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Columnar jointed basalts are characterized by a self-organized joint network of discontinuities and pose a diffi-
cult challenge for geotechnical engineering design due to their inherent anisotropic nature. We explore here
the anisotropic characteristics of the columnar basalt formation in the Chinese Baihetan hydropower station, in-
cluding aspects of the geometrical rock structure, deformation, and strength anisotropy. Site investigations reveal
that a typical cross section of the columnar basalt blocks is mainly quadrangular and pentagonal with an average
edge length of 0.152 m. Three types of joints with different macro- and micro-characteristics form the columnar
jointed rockmass and are identified by scanning electronmicroscopy. In situ ultrasonic tests further confirm that
the columnar basalt prisms exhibit transverse isotropy with the plane of isotropy perpendicular to the column
axis, as can also be observed in the field. Strength anisotropy is confirmed by point load and uniaxial compression
tests. The mechanical and anisotropic characteristics of Baihetan's jointed basalt mass can be explained by its
multi-scale joints pattern bymeans of Goodman's stiffness equation.We find that the anisotropic coefficients ob-
tained for its deformability and strength are similar for all testing methods employed, including in situ P wave
velocity, point load tests, and uniaxial compression tests. This result confirms the strong anisotropic effect in
these rock masses and facilitates, an issue that must be considered when assigning input parameters for various
classification and numerical analyses schemes.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Conventional wisdom in rockmechanics states that structural joints
affect the mechanical response of the rock mass by introducing strong
anisotropic effects (Barton and Bandis, 1980; Hudson and Priest, 1983;
Brady and Brown, 1985; Pariseau, 1999; Diego et al., 2011). If the joint
sets have a reasonably uniform orientation and are closely spaced and
continuous, the overall rock mass behavior may be assumed to be
equally isotropic and can be modeled using empirical classification
methods (Hoek and Brown, 1980; Moon et al., 2005; Gadde et al.,
2007; Wang et al., 2011). This approach is based on the cumulative en-
gineering experience of multiple workers and has been empirically val-
idated and theoretically affirmed (Yoshida and Horii, 2004; Maghous
et al., 2008; Zhang et al., 2012). Nevertheless, a discontinuous rock
massmust be considered an anisotropicmaterial if the joint sets are dis-
tributedwith a fewprincipal directions and characteristic spacing distri-
butions (Cundall and Fairhurst, 1987; Hoek et al., 1998; Wu andWang,
2001; Budetta and Nappi, 2011; Fortsakis et al., 2012). Due to the
low shear and tensile strengths of intensely jointed rock masses, load–
unload cyclesmay exhibit significant hysteresis, and greater deformation
86 27 87197610.
may ensue along certain preferred orientations, leading to structurally
controlled failure patterns (Ishida and Uchita, 2000). Under certain
extreme conditions, discontinuitieswith adverse attitudes to the opening
face may trigger great disasters during underground excavation (Gencer,
1985; Sousa, 2006; Jaeger et al., 2007; Jia and Tang, 2008).

A columnar jointed basalt rockmass, which typically originates from
lava flow, is characterized by a special geological structure in which the
joint network is self-organized into a roughly hexagonal arrangement
and leaves behind an ordered colonnade. The widely accepted current
view regarding the formation of columnar jointing involves a thermally
induced contraction–cooling mechanism (Peck and Minakami, 1968;
Degraff et al., 1989; Budkewitsch and Robin, 1994; Müller, 1998; Lore
et al., 2000; Goehring et al., 2006). While the columnar basalt formation
mechanism is fairly well understood, the geotechnical characteristics of
such a rock mass are less well established. Moreover, joint-set orienta-
tion and spacing dictate the failure modes expected in any given
free face around the excavated space. (Ibarra et al., 1996; Waltham
and Swift, 2004; Mahendra and Bhawani, 2008; Fuenkajorn and
Phueakphum, 2010).

Rock masses composed of columnar basalts exist in many places
throughout China; in certain areas, they compose popular scenic spots
(Zhu et al., 1985; Fang et al., 2011). As in the rest of the world, in
China, most research efforts have concentrated on the columnar basalt
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origin and formationmechanism. In recent years, certain large geotech-
nical hydropower and highway projects have exposed its unfavorable
properties in engineering geology (Xu et al., 2010; Yan et al., 2011). No-
tably, the columnar jointed basaltic rock mass in the Baihetan hydro-
power station has exhibited serious stability issues, including sliding,
fracturing, and collapse (Shi et al., 2008). Therefore, it is essential to ad-
dress the geotechnical and geomechanical characteristics of such a rock
mass through field and laboratory studies to minimize future failures in
underground openings that are excavated in columnar basalts.

In this paper, we focus on the anisotropic nature of a columnar joint-
ed basalt (CJB),where typically the plane of isotropy is orthogonal to the
columnar rock block longitudinal axis. The special anisotropic charac-
teristics of the CJB, including the anisotropic structure of the rock
mass, three micro-scale characteristics of joint surfaces, and the defor-
mation modui and compressive strength anisotropies, were analyzed
through field surveys, scanning electron microscopy, in situ ultrasonic
tests, field point load tests, and laboratory uniaxial compressive tests.
Based on this comprehensive study we present preliminary estimates
for mechanical parameters of the CJB that can be used as input parame-
ters in classification methods or numerical approaches which may be
employed to predict the mechanical response of CJB during under-
ground or surface excavations.

2. Geological and geotechnical settings for the Baihetan hydropower
station

The planned Baihetan hydropower station will be located at the
border betweenNingnan County of SichuanProvince andQiaojia County
of Yunnan Province downstream of the Jinsha River (Figure 1a). The
station has an electrical capacity of 16 GW and will function as a very
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Fig. 1. The layout and geological setting of the Baihetan hydropower station: a) locationmap an
large multipurpose water conservancy project, similar to the Three
Gorges hydraulic station. The valley region is characterized by canyon
geomorphology with the general stratum inclining to the southeast
(Shi et al., 2006; Xu et al., 2011). The station consists of several parts:
the left underground hydraulic caverns, the right underground hydrau-
lic caverns, the arched concrete dam, and five diversion tunnels.

The stratigraphic column belongs to the Emeimountain group of the
Permian system (P2β) and is a basaltic formation originated from mag-
matic and volcanic eruptions. The basalt flow layers are inclined with
strike trendingN30°–50°E and a dip angle of SE∠~15°–25°. The volcanic
sequence can be divided into 11 rock layers (P2β1 ~ P2β11) according to
recognized and identified historic lava eruption episodes. The columnar
jointed rock mass is fully developed among the P2β3 layers (i.e. the P2

β3
2 and P2β3

3 layers, as shown in Figure 1b). The representative rock
mass in these rock layers are gray-black jointed basalt with prismatic
blocks and a columnar joint network. Except for the effect from local
tectonic activity, the CJB prismatic block axis has a plunge angle of ap-
proximately 60–85°.

During excavation of the CJB rockmass in the diversion tunnels (typ-
ically 19.7 m wide and 24.2 m high in the transverse section), special
unloading failure characteristics were revealed in the following se-
quence of events: First, the columnar joints parallel to prismatic rock
blocks began to exhibit incremental loosening and splaying following
excavation, most likely induced by unloading the initially stressed
rock mass; Next, transverse joints transecting the prismatic blocks
began to open due to unloading over several days; Finally, prismatic
rock block release and collapse into the excavation space followed if
temporary support measures were not installed (Figure 2). Field inves-
tigations clearly indicated that the CJB deformation pattern and failure
modes differed between the opening faces parallel and normal to the
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Fig. 2. Representative failure modes of the columnar jointed basalt in the Baihetan diversion tunnels.
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Fig. 3. Cross section (a) and statistical characteristics (b, c) of typical columnar basalt blocks.
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Fig. 4. Three types of joint sets and their relationship to the axes of the prismatic columnar basalt rock blocks.
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Fig. 5. SEM images of representatives for the three joint types identified in columnar basalt blocks.
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Fig. 6. The transverse isotropy plane (shaded) and multi-scale joints comprising the columnar jointed basalt (CJB) rock mass structure.
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prismatic basalt block axes. Therefore, the geomechanical behavior of
CJB in the diversion tunnels was highly dependent upon the anisotropic
nature of the columnar basalt rockmass. Understanding the significance
of inherent rockmass anisotropy, in this case due to the nature of the in-
ternal structure of the columnar basalt, is essential for the appropriate
design of support for the five diversion tunnels and other subsequent
underground large caverns and tunnels associated with this project,
such as the underground main powerhouse and the downstream
surge tank.

3. The anisotropic structure of the columnar basalts

3.1. Field characteristics of the columnar basalts

Field investigations in Baihetan's diversion tunnels showed that the
exposed rock mass structure in the roof and sidewalls was dominated
by prismatic rock blocks formed by the assembly and intersection of
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Fig. 7. The arranged boreholes for the ultrasonic P wave velocity tests. (a) Layout drilled bo
joint sets, which compose the overall rock mass structure. The typical
height of the prismatic blocks ranged from several decimeters to 1 m
due to the varying spaces between the transverse joints that are normal
to the prismatic block axis. Interestingly, the transverse sections of a
typical columnar rock blockwere not always hexagonal (Figure 3a). Sta-
tistical measurements of almost 200 block sections performed in the
field showed that the quadrangular, pentagonal and hexagonal polygon
frequency in the columnar block cross section were 32.1%, 46.7% and
17.6%, respectively, and that the combined frequency of the triangular
and heptagonal polygonswas less than or equal to 4% of the total shapes
(Figure 3b). Statistical analyses of field data also indicated that the aver-
age polygon edge length was approximately 0.152 m, and more than
80% of the edge lengths were in the range 0.12–0.24 m (Figure 3c).

The statistical result that the polygon sections were not always hex-
agonal but exhibited several types of polygon shapes is consistent with
Hetenyi's investigations on columnar jointed rock masses from 50
regions in Europe (Hetenyi et al., 2012). According to Goehring and
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reholes, and (b) the P-wave velocity data obtained in different transmitting directions.
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Morris (2008) and Hetenyi et al. (2012), the hexagonal cross section
may evolve due to thermal shrinkage stress that acts on the lava surface,
provided that the environmental temperature is slightly lower than
the solidification temperature of the lava flow material. Otherwise, an
excessively high or low temperature difference would induce disorga-
nized extension of new or preexisting fractures during the lava cooling
process. Given that most transverse Baihetan CJB sections were qua-
drangular and pentagonal, we may infer that the historical basalt lava
flows that formed the P2β3

2 and P2β3
2 strata did not follow the ideal

columnar basalt formation characterized by hexagonal cross sections,
most likely due to uneven or unsatisfactory temperature differences
between the environment and basalt solidification temperature.

Further field studies on the jointing patterns reveal three types of
joint sets that form the CJB in the diversion tunnels, as follows (Figure 4).

(a) Columnar joints (I): Rough surfaces that form the columnar rock
block boundary. ‘I’ joints always intersectwith each other to form
columnar blocks. Their length is on a meter scale.

(b) Vertical internal joints (II): Found inside each columnar rock
block, their plane is nearly parallel to the columnar block axes.
‘II’ joints are typically decimeters long and characterized by
polished and wavy surfaces.

(c) Horizontal internal joints (III): Also found inside each columnar
rock block, their plane is nearly normal to the columnar block
axes; they are nearly parallel to the lava flow surface and charac-
terized by a smooth surface, approximately 0.01–0.03m spacing,
and 0.05–0.1 m persistence.

Type ‘II’ and ‘III’ joints typically appear inside columnar jointed rock
blocks in an initially closed and tight configuration before the tunnel
Fig. 8. The P-wave velocity profiles for boreholes B1
opening and onset of loosening due to unloading. However, they
can be observed in the field due to delayed splaying after unloading
excavation.

3.2. Micro characteristics of the joint surfaces

Scanning electron microscopy (SEM) studies have been performed
to further understand the surface characteristics of the joints that
form the columnar basalt rock mass structure. Several specimens were
investigated using SEM, including the columnar joints and the vertical
and horizontal internal joints. The SEM results indicate that each joint
type has different characteristics, as follows.

(a) The columnar joints (I) exhibit rough surfaces on a macro scale
with a micro desiccation pattern, such as a structure typical of
thermal-shrinkage cracks (Figure 5a). This type of micro pattern
confirms the assumption that this joint class is associated with
lava cooling.

(b) The upright (vertical to sub-vertical in this case) internal joints
(II) exhibit macroscopic smooth surfaces that are intact on the
micro scale and where individual grain boundaries may be ob-
served (Figure 5b). This micro pattern supports the assumption
that upright internal joints originate from cooling-induced con-
traction, which may be inferred from the tensile-failed grains
and wavy surfaces at the micro scale.

(c) The lateral (horizontal to sub-horizontal) internal joints (III) ex-
hibit smooth surfaces on the macro scale with many parallel
micro-cracks (Figure 5c). Certain shear striations were observed
on the surfaces. The parallel micro-cracksmight be related to the
, B2, B3 and B4 (for the location, see Figure 8).



Table 1
The statistic average wave velocities of intact CJB in different transmitting directions.

Wave travel direction Travel direction parallel to the prismatic block axis Travel direction normal to the prismatic block axis

VB1 VB2 VB3–B4 VB3 VB4 VB1–B2

Velocity (m/s) First time 4844 4859 4842 5539 5414 5429
Second time 4871 4790 4814 5514 5398 5379
Third time 4851 4803 4802 5522 5520 5417

Average P-velocity (m/s) 4830 5459
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columnar basalt crystallization process, but the frictional stria-
tions may be attributed to tectonically induced shear deforma-
tion or minute shear displacements induced by the excavation.

The two types of internal joints may also be classified as primary
joints that originate from the lava cooling process. Generally, the
heat exchange capability of lava layers weakens in the later cooling
stages due to the appearance of multiple columnar joints (Degraff and
Aydin, 1987; Saliba and Jagla, 2003; Phillips et al., 2013). As a result,
the gaps between the prismatic block lateral joints become new heat-
exchanging paths. Therefore, the upright internal joints that are nearly
parallel to the columnar block axesmay have developed due to horizon-
tal thermal stresses. The horizontally internal joints with planes nearly
perpendicular to the columnar rock block axes may also be associated
with the cooling phase and later tectonic deformation. However, it is
reasonable to assume that subsequent dynamic geological processes, in-
cluding further volcanic and magmatic eruptions, tectonic movements,
and, now engineering activities, such as blasting and excavation, also
promote horizontal internal joint growth.

In sum, the CJB exhibits transverse isotropy. The isotropy plane is
orthogonal to the columnar rock block axes. We identified three types
of joints with different macro and micro characteristics that form the
columnar jointed rock mass. The different joint sets render the rock
mass a multi-scale anisotropic structure, as shown conceptually in
Fig. 6. The CJB is composed of ordered prismatic blocks on the macro
scale, but upright and sub-horizontal internal joints comprise the CJB
structure at the micro scale. The different joint types are assumed to
represent different in situ stress regimes during different time scales
that are illustrated through different size scales in the rock mass.
The columnar (I) joints, which are on the meter scale, control the
deformation macro mechanics and dictate the shape and size of
the blocks that collapse during excavation. The upright internal
(II) joints, on a decimeter scale, control loosening and block collapse
following unloading deformation triggered by excavation. The hori-
zontal internal (III) joints, which are on a centimeter scale, control
days-delayed rock block cracking or deformation if support was not
installed in time. The CJB anisotropic characteristics studied here
are clearly unique and different from other laminar or stratified
anisotropic rock masses.
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The stiffness coefficient is cited from Oreste and Cravero (2008).
4. CJB anisotropic deformability

The field and laboratory investigation results presented above indi-
cate that the columnar jointed basalts are inherently anisotropic,
which shouldmanifest in anisotropicmechanical behavior. In situ ultra-
sonic velocity tests are a rapid method for assessing CJB mechanical an-
isotropy (Christaras et al., 1994; Sato et al., 2000; Kim et al., 2012;
Nefeslioglu, 2013). The advantage of using P wave velocity tests in the
field is that these experiments are not only nondestructive methods
that do not require sample extraction, but they can also represent the
field stress and original moisture content state of the rock mass tested.
Therefore, through in situ P wave velocity tests, the CJB elastic
deformability in different directions can be determined in the field
under the existing environmental conditions.
4.1. Testing method

To obtain a reliable wave velocity using in situ ultrasonic velocity
measurements in boreholes, the exploratory boreholes should be
oriented parallel or orthogonal to the CJB transverse isotropic plane, as
shown in Fig. 7a. First, the prismatic block axes orientation was
measured to determine the optimum orientation of the drill holes. The
resulting CJB block axis inclination was 77°/318° (plunge/trend) at the
position K0 + 550 m in the No. 2 diversion tunnel. The exploratory
boreholes B1 and B2 were drilled in the tunnel floor with axes parallel
to the columnar basalt axis. Both boreholes were 10 m in length and a
distance of 1 m from one another. The attitude of the line between the
two boreholes was designed to trend to an azimuth of 48°. The explor-
atory boreholes B3 and B4 were drilled in the sidewall; both were 10m
longwith 1m spacing between them. The B3 and B4 borehole axeswere
oriented normal to the columnar basalt axes (13°/42°). The attitude of
the line between B3 and B4 was parallel to the prismatic basalt block
axes.

Ultrasonic tests were performed after drilling the exploratory bore-
holes (from B1 to B4). The first single borehole P wave velocity tests
were performed in boreholes B1, B2, B3 and B4. Next, P wave velocity
tests were performed across two boreholes for the borehole couples
B1–B2 and B3–B4. As a result, we can obtain the P-wave velocity along
2 4 6 8 10
joint Ratio of m/n

Kj=20GPa, Er=40GPa
Kj=40GPa, Er=50GPa
Kj=60GPa, Er=70GPa

oint stiffness, the joint space ratio and the intact rock elastic moduli.

image of Fig.�9
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Fig. 10. Point load test configuration: (a) loading direction parallel to the transverse isotropy plane; (b) loading direction normal to the transverse isotropy plane; and (c) point load test
device and representative sample used in field testing.
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the transverse isotropic plane direction for the CJB using data from VB3,
VB4 and VB1–B2 and the P-wave velocities along the direction normal to
transverse isotropic plane using data fromVB1, VB2 andVB3–B4 (Figure 7b).

4.2. In situ P wave velocity profiles

The above testing methodology, which was performed at position
K0 + 550 m in the No. 2 diversion tunnel, provided six sets of P-wave
velocity profiles for the different CJB directions. All Pwave velocity pro-
files presented in Fig. 8 exhibit an initial low-velocity segment that was
obtained in close proximity to the excavation face. These low velocity
segments represent the excavation-induced damaged zone and dis-
turbed zone with stress release, which can be determined two ways:
1) The laboratorial wave velocity of the rock core is approximately
4200 m/s on average; 2) The field image from the borehole camera
showed many new surface cracks on the first 5 m borehole segment.
Thus, these segments near to the free face were excluded from further
analyses of the CJB intrinsic mechanical anisotropy. The representative
P wave velocities for each direction were obtained by averaging the
data in the linear segments of the experimentally obtained P wave
velocity profiles using Eq. (1):

v ¼ 1
n

Xn
i¼1

vi ð1Þ

wherev is the average P-wave velocity of the intact columnar jointed ba-
salt, vi is themeasured velocity value of the P-wave on the terminal 5 m
portion of the testing borehole, and n is the number of measured data.
The results are reported in Table 1 for data obtained beginning 5 m
from the free surface.

The average velocities, which are presented in Table 1, indicate that
the average P wave velocity of an intact CJB in the direction parallel to
the columnar block axes is approximately 4830 m/s, but it is approxi-
mately 5459m/s normal to the block axis. Considering the general rela-
tionship between the dynamicmoduli (Ed and Pwave velocity (Eq. (2)),
R² = 0.2267

R² = 0.1526
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the anisotropic coefficient (δ) obtained for the dynamic elastic modulus
is 0.78 between the directions parallel and normal to the CJB axis
(Eq. (3).

Ed ¼ ρV2
p 1−2vð Þ 1þ vð Þ= 1−vð Þ ð2Þ

where, Ed is the dynamic Young's modulus of CJB, ρ is the CJB density,
and v is the Poisson's ratio. The laboratory tests show that the dynamic
Young'smoduluswas approximately 78.5 GPa (using the dynamic com-
pressive test), its Poisson's ratio was approximately 0.17, and its bulk
density in its natural state was approximately 2900 kg/m3.

δd ¼ Ed;∥
Ed;⊥

¼ Vp;∥
Vp;⊥

 !2

ð3Þ

δd is the anisotropic coefficient of CJB's dynamic-elastic modulus; Ed,∥
and Vp,∥ are the dynamic Young's modulus and P-wave velocity parallel
to the columnar basaltic block axis, respectively; Ed,⊥ and Vp,⊥ are the
dynamic Young's modulus and P-wave velocity normal to the columnar
basaltic block axis, respectively.

As has been previously suggested, the relationship between static
and dynamic elastic moduli can typically be represented using a
constant ratio (Khandelwal and Singh, 2009; Martinez et al., 2012;
Nefeslioglu, 2013). Similarly, we suggest here that the relationship
between the elastic constants normal and parallel to the CJB axis can
be estimated using a constant, the value of which is 0.78.

It is interesting to note that the representative elastic modulus
parallel to the CJB block axis is lower than that normal to the block
axis. We believe that this experimental finding is related to the smaller
spacing of the horizontal internal joints. Therefore, somewhat counter
intuitively, waves traveling parallel to the CJB block axis aremore atten-
uated. These results confirm Goodman's (1970) suggested relationship
for estimating the elastic moduli of jointed rock masses (Eq. (4)). In-
spection of Eq. (4) shows that smaller joint spacing yields a lower elastic
modulus for jointed rockmasses in the direction normal to the joint set
plane.

1
E
¼ 1

Er
þ 1
S � K ð4Þ

where, E is Young's modulus for a jointed rock mass normal to the joint
planes, Er is Young's modulus for intact rock, s is the joint spacing and K
is the normal stiffness of the joints. Fig. 9 indicates that the resultant
compressive modulus (Ev) was affected by joint stiffness and elastic
modulus of the intact rock to different degrees.

5. Anisotropic strength of the basaltic block

The anisotropic strength of the CJB was determined using point load
tests performed in thefield and uniaxial compression tests performed at
the laboratory.



Table 2
Basic mechanical parameters of the Baihetan basaltic block based on the cylinder specimens.

Source from drilling holes Individual UCS (MPa) Avg. UCS (MPa) Avg. Young's moduli (GPa) Avg. Poisson's ratio

Normal to CJB axis (B3 and B4 holes) 108.3 128.6 117.1 116.5 117.6 42.1 0.29
Parallel to CJB axis (B1 and B2 holes) 172.9 195.7 183.6 165.9 179.5 38.2 0.25
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5.1. Point load test results

Approximately 100 basaltic block specimens were selected from the
No. 4 diversion tunnel for the point load tests. Assuming that the irregular
basalt blocks are anisotropic in strength, loadingwas applied parallel and
normal to the transverse isotropic plane of the CJB (Figure 10). The tests
were performed in accordance with the suggestions by the suggested
method ISRM (1985) and ASTM (2002) standard. Notably, the point
load values obtained from specimens retrieved at the site may reflect a
certain level of damage due to blasting as well as excavation-induced
rock mass relaxation.

The basaltic block point load values obtained for the loading normal
and parallel to the CJB transverse isotropic plane were 39 and 44, re-
spectively, as shown in Fig. 11. Inspection of Fig. 11 reveals that the
point load strength values are somewhat scattered, and the results of
these two loading configurations occasionally overlap. However, the ex-
perimental data regression analysis indicated that the size-corrected
point load index (I501 ) on the anisotropic plane was approximately
3.94MPa, and the size-correctedpoint load index (I502 ) on the transverse
isotropic plane was approximately 2.95 MPa. Considering Broch and
Franklin's (1972) suggestion and the report from the IRSM Commission
on Standardization of Laboratory and Field Tests (ISRM, 1985), themul-
tiplying factor between the UCS and point load strength can be ‘24’ for
hard, strong rocks. Thus, the equivalent uniaxial compressive strength
(UCS) for Baihetan's CJB normal and parallel to the representative
block axis may be estimated at 71MPa and 95MPa, respectively. Clear-
ly, the anisotropic signature is evident. In general, quantitatively, the
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Fig. 12. Typical axial stress–strain curves of different basalt specimens (a. loadingdirection
parallel to the transversely isotropic plane; and b. loading direction normal to the trans-
versely isotropic plane).
anisotropic coefficient for compressive strength (δs) is estimated at
approximately 0.75 using Eq. (5) (ASTM, 2002).

δs ¼ I50
2
=I50

1 ð5Þ

5.2. Uniaxial compression tests

Solid cylinders 50 mm in diameter and 100 mm long that were re-
trieved from experimental boreholes B1 to B4were prepared for uniax-
ial compression tests following the ISRM suggested method standards
(Fairhurst and Hudson, 1999). Cylinders were prepared with axes nor-
mal and parallel to the CJB block axis, respectively. Laboratory test
results indicate that the average UCS for basalt cylinders with axes par-
allel to the transverse isotropic plane (normal to the CJB block axis) was
approximately 117.6 MPa, whereas the average UCS of basalt cylinders
with axes normal to the transversely isotropic plane (parallel to the
CJB block axis) was approximately 179.5 MPa (Table 2 and Figure 12).
The test results also indicate that the average Young's modulus for the
basalt specimens with axes normal and parallel to the CJB block axis
are 42.1 GPa and 38.2 GPa, respectively; their average Poisson ratios
are 0.29 and 0.25, respectively (seeing Table 2). The ratio between the
two representative UCS values was approximately 0.67. Interestingly,
the anisotropic coefficients obtained using the different testingmethods
all appear similar considering that the blasting could have caused some
damage to the basalt blocks used for the point load tests.

6. Discussion

Many rockmass classification systems have been proposed and used
to estimate stability and support geotechnical engineering design, such
as the RQD (Deere, 1968), rockmass rating (Bieniawski, 1976), Q index
(Barton et al., 1974), GSI index (Hoek et al., 1998) and RMi system
(Palmstrom, 1996). However, determining the generalized mechanical
parameters for the jointed rock mass remains one of the most difficult
and challenging tasks in rock engineering. Among the proposed classifi-
cation methods, the GSI index with the corresponding RocLab software
(Rocscience Inc., 2007) provided an adequate approach for estimating
mechanic parameters of columnar jointed basalt rock masses. This ap-
proach can provide a set of quantitative mechanical properties (such
as deformational model and tensile strength) for numerical analyses
and reinforcement designs because it does not ignore key factors, such
as rock structure, block surface and excavation quality (Hoek and
Brown, 1997; Cai et al., 2004). Indeed, there have been many attempts
to extend the GSI method to apply to anisotropic rock masses (Wu
and Wang, 2001; Hoek and Marinos, 2005; Budetta and Nappi, 2011;
Fortsakis et al., 2012).

Using the results reported here,we attempt to estimate themechan-
ical properties of the CJB rockmass studied using the GSI index. Because
the joint distribution in the isotropy plane may be assumed homoge-
neous (Hoek and Brown, 1997; Cai et al., 2004),we consider the basaltic
rock mass equivalent to an H–B rock mass on its transversely isotropic
plane; as a result, its mechanical parameters can be estimated using
the GSI index (see Figure 6). Next, the basic deformational and strength
parameters can be inferred from the CJB anisotropic coefficients obtain-
ed. To estimate the CJB parameters on the transverse isotropy plane,
several input parameters for the RocLab software were determined,



Table 3
Input parameters for RocLab to estimate the mechanical parameters for the CJB transverse isotropy plane.

UCS of the intact rock (MPa) GSI Mi D Ei of the intact rock (GPa) Application Density (kg/m3) Depth (m)

117.6 60 20 0.2 42 Tunnel 2900 400

Table 4
Estimated mechanical parameters for the CJB based on the RocLab software.

Parameters of rock mass Deformational module (GPa) Global strength (MPa) Tensile strength (MPa) mb s

On the transverse isotropic plane 17.2 32.4 0.25 4.1 0.0085
On the anisotropic plane 13.4 45.6 0.35 5.8 0.012

Note: The anisotropy coefficient of deformability was 0.78, the anisotropy coefficient of strength was 0.71, and themb and s were Hoek–Brown criterion constants.
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considering the field investigation and experimental tests (as Table 3).
As a result, estimated mechanical parameters for the CJB on the trans-
verse isotropic plane were obtained using RocLab software, and the
mechanical parameters for the CJB anisotropic plane were also estimat-
ed based using the anisotropic coefficient obtained (as Table 4). Certain
field monitoring data have partially verified the reasonability of the
estimated mechanical parameters. For example, the displacementmea-
sured using a multi-point meter showed that the unloading deforma-
tion on the tunnel roof was greater than that on the tunnel sidewall
(Figure 13), which is consistentwith the estimated parameters showing
that the CJB deformation module on the anisotropic plane was smaller
than on the transverse isotropic plane (seeing Table 4). With these
key anisotropic parameters for the CBJ, further numerical simulations
are possible for reliable stability evaluations and optimal designs for
underground tunnels or caverns in columnar jointed basalt rockmasses.

7. Summary and conclusions

Our field investigations indicate that most transverse sections of the
Baihetan's columnar jointed basalt block were not hexagonal, but qua-
drangular or pentagonal, and their edge lengths were typically in the
range 0.12 to 0.24 m. The interface morphology for the three types of
joint sets that formed the Baihetan's columnar jointed basalt mass
were also studied using SEM observations. These results with different
surface characteristics provide insight into the Baihetan's columnar
jointed basalt mass formation mechanism.

The columnar joint sets and other internal joint sets played a crucial
role in determining the mechanical properties of the Baihetan's colum-
nar jointed basalt and generated its transverse isotropy plane normal to
40.61 

8.52

22.25

0.08

12.05

Unit: mm

Fig. 13. In-situ measured displacement of columnar jointed basalt mass at the diversion
tunnel (No. 4, K1 + 075) during the tunnel opening layer by layer.
the columnar basalt block axes. This plane yields higher Pwave velocity
values when the wave propagation path is normal to the CJB block axis
and higher unconfined compression strengths when the tested cylin-
ders are aligned parallel to the CJB block axis. The same result was ob-
tained from point load testing. We show that the lower P wave
velocity parallel to the CJB block axis was caused by the closely spaced
transverse sub-horizontal planes. However, their presence does not
seem the affect the compressive strength, which appears higher when
compression is applied in a direction parallel to the CJB block axis,
which is primarily normal to the closely spaced sub-horizontal joints.

An interesting and important result is that the mechanical
deformability and strength anisotropic coefficients for the Baihetan's co-
lumnar jointed basalt mass are relatively similar for all testing methods
employed, including the in situ Pwave velocity, point load, and uniaxial
compression tests. This result confirms the strong anisotropic effect in
these rock masses and facilitates the relevant assessment of mechanical
parameters as input parameters in rock mass classification schemes or
numerical simulation estimation.

The mechanical parameters and constants for the Hoek–Brown
criterion mechanical parameters and constants were also tentatively
obtained based on the GSI index and corresponding RocLab software
utilizing the experimentally obtained anisotropic coefficients. With
these key CBJmechanical parameters, a more reliable numerical predic-
tion is possible formechanical response and stability analysis for colum-
nar jointed basalts during underground excavations.
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