the sequence as a whole. For example, within 
the Porthkerry formation at Nash Point the Nash Point 
limestone is interbedded with the Nash Point shale. While 
the results reported here show that Nash Point limestone 
is essentially isotropic, previously published data (Forbes 
Inskip et al. 2018; Gehne et al. 2020) show that Nash Point 
shale is highly anisotropic, with both tensile strength and 
fracture toughness much lower in the Short-transverse orien-
tation than in either of the Arrester or Divider orientations.

For a fracture propagating vertically through a hori-
zontally layered sequence, it is the fracture toughnesses in 
the Arrester orientation that needs to be overcome. In this 
orientation, the fracture toughness of Nash Point shale is 
0.74 MPa  m1/2 (Forbes Inskip et al. 2018), while that of 
Nash Point limestone is higher at 0.89 MPa  m1/2. This sug-
gests that the resistance to dynamic fracture propagation of 
Nash Point limestone is higher than that of Nash Point shale 
in this orientation. However, outcrop measurements along 
the Welsh coast of the Bristol Channel show that the frac-
ture density in the limestone can be twice as high as that in 

Fig. 6  Variation of KIc and 
tensile strength with Porosity of 
limestone data in Tables 1, 3. 
Where more than one value is 
provided for the same rock, the 
mean value is plotted in order 
not to distort the regression
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the shale (Hutchins 2010; Idiahi 2012) (Fig. 1). While this 
appears to be counterintuitive, it can be explained by taking 
into account the Young’s modulus of each lithology which 
also exerts a control on the level of stress concentration. We 
can account for both fracture toughness and Young’s modu-
lus contrasts by calculating the critical energy release rate, 
or fracture energy, (Gc) of each lithology, which is given by:

where E and ν are the values of the static Young’s modu-
lus and Poisson’s ratio, respectively. Substituting the values 
from Tables 2, 3 into Eq. (2), we find that Gc for Nash Point 
limestone in the Arrester orientation is 27.6 J.m−2, while 
that for Nash Point shale in this orientation is 177.6 J  m−2 
(Forbes Inskip et al. 2018); more than six times higher. 
Hence, considerably more energy is required to propagate 
a vertical fracture across the lower-toughness, but more 
ductile, shale than across the higher-toughness, but more 
brittle, limestone. This consideration is potentially impor-
tant in many crustal situations involving layered sequences, 
such as, hydraulic stimulation in subsurface energy systems 
(e.g., unconventional gas and geothermal reservoirs) and 
dyke propagation through stratovolcano sequences lead-
ing to possible volcanic eruptions. In each case, the indi-
vidual rock layers are likely to have contrasting mechanical 
properties, and that will affect how fractures traverse the 
sequence as a whole. Although, our analysis of the rocks 
at Nash Point helps to explain the higher fracture density 
observed in the limestone with respect to the shale, a full 
understanding of the conditions under which fractures may 
either propagate across multiple layers or become arrested 
within a single layer requires a more detailed analysis. This 
is beyond the scope of the current study, but is considered 
in Forbes Inskip et al. (2020). However, we suggest that 
our approach of using both fracture toughness and fracture 
energy in the analysis of fracture propagation across layered 
rock sequences should be considered in future work in this 
field of research.

5  Conclusions

We measured the tensile strength and fracture toughness of 
Nash Point limestone in all three principal fracture orienta-
tions and found very little difference in the values between 
the different orientations. We also found that the fracture 
propagation paths from all our mechanical tests were essen-
tially straight for each orientation, with very little tortuosity. 
We therefore conclude that Nash Point limestone is essen-
tially, mechanically isotropic.

(2)G
c
=

1 − �
2

E
K

2

Ic

When comparing our results with those from other studies 
in the literature, we find that both the tensile strength and 
fracture toughness values measured for Nash Point limestone 
fall within the broad range reported for other limestones. 
However, our data sit well above the best fit regression line 
in Fig. 5, suggesting that the characteristic flaw size for Nash 
Point limestone is smaller than for many other limestones 
and that fracture nucleation is therefore controlled by the 
matrix grains rather than by the large shell fragments.

Finally, given that the Porthkerry formation at Nash Point 
is composed of a sequence of Nash Point limestone layers 
interbedded with shale layers, we analyse how contrasts in 
fracture and elastic properties may influence vertical frac-
tures crossing the sequence. We conclude that, although 
Nash Point limestone has a higher fracture toughness than 
Nash Point shale, it has a much lower fracture energy. 
Hence, more energy is required to propagate a vertical 
fracture across the lower-toughness shale than across the 
higher-toughness limestone, and this may explain the higher 
fracture density observed in the limestone.
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