International Journal of Rock Mechanics & Mining Sciences 160 (2022) 105256

Contents lists available at ScienceDirect

International Joumal of
Rock Mechanics
and

Mining Sciences

International Journal of Rock Mechanics and Mining Sciences

journal homepage: www.elsevier.com/locate/ijrmms

ELSEVIER

t.)

Check for

Experimental observations on the effect of strain rate on rock |t
tensile fracturing

Mahmoud Alneasan ?, Mahmoud Behnia® ", Abdel Kareem Alzo ubi”

@ Department of Mining Engineering, Isfahan University of Technology (IUT), Isfahan, 8415683111, Iran
Y Civil Engineering Department, Abu Dhabi University, Al Ain, United Arab Emirates

ARTICLE INFO ABSTRACT

Tensile fracturing was investigated in this study under a static (10’5) and quasi-static (10’3 and 1072 S’l) strain
rate in three different rock types (marlstone, marble, and hornfels). In addition, the effect of ¢ on the microscopic
properties of the fracture such as the width and tortuosity was investigated by tracing the fracture path under the
microscope. The results indicated that by increasing the ¢ from 107> to 1072 S™%, the crack propagation speed in
marlstone and marble increased from 4 to 22 m/s and in hornfels from 35 to 100 m/s. The improvement of the
parameters associated with hydraulic fracturing is achieved by reducing the é. By reducing the ¢ from 102 to
107° S’l, the (fracture toughness, and breakdown pressure) in marlstone, marble, and hornfels decreased by
(37%, 22%), (42%, 30%), (46%, 39%), respectively. In addition, the width of the fracture was strongly affected
by the £, this parameter increased by 55%, 36%, and 51% in marlstone, marble, and hornfels, respectively, when
the ¢ decreased from 1072 to 107> S™1. In the very fine- and fine-grained rocks such as marlstone and hornfels; by
decreasing the £ from 1072 to 107> §71, the tortuosity factor decreased only by about 0.4%, while in the medium-
to coarse-grained rocks such as marble decreased by 4.6%.
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1. Introduction

Rock mass contains many pre-existing cracks and flaws that can
propagate under the effect of different loading patterns. Tensile frac-
turing is common in rock mechanics and the tensile cracks can be
naturally found in the rock mass or can be artificially created for
different purposes. For example, opening mode I tensile fractures are
observed around dynamic shear ruptures such as in the extensional side
of the normal fault in the Vaca Muerta formation, northwest Argentina.'
In addition, folding can cause tension such as along the top of an anti-
clinal fold axis. Therefore, the tensile fracture can grow parallel to the
fold axis. One of the most important applications of artificial tensile
fractures is hydraulic fracturing which is commonly used to increase the
productivity of oil and gas wells or to open geothermal reservoirs.

In general, artificial tensile fractures in a rock mass can be induced
under different strain rates and this will affect the rock behavior
significantly. The effect of strain rate on the rock behavior was inves-
tigated by many researchers. They focused on the effect of this param-
eter on the strength properties of rocks and they concluded that
increasing the strain rate will increase both the rock strength’* and
fracture toughness.S’7 In addition, analytical, numerical, and

* Corresponding author.

experimental models were developed to study tensile fracturing for
mechanical, geological, and geophysical purposes.® Yoffe” presented an
analytical model for a moving crack tip under pure tension by taking
into account the effect of crack propagation speed. Yamashita'® devel-
oped a numerical model to study tensile cracks around propagating
shear ruptures. Numerical models were developed for tensile crack
propagation in semi-circular,'’ Brazilian disk,'%'® rectangular,'**° and
other samples.'® In the experimental field, Griffith, et al.'” and Ngo
et al.'® investigated the creation of tensile cracks during propagating
earthquake ruptures.

Hydraulic fracturing is one of the direct applications of tensile
fracturing and has gained in popularity due to its importance in
measuring in situ stresses or increasing the productivity of oil and gas
wells. Many researchers have worked in this area to investigate the ef-
fect of different parameters on the conductivity and permeability of
complex network fractures caused by this technology. Mighani et al.'®
investigated tensile fracturing of anisotropic rocks with its application in
hydraulic fracturing and concluded that the resulting unpropped frac-
tures increased the permeability by orders of magnitude. Zhang
et al.”>?! measured numerically the conductivity of unpropped and
propped natural or hydraulic fractures in Barnett shale by taking the
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effect of water damage on the conductivity of shale fractures into ac-
count. Lu et al.?? used granite and stainless-steel plates to develop an
orthogonal fracture network model. They concluded that the increase
inflow capability, the nonlinearity of the flow pattern, and the parallel
fracture to the main fracture significantly increase the conductivity of
the fracture network system. Zhao et al.?* observed that brittle minerals
in the matrix strongly affect the creation of fracture network.

For example, horizontal stress convergence, the presence of high
brittle minerals, and the high value of horizontal elastic modulus are
considered a favorable environment for the creation of fracture network.
In addition, proppant transport and settling in complex hydraulic frac-
ture system is important to keep new fractures open after stress
releases.?* 2° Proppant can be distributed in tensile fractures caused by
hydraulic fracturing to maintain open fractures with high productivity.
Hydraulic fracturing can be conducted under different flow rates and as
a consequence, tensile cracks can be induced in a rock mass under
different strain rates. Therefore, studying the effect of strain rate on the
microscopic characteristics of tensile fractures such as the fracture width
and tortuosity is critical to understanding how can we reduce the tor-
tuosity and increase the width of the fracture path in low, medium, and
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high-strength rocks. Hence, increasing the permeability and conduc-
tivity of these fractures. In addition, because the rock material is
dependent on strain rate and the rock strength increases with increasing
the strain rate, the tensile strength and fracture toughness that directly
affects the breakdown pressure are important to be investigated under
different strain rates to obtain the minimum breakdown pressure. In our
previous work, we investigated the effect of mineralogical composition
and grain size distribution on tensile fracturing in brittle rocks.?” Ex-
periments were conducted under the same static strain rate of 107> ™!
in only strong rocks of granite and hornfels. This study aims to investi-
gate the effect of strain rate on the fracture toughness, crack propagation
speed, tortuosity of the fracture path, and the fracture width after stress
releases in low, medium, and high-strength rocks. The results were
discussed in terms of their impact on the permeability of tensile fractures
and their special importance in the field of rock mechanics and
geological engineering.

2. Mineralogical study

The mineralogical study is the starting point to understand the
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Fig. 1. (a, b, and c) Microscopic thin sections in marlstone, marble, and hornfels, respectively, (d, e, and f) grain size distribution in marlstone, marble, and hornfels,

respectively.
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composition of the rock samples in terms of grain types, sizes, and their
impact on the final results. The rock materials used in this study are very
fine-grained marlstone, fine-grained hornfels, and medium-to coarse-
grained marble. Microscopic thin sections were taken to determine the
mineralogical composition and grain size distribution of each rock type.
Microscopic thins sections and grain size distribution for three rock
types are shown in Fig. 1. The marlstone mainly consists of calcite
(~37%) and clay (~63%) (Fig. 1-a). Therefore, this rock type is marly
marlstone. Fig. 1-d shows that marlstone has grains with sizes between
0.01 and 0.02 mm and is classified as a very fine-grained rock because it
has grain sizes less than 0.06 mm?®. The high ratio of clay (63%) makes
this rock weak, less brittle, and less permeable than marble and hornfels.
In addition, the ratio of pores and voids in marlstone was about 6%. The
main types of clay minerals in marlstone are shown in general based on
the mineralogical composition observed by Shoval®® in marl rocks,
which are kaolinite, montmorillonite, illite, and mixed layers.

As for the marble, it mainly consists of crystalline calcite (~100%).
No other components were observed in the thin section of marble. The
grain size distribution of marble (Fig. 1-e) shows that the predominant
percentage (90%) is for grains of sizes between 0.33 and 1.3 mm and is
classified as medium-to coarse-grained rock.?® What distinguishes this
rock from marlstone and hornfels is the presence of weak planes such as
cleavages, and transgranular and intergranular fractures in the calcite
grains. Intragranular microcracks can be found entirely in the calcite
grains along cleavage planes. Moreover, intergranular fractures were
observed along some boundaries of calcite grains. In addition, trans-
granular fractures that extend over more than one grain were also
observed.

The third rock type is hornfels. The mineralogical composition of this
rock type is the same as that of granite but this rock is stronger than
granite.”” Fig. 1-c shows that hornfels rock mainly consists of 53%
cordierite, 26% quartz, and 21% biotite and is classified as a
fine-grained rock because it has grain sizes between 0.06 and 0.2 mm?®
(Fig. 1-f).

Considering the mineralogical composition and grain size distribu-
tion of the three rock types, it can be noted that each of these rocks has a
unique property that might have a special effect on the tensile fractures.
Marlstone adds the effect of very fine grains on tensile fracturing,
especially the effect of weak components such as clay. Marble takes the
effect of natural fractures such as intragranular, intergranular cracks,
and weak cleavages into account. While hornfels represents the effect of
strong minerals on tensile fractures. Three types of rock; sedimentary
(marlstone), metamorphic (marble), and igneous (hornfels) were
investigated in this work. In addition, this study covers weak, medium,
and high-strength rocks. Igneous and metamorphic rocks form good
reservoirs for geothermal energy,’’ 2 while sedimentary rocks such as
marlstone can form part of oil reservoirs as mentioned by Cui et al.>> FU
et al.>* Therefore, hydraulic fracturing might be performed in any of the
three rock types selected in this work to increase the permeability and
conductivity of working fluids (water or supercritical COj3) in
geothermal reservoirs, or to increase the productivity of oil and gas
wells. In addition, hydraulic fracturing is frequently used to measure
in-situ stresses at different depths. In this case, hydraulic fracturing can
be performed in all rock types (sedimentary, metamorphic, and igneous)
that have different strengths.

Table 1
Physical and mechanical properties of the three rock types.
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3. Physical and mechanical properties

The physical and mechanical properties of the three rock types were
determined depending on established standards in rock mechanics
(ISRM). Physical and mechanical properties include density, porosity,
void ratio, moisture ratio, saturation ratio, tensile strength, sound wave
velocities, Young’s modulus, and Poisson’s ratio see Table 1. The density
of hornfels is 3% and 6% larger than the density of marble and marl-
stone, respectively. Marlstone has the lowest density and the highest
porosity of the three rock types. Although natural fractures were
observed in crystalline calcite in marble, this rock does not show high
porosity. This is because these fractures are closed and they differ from
the open pores and voids in marlstone.

According to the mechanical properties, the three rock types show a
clear difference in the sound wave velocity and the dynamic young’s
modulus which were measured by using Proceq Pundit Lab + instrument
for cylindrical specimens of the three rock types with (H/D = 2, NX
dimensions). By changing the rock type from marlstone to marble and
hornfels, the sound wave velocity increases. The dynamic Young’s
modulus of the hornfels, which was computed depending on the sound
wave velocities, is greater than the dynamic Young’s modulus of marble
and marlstone. Epomfels is 1.9 and 2.8 times greater than Eppe and
Emarlstones respectively. Moreover, the Poisson’s ratio was computed
depending on P and S wave velocities and it was found that the Poisson’s
ratio of marlstone is 0.28 and it is about 1.27 times the Poisson’s ratio of
marble and hornfels. By increasing the Poisson’s ratio, the material
behavior gradually transforms from brittle to ductile behavior. As
mentioned previously, a high ratio of clay in marlstone makes this rock
type less brittle and more ductile than others. This point is important in
this study to take the effect of material brittleness on tensile fractures.

In addition, the three rock types can be classified depending on the
Unconfined Compressive Strength (UCS) as shown by Bieniawski®® and
ISRM (1979) as follows: marlstone has low to moderate UCS between 10
and 30 MPa. Marble has UCS between 40 and 60 MPa and is classified as
a medium-strength rock. Hornfels is classified as a high-strength rock
because it has UCS greater than 200 MPa.

3.1. Brazilian splitting test

The Brazilian splitting test is the most common test to determine the
tensile strength of rock materials. Brazilian tensile strength for the three
rock types was determined depending on the ISRM suggested methods
for determining the tensile strength of rock materials®® for disk with
dimension (H/D = 0.5, H = 27, and D = 54 mm) by using GOTECH
AI-7000 LA testing machine. Displacement-load curves for the three
rock types under the Brazilian tensile test are shown in Fig. 2. This figure
shows that the peak load increases by changing the rock type from
marlstone, to marble and hornfels. In addition, due to the high strength
and brittleness of hornfels, this rock sustains more stress than marlstone
and marble at less corresponding displacements.

Despite the simplicity of the Brazilian tensile test, this test can be
used for other useful studies related to the tensile cracks induced by
static and/or dynamic loads in rock samples, especially those studies
related to hydraulic fracturing. The main difference between the Bra-
zilian splitting test and hydraulic fracturing is in the mechanism of

Property type Physical properties Mechanical properties

Property Density Porosity Void ratio Moisture ratio Saturation ratio P-wave S-wave R-wave Dynamic Young’s modulus Poisson’s ratio
Symbol P n e w Sy (% Cs C, Eq 17

Unit gr/em® % % % % m/s m/s m/s GPa -

Marlstone 2.63 11.2 12.6 2.14 49.3 3789 2095 1933 30 0.28

Marble 2.7 0.51 0.52 0.04 20 4377 2604 2378 45 0.23

Hornfels 2.77 0.23 0.23 0.02 28.6 5928 3545 3234 85 0.22




M. Alneasan et al.

12000 - 12000 -

10000 4 10000 4
8000 8000

6000 6000

Load (N)
Load (N)

4000 - 4000

——ML1
—ML2
——ML3

2000 2000

International Journal of Rock Mechanics and Mining Sciences 160 (2022) 105256

60000 -
50000 -
40000 -

30000 -

Load (N)

20000 -

—ml
—H2
S 3 ——H3

10000 -

=

0 01 02 03 04 05 06 0.7
Displacement (mm)

@

0 01 02 03 04 05 0.6 0.7
Displacement (mm)

(b

0 S_S)
0 01 02 03 04 05 06 0.7
Displacement (mm)

©

T

Fig. 2. Displacement-load curves for the three rock types under Brazilian tensile test, (a) marlstone, (b) marble, and (c) hornfels.

fracture initiation. Under hydraulic fracturing, the rock sample is sub-
jected to internal fluid pressure. But under the Brazilian splitting test,
the rock sample is subjected to external compressive stress at its two
ends, which causes horizontal tensile stress along the vertical diameter.
However, in both cases (hydraulic and Brazilian tests) the fracture oc-
curs under tension stresses. Chen et al.*” compared fracture surfaces
induced by hydraulic fracturing and Brazilian splitting, they concluded
that the tortuosity of the fracture path is a function of rock heterogeneity
and is greater in the Brazilian splitting test than that in hydraulic frac-
turing. In this study, the Brazilian disks were examined after the test and
found to have primary tensile fractures, minor shear fractures, and
fractured shear zones in the three rock types as shown in Fig. 3.
Analytically, the Brazilian disk is split into two equal semicircles after
the test. This is a theoretical case and can happen in completely ho-
mogeneous and isotropic materials. But in rock materials, because these
materials are heterogeneous and have different grain types and sizes as
shown in Fig. 1, the primary tensile fracture is not straight and in rare
cases, the rock sample is divided into two equal semicircles as in the
back face of sample 2 of marlstone (Fig. 3). In addition, due to shear
stress concentration between loading plates and rock samples, minor
shear fractures are created near the loading plates. It can be noted that
one primary tensile fracture with some fractured shear zones developed
in the marlstone. Because marlstone is weaker and less brittle than
marble and hornfels, the loading area is crushed due to shear stress
concentration, and fractured shear zones are formed. In addition, the
fracture path was enlarged and shown below in Fig. 3. As observed, the
tensile fracture in marlstone is straighter and less tortuous than that in
marble and hornfels. Because marble has the largest grain size and due
to the effect of different defects in this rock type, fracture grows between
and through rock grains and it becomes more tortuous than that in
marlstone and hornfels. Therefore, it can be noted that the fracture path
in marble is 5% and 7% greater than that in hornfels and marlstone,
respectively.

In marble, one primary tensile fracture was created in all rock sam-
ples and fractured shear zones were noted in only one specimen (sample
2). An important point can be observed in this rock type which is the
growth of two primary tensile fractures from the upper and lower sur-
faces of the rock sample. These two fractures coalesced near the spec-
imen center. As shown in the lower right corner of Fig. 3, a tensile
fractured zone is created due to the coalescence of two tensile fractures.
The presence of such areas plays a major role in increasing the porosity
and thus increasing the permeability of the fractured rocks.

In hornfels, more than one tensile fracture is created. This is due to
the high strength and brittleness of this rock type. The peak load under
Brazilian tests (Fig. 2) in hornfels is six and seven times greater than that
in marble and marlstone, respectively. Therefore, a large amount of
energy is stored in the hornfels rock before the creation of tensile cracks.
This energy is dissipated inside the rock sample by forming more than
one tensile fracture. As in the case of the blast, where the rock mass is
exposed to large energy within a short time, this large energy is

dissipated by the growth of a large number of radial tensile cracks in the
damaged zone around the borehole. In addition, minor shear cracks are
observed near the loading plates in hornfels. Comparison between low,
medium, and high-strength rocks under the Brazilian splitting test, due
to the ability of hornfels to store high energy before fracturing, more
than one tensile fracture is created and the Brazilian disk is divided into
three or more parts. While in low and medium-strength rocks such as
marlstone and marble, one tensile fracture is created and the Brazilian
disk is divided into two parts.

Brazilian tensile strength (BTS) is shown in Table 2. This table shows
that the BTS of hornfels rock is 22.55 MPa and it is 5.6 and 7.6 times
greater than that of marble and marlstone, respectively. Although
marble is 100% calcite and this component is stronger than clay which
forms 63% of marlstone, the BTS of marble is only a little larger than that
of marlstone. This is due to the presence of weak surfaces and defects in
this marble. Stress concentrates at the tips of preexisting defects and
therefore, these defects grow and coalesce to form a primary tensile
fracture.

4. Three points bending test

Fracture toughness was measured in this study by using the three
points bending test in rectangular rock specimens. As shown in Fig. 4-a,
under this test the rock sample rests on two bottoms supports with a span
of 2S and is subjected to vertical load P which is aligned along the di-
rection of the artificial notch. The dimensions of rectangular specimens
were determined according to ASTM E399 — 12E3 standard and the
study of Mousavi et al.>® Because of the rock heterogeneity and for the
reliability of the results, each test was repeated three times. In addition,
to study the effect of strain rate on the fracture toughness and crack
propagation path, our tests were conducted under three strain rates.
Therefore, 9 rectangular rock samples were prepared from each rock
type (Fig. 1-b).

Rectangular rock samples in this study were loaded by using the
GOTECH AI-7000 LA testing machine. This machine has a capacity of 20
tons and the test speed can range between 0.001 and 250 mm/min.
Taking into account the height of the rectangular specimen (W = 50
mm), the strain rate can change between 3 x 10~ and 8 x 107287,
Therefore, the static and quasi-static strain rates can be investigated by
using the GOTECH machine. To study the effect of the static and quasi-
static strain rate on the fracture toughness, fracture speed, and crack
propagation path, three strain values of 1 x 107>, 5 x 10™> and 1 x
1072 57! were chosen. Where the first strain rate is in the static range
and the rest are in the quasi-static range. This is important to understand
how rock behavior is affected by the static and quasi-static strain rates.
Displacement-load curves under the three points bending test for three
values of strain rates are shown in Fig. 5. This figure shows that by
increasing the strain rate from 10> to 1072, the average peak load in
marlstone, marble, and hornfels increased by 1.73, 1.78, and two orders
of magnitude, respectively. It can be noted that by increasing the rock
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Table 2

Brazilian tensile strength and fracture toughness under UBST and CRST.
Rock type BTS (MPa) Kic under UBST Kic under CRST |AKc|
Marlstone 2.95+0.2 0.48 £ 0.07 0.65 £+ 0.07 0.17
Marble 4.0 +£0.25 0.55 + 0.08 1.0 + 0.02 0.45
Hornfels 2255+ 1.1 3.32 £ 0.16 2.01 £0.14 1.31

strength, the effect of strain rate increases.

In bounded rock mediums such as the rectangular specimens, stress
and strain fields in the rock sample, stress intensity factors, and fracture
toughness at the notch tip cannot be analytically obtained. Therefore,
the rock sample should be simulated depending on numerical methods
such as the Finite Element Method (FEM), Finite Difference Method
(FDM), Boundary Element Method (BEM), etc. In this study, the rect-
angular rock sample was modeled depending on the BEM as shown in
the next section.
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4.1. Numerical simulation

To calculate stress intensity factors at the notch tip and fracture
toughness in rectangular rock specimens under the three points bending
test, the test was modeled by using the Displacement Discontinuity
Method (DDM) which is a branch of the BEM. A numerical two-
dimensional crack propagation code (TDCPC)***' was used here to
model the three points bending test. This code was verified by using the
experimental and numerical results of other researchers. The rectan-
gular specimen is firstly discretized into N DDM elements as shown in
Fig. 6-a. The boundary conditions are defined by considering the loaded
element at the center of the upper surface and two bottoms supports
with a span of 2S at the lower surface. The loaded element is DDM
element with normal stress 6, = P and the two bottom supports are
defined as DDM elements with zero vertical displacements (u, = 0.0).
The number of other elements is (N-3) and they are free traction and
have no boundary conditions. When running the TDCPC code, the load P
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Fig. 5. (a) Displacement-load curves under three points bending test for a strain rate of (a) 1 x 107>, (b) 5 x 10~> and (c) 1 x 1072
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gradually increases from zero by small increments AP, the normal and
shear stresses induced by P, and the influence coefficients are calculated
in all DDM elements. Influence coefficients are mainly a function of the
geometry of each element and the elastic properties of the material.
These coefficients link between the boundary conditions vector (B) and
the displacement discontinuity vector (D, and D;). Finally, a system of
algebraic equations is formed, and by solving this system, D, and D; are
calculated for each DDM element (equation (1)).

B =3 LD+ ALD)
=1 =1

N N i=1toN (€8}
B, =) ALD|+) ALD)
=1 =1
The most important element here is the crack tip element which is
shown in the dashed circle in Fig. 6-a. Stress intensity factors (Kj and Kyy)
are calculated as follows’%:

G 2 G 2
KI=——— [ Dy Ky =1 /=Dy, @
41-v)V a 4(1-v)V a

in which G and v are shear modulus and Poisson’s ratio, respectively, a;
is the half-length of the crack tip element, D, , and D;, are normal and
shear displacement discontinuities at the crack tip element.

Under three points bending test, the notch tip is subjected to pure
tensile stress, and therefore, K; # 0.0 and Kj; should be zero. Otherwise,
there is a problem with the model. When the external load P reaches the
peak load P, that is experimentally determined, the fracture toughness
(K1c) can be calculated, which is equal to K; under (P = P.;). Depending
on the TDCPC, we present the following equation for calculating fracture
toughness under the three points bending test in rectangular specimens:
Kic = K /72 ®

WB
where W, B, and a are the height, thickness, and notch length of the
rectangular specimen, respectively. K gim = 6/ \/ (zay) is the dimension-
less stress intensity factor and is calculated numerically depending on
the TDCPC. Kj gim is shown in Fig. 6-b for different values of S/W and a/
W. In this study S/W = 1 and a/W = 0.3, therefore, Kj gim = 2.95.

4.2. Fracture toughness

Fracture toughness is an important property in mechanical engi-
neering to determine the condition of crack propagation from a preex-
isting crack tip. Under the effect of external loads, stress concentrates at
the tips of preexisting cracks. When the stress intensity factor reaches
the fracture toughness of the material, these new cracks will initiate and
coalesce with each other or stop before that. In this study, two methods
were used to calculate fracture toughness. The first method is indirect
and depends on the uncracked Brazilian splitting test (UBST) that was
used to measure tensile strength in section 3.1. The second method
depends on the results of cracked rectangular specimens under the three
points bending test (CRST). The main difference between UBST and
CRST is the presence of an artificial notch in the CRST. The fracture in
the CRST grows due to stress concentration at the notch tip. When the
tensile stress at the notch tip reaches tensile strength or in other words,
when the Kj attains the Kj¢, the notch begins to grow. Under UBST there
is no artificial notch and the fracture develops due to stress concentra-
tion at the tips of preexisting flaws which are naturally distributed in the
rock material. Actually, natural preexisting cracks/flaws exist as well in
the rectangular specimens, but because stress concentration at the notch
tip is greater than that at any point in the rock sample and the notch is an
open joint fracture begins to develop from the notch tip due to the high-
stress concentration at the notch tip.** Fracture toughness under UBST
can be calculated depending on the following equations:
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For brittle material, P, is the peak load and can be determined
depending on Fig. 2, R = 27 mm is the radius of the Brazilian disk, a = 3°
is the half loading angel, T = 27 mm is the specimen thickness, r is the
radial distance from the center, a,, in eq. (4) is the critical crack length
which corresponds to P. In general, a. is about 0.8 R*. Fracture
toughness under CRST was computed depending on equation (3) and
TDCPC. Fracture toughness under CRST with a linear fit and 95% con-
fidence bars versus strain rate is shown in Fig. 7. This figure shows that
the fracture toughness in the three rock types is strain rate dependent
and it increases with increasing the strain rate. By increasing the strain
rate from 10~° to 1072, the average value of Kic in marlstone, marble,
and hornfels increases from 0.65 to 1.03, 1.0 to 1.72, and 2.01-3.73
MPa m®5, respectively. In addition, hornfels has the maximum fracture
toughness, then marble and then marlstone. Moreover, the increment
rate of Kj¢ (the slope of linear fit) depends on the rock strength. The
increment rate of marlstone, marble, and hornfels is 0.4%, 0.75%, and
1.8%, respectively. Therefore, the fracture toughness in strong rocks
such as hornfels is more affected by the strain rate. This point is very
important for design and research purposes. The strain rate levels under
the effect of external loads should be determined and accordingly, an
appropriate loading speed must be established for laboratory
experiments.

Brazilian splitting tests were conducted under a strain rate of 107>
s Therefore, the results of different experiments (UBST and CRST)
should be compared under the same strain rate which is 107> S71.
Fracture toughness under UBST was computed depending on equation
(4) and they are shown in Table 2 with their counterparts under CRST.

For marlstone and marble, Kjc under UBST is less than that under
CRST. This indicates that the effect of preexisting natural flaws and
voids in Brazilian disks of marlstone and marble on fracture toughness is
greater than the effect of the artificial notch in rectangular specimens.
According to microscopic sections in Fig. 1 and physical properties in
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Fig. 7. (a) Fracture toughness under CRST versus strain rate.
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Table 1, marlstone has the maximum porosity due to the high ratio of
pores and voids that was observed in the microscopic section, and
marble has different types of weak surfaces and defects. Depending on
AKjc, it can be concluded that the effect of natural defects on the fracture
toughness in the marble is greater than the effect of pores and voids in
marlstone. In addition, Table 2 shows that in hornfels, Kjc computed
under UBST is greater than that under CRST. Hornfels has the minimum
porosity ratio (0.23%) and no natural defects were observed under the
microscope, therefore, the effect of the artificial notch in rectangular
specimens of hornfels on fracture toughness was greater than the effect
of natural pores and defects in Brazilian disks.

5. Crack propagation speed

The Crack propagation speed is an important parameter in analyzing
quasi-static and dynamic problems. Under pure mode I, Broberg™®
indicated that the maximum crack propagation speed in brittle materials
such as rocks is the Rayleigh wave speed. For a crack propagation speed,
of less than 0.2 of the Rayleigh wave speed, the effect of crack propa-
gation speed on stress and strain fields around the crack tip is very little
and can be neglected. But for crack propagation speed greater than 0.2
of the Rayleigh wave speed, Freund’® indicated that by increasing the
crack propagation speed, stress and strain at the vicinity of the crack tip
increase and they directly affect the preferred direction of the new
branch. In addition, Yoffe’ showed depending on the maximum
tangential stress criterion that when the crack propagation speed under
pure mode I exceeds a critical value (0.68C; for v = 0.25), a crack can
grow through two branches instead of one branch. This is because by
increasing the crack propagation speed, the stored energy at the crack
tip increases, and this energy is dissipated by growing more than one
branch from the crack tip. Based on the above, crack propagation speed
is an important parameter in this study to understand how this param-
eter can be affected by changing the rock strength and strain rate. The
crack propagation speed is one of the most difficult parameters to be
experimentally measured, especially since it requires special and
expensive equipment. An electrical circuit was previously devel-
oped?*° to measure the crack propagation speed in semi-circular
specimens. This circuit mainly includes conductive copper tapes,
power supplies, and a digital oscilloscope (Fig. 8-a).

The surfaces of the rock sample must be well polished to ensure
complete contact between copper tapes and sample surfaces. Copper
tapes are affixed to the front and back surfaces so that we can measure
the crack propagation speed on two surfaces. When the notch begins to
grow, the new crack cuts the first and second tapes, respectively. The
cut-off time can be determined by a digital oscilloscope as shown in
Fig. 8-b. For the front surface, copper tapes are connected to channels 1
and 2 in the oscilloscope and for the back surface, copper tapes are

Conductive copper tapes
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------ # E . £
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e
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i
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connected to channels 3 and 4. The crack propagation speed can be
calculated depending on the time required for the crack to grow between
two successive tapes and the length of the new fracture. The long
memory of the oscilloscope used in this study is 1 M points/channel and
the maximum sample rate of each channel is 2 GS/S. The record time
was set to 2 s. Therefore, the signal is displayed from —1 to +1. Based on
that, the sample rate for each channel is calculated by dividing the long
memory by the record time, which is 1 M/2S = 500K points/S for each
channel.

Crack propagation speed versus strain in the three rock types with a
linear fit and 95% confidence bars are shown in Fig. 9. By increasing the
strain rate from 107> to 1072 S1, the crack propagation speed in
marlstone and marble increases from 4 to 22 m/s, and in hornfels in-
creases from 35 to about 100 m/s. Although marble is stronger than
marlstone, they almost have the same crack propagation speed. In
addition, hornfels has the maximum increment rate of crack propagation
speed (65%), while marlstone and marble have the same increment rate
of 18%. As will be shown later in section 6, due to the large grain size in
marble and the presence of natural weak surfaces, the crack changes its
path several times in a zigzag fashion, which makes it more tortuous and
longer than that in marlstone. Changing the path direction leads to a loss
of stored energy at the crack tip, and therefore the crack propagation
speed in marble decreases.

Because marlstone and marble are weaker and less brittle than
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Fig. 9. Crack propagation speed versus strain rate in the three rock types.
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Fig. 8. (a) Electrical circuit for measuring crack propagation speed, (b) the signal captured by the oscilloscope.
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hornfels, by increasing the external load P, small amounts of energy are
stored at the crack tip and are gradually consumed as the crack grows
over a relatively long period. But in hornfels, because this rock type is
very strong, a large amount of energy is stored at the notch tip before it
begins to grow, when the tensile stress reaches the tensile strength of the
material, the stored energy is quickly released within a short period,
which results in a large propagation speed.

6. Fracture path analysis

As it is known, rocks have a wide range of grain types and sizes. This
issue greatly affects the results of this study, especially when compared
to the analytical models used in linear elastic fracture mechanics.
Fracture path analysis helps to understand how the fracture grows be-
tween different grain types and sizes. In addition, determining the
fracture width after stress releases is important to measure the perme-
ability of tensile fractures. This is important to study the effect of grain
size distribution on the productivity of oil and gas wells in different rock
types. Moreover, because in hydraulic fracturing the fluid can be
injected at different rates, the strain rate around the borehole is a
function of the injection rate, and therefore, the width of new tensile
cracks can be affected by the injection rate that will be used to fracture
the rock. Therefore, to investigate the effect of grain type, grain size
distribution, and strain rate on the fracture path of tensile cracks, two
microscopic thin sections were taken from each rock type under a strain
rate of 10> and 10~2 as shown in Fig. 10. Successive pictures were
taken by tracing the fracture path under a microscope. Then these pic-
tures were combined using Photoshop without affecting the scale as
shown in Fig. 11.

Analytically, under three points bending test in full homogeneous
and isotropic materials, the crack grows in a straight line from the notch
tip to the loaded point. This straight line is the path of the maximum
tangential stress criterion. In the rocks, due to the heterogeneity and
different grain sizes, the fracture grows across or between the grains and
deviates from its straight path. When the fracture grows across the
grains, the grain will split into two equal or unequal parts and an
intragranular fracture is formed. The fracture toughness here mainly
depends on the strength of the grains. When the fracture grows along the
grain boundary, an intergranular fracture is formed and the fracture
toughness is determined depending on the bonds strength between the
grains. Due to very fine- and fine-grains in marlstone and hornfels, the
number of intragranular and intergranular fractures cannot be counted.
But in general, it was observed that intergranular fractures are pre-
dominant. In marble, due to the large grain size, intragranular and
intergranular fractures can be easily distinguished. Intragranular frac-
tures through the grains were marked with a red circle as shown in
Fig. 11-¢ and Fig. 11-d. Under a strain rate of 10™> (Fig. 11-c), the
number of total fractures is 30, with 10 intragranular and 20 inter-
granular fractures. While under a strain rate of 1072 (Fig. 11-d), the
number of total fractures is about 35, with 12 intragranular and 23
intergranular fractures. It can be noted that under a low and high strain
rate, the ratio of intragranular to intergranular fractures is the same and
equals 0.5.
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6.1. Tortuosity

To analyze the effect of the grain size on the straightness of the
fracture path, a tortuosity factor (r) was computed. This factor was
defined as the square of the ratio between the actual and the nominal
length of the fracture path (Lact/Lm,m)2 47 This factor shows how much
the actual length is greater than the nominal length. In general, because
the fracture path in rock materials is tortuous, the actual length is
greater than the nominal length and the tortuosity factor is greater than
one. The minimum value of the tortuosity factor is one, which means
that the actual length is equal to the nominal length (theoretical case).
By increasing this factor, the tortuosity of the fracture path increases and
the straightness decreases. The results of this study showed that marl-
stone which has the finer grain size has the minimum tortuosity factor.
By increasing the grain size, the tortuosity factor increases and it is the
maximum for marble which has the largest grain size. Under a strain rate
of 1075, the tortuosity factor of the marble is 7.5% and 4.5% greater
than that in marlstone and hornfels, respectively. In addition, it was
observed that in the three rock types by increasing the strain rate, the
tortuosity factor increases, especially in marble. Therefore, the
straightness of the fracture path decreases by increasing the strain rate.
The tortuosity factor in marlstone, marble, and hornfels increased by
0.5%, 4.8%, and 0.3% when the strain rate increased from 10~° to 1072
S~1, respectively. Moreover, the effect of the strain rate on the tortuosity
of the fracture path in medium-to coarse-grained rocks such as marble is
greater than that in the very fine- and fine-grained rocks such as marl-
stone and hornfels.

6.2. Fracture width

As mentioned previously, fracture width (W) is the most important
parameter here for analyzing the permeability and productivity of ten-
sile cracks induced by hydraulic fracturing. To accurately analyze this
parameter, the fracture width was measured every 0.1 mm along the
fracture path, and the distribution of this parameter is shown on the
right of Fig. 11. Considering the range between W, and Wpax and the
averaged value W,y, fracture width in the three rock types versus the
strain rate is shown in Fig. 12. This figure shows that the fracture width
increases with increasing the grain size. Under a strain rate of 107>, the
Wyy in marble is 23% and 14% greater than that in marlstone and
hornfels. While under a strain rate of 10’2, the W,y in marble is close to
that in hornfels, and it is 26% larger than that in marlstone. In addition,
Fig. 12 indicates that the fracture width depends on the strain rate. By
increasing the strain rate from 10°t0 10 2 in marlstone, marble, and
hornfels, the fracture width decreases by 36%, 26%, and 34%,
respectively.

7. Discussion

Tensile fracturing is a crucial process for predicting crack initiation
and propagation in reservoirs, and for generating new tensile cracks in
hydraulic fracturing. The tensile strength is an important parameter that
controls the opening and propagation of tensile cracks induced in rock
masses.‘®*” Therefore, tensile fracturing was investigated in this study

——> Fracture path

——> The zone of thin
section

Fig. 10. The zone of a microscopic thin section from rectangular rock samples after test.
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Fig. 11. Fracture path analysis in (a) marlstone (¢ = 10’5), (b) marlstone (¢ = 10’2), (c) marble (¢ = 10’5), (d) marble (¢ = 10’2), (e) hornfels (¢ = 10’5), (f) hornfels

(¢ =1072.
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on a laboratory scale to show the effect of the strain rate on fracture
toughness, crack propagation speed, the tortuosity, and width of the
fracture path, to show the direct effect of these parameters on hydraulic
fracturing in low, medium and high strength rocks.

7.1. Mineralogical composition and fracture speed

In this work, we used three types of rocks; low strength marlstone,
medium strength marble, and high-strength hornfels. Marlstone is
characterized by very fine grain size (0.01-0.02 mm), high clay content
(~63%), and the presence of voids and pores that increase its porosity.
The most controlling factor in this rock type is the high clay content.
Zhang et al.>® investigated the effect of the textural and mineralogical
components on the tensile strength of shale samples and concluded that
the distribution and/or the number of clay minerals and the textures of
the rock may be the most influential factor on the tensile strength.
Moreover, the presence of clay minerals weakens the bond between the
grains. For this reason, the experiments in this study show that marl-
stone has the lowest tensile strength and fracture toughness of all three
types. In the case of marble which is characterized by a medium-to the
coarse-grain size of calcite (0.33-1.3 mm) and the presence of different
weak surfaces such as cleavages, we observed intergranular and intra-
granular fractures. Because the ends of these fractures are stress con-
centrators, the tensile strength and the crack propagation path are
directly affected by the presence of such fractures. Therefore, the tensile
strength in marble is a little greater than that in marlstone and the crack
propagation speed is almost equal for both. The third rock type is
hornfels, this rock represents the strong rock in this study and consists of
strong minerals once compared with marlstone and marble. Due to the
high strength of this rock type, it can store a large amount of energy
before releasing it to create fractures, then this rock dissipates energy by
creating more than one fracture as shown in Fig. 3. Although this rock
was tested under a static and quasi-static strain rate, the rapid dissipa-
tion of stored energy at the moment of fracturing, compared to marl-
stone and marble, can cause a dynamic effect and this is one of the main
differences between low, medium, and high strength rocks. In low and
medium-strength rocks such as marlstone and marble, the energy is
gradually stored and dissipated by generating new fractures, Table 1
shows that hornfels has a higher modulus of elasticity than marlstone
and marble. Hence the importance of the amount of stored energy and
crack propagation speeds in rocks. For example, under the same strain
rate of 107> $71, the average crack propagation speed in marlstone and
marble is 4 m/s and in hornfels is 35 m/s. Taking into account that the
distance between every two conductive tapes is 20 mm (Fig. 8), the
stored energy dissipated during 5000 ps in marlstone and marble and
571 ps in hornfels when the fracture grows from the lower to upper tape.
By increasing the strain rate to 10~2 S™%, the crack propagation speed in
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marlstone and marble increased to 22 m/s and in hornfels reached 100
m/s, therefore, the time required for energy dissipation in marlstone and
marble is 909 ps and in hornfels is 200 ps. Consequently, when the strain
rate increases from 107> to 1072 §71, the required time for energy
dissipation for fracture propagation along 20 mm decreased by 82% in
marlstone and marble and by 65% in hornfels, one of the main reasons is
the difference in the stiffness between these rock types.

7.2. Fracture toughens and breakdown pressure

The strain rate has also a major effect on the fracture toughness; by
increasing the strain rate from 107> to 102 §~1, the fracture toughness
in marlstone, marble, and hornfels increased from 0.65 to 1.03, 1.0 to
1.72, and 2.01-3.73 MPa m®>, respectively. Johnson et al.”! introduced
the following equation to compute the breakdown pressure as a function
of the fracture toughness for a cracked borehole.

P, =[1 —1(B)]on +1(B)on + Wi%

where ¢ and oy are the minimum and maximum horizontal stresses,
respectively; I(f) is a function of the angle  between the oy and the
crack with a length of a; R is the radius of the borehole and f(a/R) was
shown by Paris, Sih®? as a function of a/R. As shown in eq. (7), the
breakdown pressure is directly proportional to the o5, oy, and Kic and
inversely proportional to the crack length a. To show the effect of the
strain rate on the Pb, the following parameters were chosen as shown by
Mohamadi et al.°*: 6, = 5.1 MPa, oy = 12.8 MPa, = 0.0°, I(§) =
—0.058, a = 1.4 mm, R = 56 mm and f(a/R) = 2.21. The breakdown
pressure is shown in Table 3. This table shows that as the strain rate
increases the breakdown pressure increases. This result was confirmed
by researchers in granite,>* clay shale,”® and cement and mortar,”® who
demonstrated an increase in breakdown pressure with increasing the
injection rate. In hydraulic fracturing, we aim to reduce the breakdown
pressure. Our results indicated that this can be done by decreasing the
strain rate. Table 3 shows that by decreasing the strain rate from 102 to
1073 S*I, the (Kic, Pp) in marlstone, marble, and hornfels decreased from
37% to 22%, 42%-30%), and 46%-39%, respectively. In addition, it can
be noted that the effect of the strain rate on breakdown pressures in-
creases with increasing the rock strength. Therefore, to reduce the
breakdown pressure, it is recommended to reduce the injection rate in
hydraulic tests. However, there is an important point that must be
considered, which is that water infiltration is closely related to the in-
jection rate (q), there is a minimum injection rate (qmiy) under which the
injection fluid penetrates inside the rock with constant injection pres-
sure. This corresponds to an impermeable case and the injection rate
must be increased to reopen the existing fractures or to create new
tensile fractures. Therefore, in future works, we recommend studying
the strain rate (€n,n) corresponding to the minimum injection rate (qmin)-

)

7.3. The tortuosity and fracture width

In addition to what was mentioned above, studying the factors that
affect the permeability and conductivity properties of tensile fractures is
important in many fields of rock mechanics and geological engineering,
and has practical applications such as the development of geothermal

Table 3
Breakdown pressure.

Rock type  Strain rate Kic (MPa KIC-decrease Py, Pb-decrease
s™ m®®) (%) (MPa) (%)
Marlstone 1072 1.03 37% 11.7 22%
107 0.65 9.1
Marble 1072 1.72 42% 16.4 30%
107 1 11.5
Hornfels 1072 3.73 46% 30.1 39%
10° 2.01 18.4
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energy, the isolation of nuclear wastes buried in geological formations,
drilling fluids flow during oil exploration operations, the recovery of
fossil fuels, oil and gas flow through tensile fractures induced by hy-
draulic fracturing. In this study the effect of the strain rate on two factors
that affect the permeability of tensile fractures was studied under a
microscopic scale, these factors are the tortuosity and the aperture of the
fracture path. Tortuosity is an essential factor that affects the connec-
tivity of fluid flow paths because of contact areas along the fracture
path.”” Lespinasse, Sausse®® indicated that the tortuosity and the frac-
ture roughness strongly affect the fluid flow through fractures. The in-
crease of fracture tortuosity causes an increase in the curved fractures
along the fracture path, which in turn increases the friction between the
proppant and fracture surfaces. In hydraulic fracturing, we strive to
reduce the fracture tortuosity to reduce frictions in proppant transport
and thus increase fracture productivity. The results of this study indi-
cated that this can be achieved by reducing the strain rate. The tortu-
osity factor in the very fine- and fine-grained rocks such as marlstone
and hornfels is affected slightly by the strain rate. By decreasing the
strain rate from 1072 to 107> S~} the tortuosity factor decreased only by
0.5% and 0.3% respectively. While in coarse-grained marble, the tor-
tuosity factor decreased by 4.6%.

The second important factor that affects the fracture permeability is
the aperture, or in other words the opening size, of the fracture path
after stress releases. Our results indicated that the fracture width is more
affected by the strain rate than the tortuosity factor. By decreasing the
strain rate from 1072 to 10> S’l, the fracture width increased by 55%,
36%, and 51% in marlstone, marble, and hornfels, respectively. There-
fore, the increase in strain rate decreases the fracture productivity
because it decreases the fracture aperture. Finally, it can be concluded
that the strain rate has a strong effect on the parameters associated with
hydraulic fracturing. The increasing strain rate increases the breakdown
pressure and reduces the fracture productivity due to the increase of
fracture tortuosity and the decrease of the fracture aperture.

8. Conclusions

The effect of strain rate on tensile fractures was investigated in this
study in three different rock types; marlstone, marble, and hornfels.
Mineralogical composition and grain size distribution were determined
for the three rock types. The crack propagation speed was measured by
using a special electrical circuit and the fracture path of the tensile crack
was traced under the microscope. The results indicated that:

Taking into account the mineralogical composition and grain size
distribution of the three rock types, marlstone has the minimum grain
size and it adds the effect of very fine grains on tensile fracturing,
especially the effect of weak components such as clay. Marble has the
maximum grain size and takes the effect of natural fractures such as
intragranular, intergranular cracks, and weak cleavages into account.
While hornfels represents the effect of strong minerals on tensile
fractures.

Marlstone has the minimum density and the maximum porosity of
the three rock types. Moreover, the tensile strength of hornfels is found
to be 6 and 7 times greater than that of marble and marlstone,
respectively.

By increasing the strain rate from 107%t0 1072, the Kjc in marlstone,
marble, and hornfels increases from 0.65 to 1.03, 1.0 to 1.72, and
2.01-3.73 MPa m®®, respectively. In addition, the increment rate of K¢
varies according to the rock type such that the increment rate of marl-
stone, marble, and hornfels is 0.4%, 0.75%, and 1.8%, respectively.

The crack propagation speed is dependent on the strain rate such that
by increasing the strain rate from 107> to 102, the crack propagation
speed in marlstone and marble increases from 4 to 22 m/s, and in
hornfels increases from 35 to about 100 m/s. The results concluded that
the hornfels has the maximum increment rate of crack propagation
speed (65%), while marlstone and marble have the same increment rate
of 18%.

12

International Journal of Rock Mechanics and Mining Sciences 160 (2022) 105256

We also found that as the grain size increases, the tortuosity factor
increases and so the marlstone has the minimum tortuosity factor.
Moreover, under a strain rate of 10>, the tortuosity factor of marble is
found to be 7.5% and 4.5% greater than that in marlstone and hornfels,
respectively. As the strain rate increased from 107> to 1072 S7%; the
tortuosity factor in marlstone, marble, and hornfels increased by 0.5%,
4.8%, and 0.3%, respectively.

The fracture width is affected by the strain rate and it was found that
by increasing the strain rate from 10> to 10~2 in marlstone, marble, and
hornfels, the fracture width decreases by 36%, 26%, and 34%, respec-
tively. Therefore, the permeability of tensile cracks decreases.
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