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Abstract: There are favorable exploration prospects in igneous rock reservoirs. However, problems of
borehole instability occur frequently during drilling igneous formations, which is a serious impediment
to oil and gas exploration and production. The lack of systematic understanding of the inherent instability
mechanisms is an important problem. A series of experiments were conducted on several igneous rock
samples taken from the sloughing formations in the Tuha area in an attempt to reveal the inherent
mechanisms of wellbore instability when drilling in fractured igneous rocks. Research methods involved
slurry chemistry, analysis of micro-geological features (Micro-CT imaging, SEM), and rock mechanics
testing. The experimental results indicated that clay minerals were widely distributed in the intergranular
space of the diagenetic minerals, crystal defects, and microcracks. Drilling fluid filtrate would invade
the rock along the microcracks. The invasion amount gradually increased over time, which constantly
intensified the hydration and swelling of clay minerals, leading to changes in the microscopic structure
of igneous rocks. Primary and secondary microcracks can propagate and merge into single cracks
and thus reducing rock cohesion and the binding force along cleavage planes. Based on this result the
authors propose that a key towards solving wellbore instability in igneous formations is that specific
micro-geological characteristics of the igneous rocks should be taken into consideration in the design of

antisloughing drilling muds.
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1 Introduction

Borehole instability caused by clay mineral hydration
during drilling is a major problem in the oil industry. This
phenomenon usually occurs in the clay-rich mud shale;
however, with expansion of exploration, it is also found in
the drilling of igneous formations (Mitsuhata et al, 1999;
Sahabudin and Darren, 2000). In recent years, borehole
collapse, hole enlargement, lost circulation, pipe sticking
and other complex problems often emerge in most of oil
and gas basins when drilling into igneous rocks (basalt,
tuff-based), resulting in the expansion of the drilling cycle
and increase in drilling cost. To reduce wellbore instability
problems in igneous rock formations, several researchers
have investigated the factors influencing borehole instability.
Researchers focusing on metasomatic alteration petrology
pointed out that the neutral or basic igneous rocks, especially
pyroclastic rocks under hydrothermal conditions (contact
with the formation fluid under high temperature conditions)
would be vulnerable to argillization. Plagioclase is often
altered to kaolinite and smectite minerals. Numerous studies
show that clay minerals in igneous rock formations tending
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to suffer from borehole instability consist mainly of smectite,
whose physical and chemical properties present strong
dispersibility or expansibility (Bhuyan and Passey, 1994;
Stjern et al, 2003; Thomson, 2003; Rohrman, 2007). When
contacted with incompatible drilling fluid filtrate, these clay
minerals would be hydrated (in the forms of dispersion or
expansion), thus leading to wellbore instability. In the Jidong
Oilfield, the basalt and tuff formations in the Guantao Group
where borehole instability occurs contain a large number
of clay minerals, up to 36%-78%, with a relative content of
smectite of 90%-97%. The high content and wide distribution
of opaline silica which also expands easily may also be one
of the reasons for borehole instability (Yuan et al, 2007).
Tuff is easily to disperse, with a core recovery rate of less
than 10%, while basalt and altered basalt have relatively low
dispersibility, but still expand easily with an expansion ratio
up to 38%-43% (Zhang et al, 2010).

In addition, the particular petrological structure of igneous
rocks is also a potential factor of borehole instability (Sato
et al, 1999; Kawamoto and Sato, 2000; Jerram et al, 2009,
Karakul and Ulusay, 2009; Wang et al, 2010). Weak planes
and non-homogeneous structure greatly weakens the strength
of formation rock. Moreover, the micro-structures of igneous
rocks also have an impact on the deformation mode (Crosta
et al, 2010; Hossain and Seshagiri, 2008; Lutz et al, 2010),
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so that the traditional Hoek-Brown instability criterion is
no longer applicable (Masoumi and Douglas, 2012). The
hardness of amygdaloid differs substantially from that of
the basalt matrix drilled in amygdaloidal basalt in the Tahe
Oilfield (the amygdaloid are composed of calcite, opaline
silica, and chlorite). The released stress, surge pressure,
drilling tool collision, and other mechanical factors during
drilling make it easy to produce stress concentration at the
amygdale, which results in sloughing of surrounding rock and
lost circulation in basalt with abundant pores (Li et al, 2011).
Several researchers (Assefa and Sothcott, 1997; Tziallas et al,
2009; Cavinato et al, 2005; Bauer et al, 1981) focused more
on investigating the factors affecting the geo-mechanical
properties of rocks and the relationship with acoustic
parameters, but they did not pay attention to understanding
the mechanisms of borehole instability in igneous formations.
The understanding obtained from the studies on drilling
fluids used in igneous formations (Tan et al, 1998; Aburto
and Clyde, 2009; Chen et al, 2003) was that the original
collapse pressure of the igneous rock was high and wellbore
stabilization was achieved by continuously adjusting the
drilling fluid density. But so far, when wellbore instability
occurs in newly drilled igneous rocks (such as Yubei), it is
still necessary to take a lot of time and effort to come up
with countermeasures. The fundamental reason is the lack of
a clear and systematic understanding of the mechanisms of
wellbore instability in igneous rock formations.

In view of the above problems, which are related to
physical and mechanical properties of igneous rocks under
specific geological and engineering conditions, a series of
experiments were conducted on several igneous rock samples
taken from the sloughing formations in the Tuha area, to
attempt to reveal the inherent instability mechanisms of these
fractured igneous rocks.

2 Microstructure and clay mineral analysis
of igneous rocks

The mechanical properties of rocks are affected by
mineral composition, rock texture, clay content and clay type.
Therefore, analysis of mineral component, rock texture, and
clay type and content of igneous rocks may greatly contribute
to understanding the borehole instability mechanisms.

2.1 Whole-rock mineral analysis by X-ray diffraction
(XRD)

X-ray diffraction analysis is a fast, reliable and convenient
method for determining clay mineral type and content.
Several rock samples taken from the sloughing formations
in the study area were ground to fine powder and then XRD
was applied to determine the total clay mineral content in
the powder. Compared with the intercrystalline distance
and intensity of diffracted ray for different types of clay
minerals, the types and relative contents of clay minerals
were identified. The results of XRD analysis showed that
both types of igneous rock samples had high clay contents (see
Figs. 1 and 2). The average clay content of the tuff samples
was 18% and that of the basalt samples was 23%.
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Fig. 1 Whole-rock mineral analysis of clay content in tuff specimens
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Fig. 2 Whole-rock mineral analysis of clay content in basalt specimens

Table 1 lists the clay mineral composition of some test
samples. It can be seen from Table 1 that in all test samples,
the dominant clay mineral is smectite; in the four main clay
minerals (kaolinite, chlorite, illite, and smectite), the relative
percentages of smectite is generally more than 50%, except
samples S-32 and S-28, even exceeding 95%. The relative
contents of smectite in samples S-32 and S-28 are 19% and
32%, respectively.

Table 1 Clay mineral content and composition

Total clay mineral Relative content, %

Sample
content, % Kaolinite Chlorite  Illite ~ Smectite
S-3 39 0.1 0.2 3.8 96
S-47 13 0.3 0.2 0.8 99
S-9 15 0.0 0.1 0.3 99
S-22 22 0.1 0.2 0.6 99
S-26 26 21.2 14.2 0.0 65
S-32 16 31.2 15.6 34.7 19
S-28 32 50.3 16.8 0.5 32
S-23 23 0.3 0.2 0.8 99
52 26 0.1 0.2 0.4 99
36 23 0.0 22.7 6.1 71
5 10 0.3 0.2 46.6 53
53 39 0.6 0.7 2.0 97




214

Pet.Sci.(2013)10:212-218

Scanning electron microscopy (SEM) is an extremely
useful technique commonly used to observe the microscopic
structure of clay minerals and their occurrence modes. Fig. 3
shows the morphological characteristics of clay minerals in a
basalt sample. It can be seen from the SEM image (Fig. 3(a))
that clay minerals in the basalt samples were well developed.
Smectite was identified in the scanning electron micrographs
at a magnification of up to 2,000 times (Fig. 3(b)).

Fig. 4 shows the morphological characteristics of clay
minerals in a tuff sample. The SEM results showed that
a large number of clay minerals were observed in the
intergranular space, crystal defects and the micro-cracks
of the diagenetic minerals, in both types of specimen. The
main mineral occurred as a small flaky texture, which was
identified as smectite.

(b)

Fig. 3 Microscopic morphology of clay minerals in a basalt sample (S-28)

2.2 Weak structural plane and microscopic pore
structure description

The development of cracks, cleavage, and weak structural
planes directly determine the rock mechanical properties.
This also affects the permeability in vicinity of the wellbore.
Analysis of drill core samples from the study area (Fig. 5)

(b) Clay minerals in microcracks

Fig. 4 Microscopic morphology of clay minerals in micropores and
microcrack present in a tuff sample (S-32)

indicated that the underground igneous rocks exhibited a
strong heterogeneity, and weak planes were well developed,
most of which were filled with other minerals, showing
banded mineral filling characteristics (Fig. 5(c), 5(d)).
However, there were also developed a small number of
unfilled cracks (Fig. 5(a)).

Fig. 6 shows the microscopic structures of basalt and tuff
samples obtained with the scanning electron microscope.
A small number of pores were observed in both basalt and
tuff samples. They were mainly intergranular micropores,
which were connected by microcracks and cleavage planes
widely distributed in the samples. The existence of abundant
micropores, microcracks and cleavage planes greatly reduced
the mechanical properties of igneous rocks, so the rock
mass may be easily damaged by external force along the
microcracks and cleavage planes, finally resulting in wellbore
instability. On the other hand, these micropores, microcracks
and cleavage planes also provided channels or passages
for the water phase of the drilling fluid penetrating into the
formation and interacting with clay minerals (especially the
smectite), increasing the possibility of the invasion of drilling
fluid filtrates deep into the formation. During drilling in this
area, when drilling fluid filtrates penetrate into the formation
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(a) Fissure

(b) Weak plane

(c) Filled fissure

(d) Filled fissure and weak plane

Fig. 5 Weak planes in full-size drilling cores

along the microcracks or cleavage planes, the filtrates often
exacerbate the hydration, expansion and dispersion of clay
minerals, thereby reducing the bonding strength of the rock
and the binding force between cleavage planes, then causing
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(c) Microscopic cleavage plane in tuff (S-9, unloading)

it split along the cleavage planes or microcracks, finally
resulting in wellbore instability. When the filtrate loss of
the drilling fluid gets higher, it can easily lead to borehole
sloughing and sticking.
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(d) Microscopic fissures in tuff (S-25)

Fig. 6 SEM images of basalt and tuff samples
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3 Mechanical properties of rock samples
after soaking in the drilling fluid

To further investigate the instability mechanisms of the
fractured igneous rocks, the mechanical properties of rock
samples were measured after soakng in the drilling fluid
(Table 2). Triaxial compression tests were conducted to
analyze the dynamic characteristics of rock samples after
soaking in the drilling fluid for different times. To guarantee
the comparability of the experimental results, from the
same lithologic type of core samples, we selected integrated
samples with similar initial density and initial acoustic travel
time as experimental core samples (Table 3).

Table 2 Drilling fluid formulation

Component Content, % Component Content, %
KPAM 0.3 NaCOOH 5
HV-PAC 0.5 WD801 1
XC 0.3 BST-II 0.5
NaHPAN 1.5 HV-CMC 0.5
LYDF 3.0 SPNH 2
Table 3 Basic parameters of core samples
Sample Density Acoustic time Porosity Permeability
number g/em’ ps/m % x10” mD
2 2.52 225.4 3.6 1.5
10 2.57 2323 2.9 5.1
11 2.58 233.1 3.8 6.2
12 2.58 252.0 4.7 6.8
45 2.53 242.5 42 2.2
46 2.46 229.5 3.7 2.6
47 2.53 237.7 4.1 1.7
53 2.54 238.5 39 1.6

The core samples were soaked in the drilling fluid for
24, 48, and 72 h, respectively, at atmospheric temperature
and pressure. During soaking, the acoustic travel time, and
mass, and densities of core samples measured at certain time
intervals. Finally, triaxial compression tests were conducted
under the simulated formation confining pressure.

Acoustic travel time, ps/m

220
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It can be seen from Fig. 7(b) that both the mass and
density of the core samples increased with soak time. This
indicated that the amount of drilling fluid filtrate invading
the core samples gradually increased over time and the core
sample was not yet full affected by the drilling fluid within 72
h.

Previous research indicated that the acoustic velocity
increased with an increase in fluid saturation (Pujol and
Smthson, 1991; Wang and Dai, 2006; Zhu et al, 2011). In
these tests, the drilling fluid filtrate invaded the core sample
as it was soaked, so the fluid saturation increased in the
sample and the effective pore space with gas decreased due
to swelling of clay minerals which are sensitive to water. This
resulted in a reduction in acoustic travel time (i.e. increase
in wave velocity) of the core samples (Fig. 7(a)). Thus even
without external pressure difference, the drilling fluid filtrate
may invade the core sample and react with clay minerals
under capillary pressure when the core sample was soaked in
the drilling fluid. This is an important factor for the reduction
of rock strength. Triaxial compression test results showed
that the compressive strength of igneous rock sample was
significantly lower after soaking than its initial value, and the
overall elasticity modulus also decreased (Fig. 8).

The experimental results showed that drilling fluid
invasion significantly reduced the mechanical strength of the
igneous rocks. However, the reduction of the rock mechanical
properties is only the representation in macro physics, which
cannot reveal the intrinsic yield failure of rocks. This cannot
describe the relationship between the internal structure of
the rock and its mechanical properties (Sulukcu and Ulusay,
2001). The question is: how does the interaction between
the drilling fluid and the microcracks and the clay minerals
change the rock structure, affect the propagation of the
internal cracks, and then reduce the stability of the igneous
rock? In our laboratory, a micro-CT scanner was used to
image the igneous core samples before and after soaking
in the drilling fluid to record visually the subtle evolution
of microcracks in core samples, thus revealing the intrinsic
failure mechanism.

The microcracks were found to present an increasing
trend with soak time (Fig. 9). With the continuous invasion
of the drilling fluid filtrate, propagating microcracks tended
to bifurcate in the core samples until full communication
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Fig. 7 Petrophysical properties of core sample S-12# after different times of soaking
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Fig. 8 Effect of drilling fluid invasion on mechanical parameters

occurred. The depth of crack propagation was related to the
degree of development of the initial cracks. Filtrate invasion
and the corrosion and erosion of clay minerals in weak
planes would decrease the friction strength of the surface of
weak planes and lead to the microcracks being interconnected
with the main crack, resulting in macroscopic damage.
This resulted in a decrease in rock strength at the borehole
wall with weak planes and then borehole sloughing during
drilling. For the basalt block with higher hardness, even more
complicated conditions such as sticking would occur.

Fig. 10 shows the photos of specimens S-9 and S-7
which were soaked in the drilling fluid for 48 h. Cracks and
disintegration of rock were observed on the end portion of
the specimen under atmospheric pressure. Combined with
CT scan analysis, we drew the conclusion that continuous
propagation and evolution of internal microcracks would
communicate themselves with the cracks on the core surface,
which reduced the binding force between layers, then caused
the end portion to flake off the block. Therefore, based on the
micro-geological characteristics analysis in this paper, we

(a) Before soaking

(b) After soaking for 48 h

(c) After soaking for 72 h

Fig. 9 CT-scan images

(a) Sample S-9
Fig. 10 The end of core flaked off after immersion

(a) Sample S-7

summarized a failure mechanism of borehole instability in
fractured igneous rocks formations. The drilling fluid filtrate
can penetrate along the cracks and microcracks and react with
some clay minerals (swelling and hydration), which causes a
decrease in cohesion of mineral particles. Therefore, primary
or secondary microcracks may continuously propagate and
merge into single cracks until partial or total collapse occur in
the core samples.

4 Conclusions

1) XRD and SEM analyses indicate that clay minerals are
common in the intergranular space of the diagenetic minerals,
crystal defects, and microcracks. The dominant clay mineral
is smectite.

2) Triaxial compression test results show that the
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compressive strength of an igneous rock sample is
significantly lower after soaking in drilling fluid filtrate
than its initial value, and the overall elasticity modulus also
decreases.

3) Micro-CT imaging indicates that primary and
secondary microcracks may propagate and merge into single
cracks due to invasion of the drilling fluid filtrate, leading to
partial collapse of the rock.

4) The inherent instability mechanism of fractured igneous
rocks is revealed. The presence of weak planes, microcracks
and cleavage planes in the igneous rock exacerbates the
hydration and swelling of clay minerals, and thereby changes
the mechanical properties of rock in the vicinity of the
borehole. This eventually causes borehole instability.
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