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The extent of the loosening zone in tunnels excavated through columnar jointed basalts is studied with
the numerical discontinuous deformation analysis (DDA) method. The structure of the rock mass and
tunnel geometry are modeled on the basis of a real field case study of deep tunneling performed in such
a rock mass in south west China. Slender prismatic keyblocks formed by the intersection of broadly-
spaced, gently-dipping breccia layers and closely-spaced, orthogonally oriented, steeply dipping colum-
nar joints result in a highly anisotropic rock mass structure and give rise to sliding and toppling failure
modes in the sidewalls and to an excessive height of loosening zone in the roof, the geometry of which is
shown to be controlled by the orientation of the steeply inclined columnar joints. Results of displacement
monitoring performed during tunnel excavation in a similar rock mass with multiple point borehole
extensometers confirm the numerically obtained depth of the loosening zone both in the sidewalls
and the roof. We find that the height of the loosening zone in the roof as obtained with DDA is greater
than would have been predicted by Terzaghi’s empirical rock load classification for ‘‘blocky’’ rock masses,
and show that its shape and orientation are controlled by the anisotropy of the rock mass structure.
Moreover, we demonstrate that dimensioning rock bolt reinforcement using well-established empirical
criteria without consideration of the anisotropic nature of the rock mass may lead to un-conservative
design.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Rock masses consisting of columnar basalts pose difficult chal-
lenges to the design of underground mining and excavation oper-
ations because of the intensity of the jointing pattern. Typically
rock mass structures are characterized by well-defined joint sets
(e.g. Hudson and Priest, 1979) each with representative spacing
and length distributions (e.g. Priest and Hudson, 1976, 1981;
Zhang and Einstein, 1998). The intersections of discrete joints in
the rock mass give rise to three dimensional blocks of various
shapes and sizes (Kuszmaul, 1999; Shi and Goodman, 1989) the
interaction of which can be studied numerically using discrete ele-
ment approaches such as DEM (Cundall, 1987) or DDA (Shi, 1993).
The same is true for rock masses consisting of columnar basalts,
but here the mean spacing of the columnar joints is extremely
small and their length is constrained by upper and lower bound-
aries of lava flows (Hetényi et al., 2012), which typically manifest
in the field as bedding plane like partings, giving rise to a structure
that has been referred to in sedimentary rocks as mechanical lay-
ering (Bai and Gross, 1999; Bakun-Mazor et al., 2009; Narr and
Suppe, 1991; Ruf et al., 1998). The spacing between the upper
and lower lava flow boundaries, or the thickness of a single colum-
nar joint stack (elsewhere referred to as colonnade (Hetényi et al.,
2012)), is controlled by the volcanic conditions at time of the erup-
tion but is typically in the order of several meters. The spacing
between the columnar joints, however, is typically limited to sev-
eral to tens of centimeters only (Goehring and Stephen, 2008) with
a characteristic homogeneous spacing distribution, giving rise to
orderly shaped prisms of a typically pentagonal or hexagonal cross
section (Saliba and Jagla, 2003). Since essentially the stacks of
columnar joints are bounded between the gently dipping upper
and lower boundaries of lava flows (elsewhere referred to as basal
and upper breccia layers (see Hetényi et al., 2012)), and are typi-
cally oriented normal to those boundaries, the inclination of the
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prismatic blocks tends to be rather steep, causing stability prob-
lems around underground openings excavated through such rock
masses. An example of steeply inclined columnar joints oriented
normal to the boundary planes is shown in Fig. 1. This particular
relationship between the columnar joints and the breccia planes
gives rise to a highly anisotropic rock mass structure, the tunneling
challenges of which are explored in this paper.

In this paper we model the deformation of a rock mass consist-
ing of columnar jointing using the numerical discontinuous defor-
mation analysis (DDA) method (Shi, 1993) with two modifications:

1. Non-reflecting boundaries around the jointed domain are intro-
duced following the recent development of Bao et al. (2012) and
initial in situ stresses are imposed from the beginning of the
numerical simulation, thus allowing us to minimize the size
of the modeled domain and focus our analysis near the under-
ground opening.

2. To simulate the response of the rock mass to tunneling as accu-
rately as possible we model the excavation sequence using a
recent development that was originally introduced into the
numerical manifold method by Tal et al. (2014).

Naturally, in the more mature DEM and certainly in the FEM
these modifications have been standard practice for some time,
but application of these improvements in DDA is fairly new.

Following introduction of the rock mass structure and consider-
ations in mesh generation, we first demonstrate the application of
sequential excavation modeling in DDA and then show the modes
of failure and depth of loosening zone that are expected to develop
in the sidewalls and roof, respectively. We show that because of
the strong rock mass anisotropy, the initial principal stresses rotate
after the excavation is formed and become aligned with the orien-
tation of the principal joint sets. This of course controls the shape
and orientation of the loosening zone which develops around the
opening following the excavation. Our DDA results are validated
and confirmed by means of in situ displacement monitoring data
obtained with multiple point borehole extensometers during
Fig. 1. Steeply inclined columnar joints oriented normal to a breccia plane. In the inset a
(see Jiang et al., 2014).
tunneling in a similar rock mass structure. Finally, using the bolt
element in DDA we test the applicability of the empirical rock bolt-
ing guidelines recommended by Lang (1961, 1972) with respect to
the required bolt spacing and length.
2. The DDA model

2.1. The modeled rock mass structure

The modeled rock mass structure is based on field mapping per-
formed during tunneling in columnar jointed basalts in south west
China. It consists of easterly, gently dipping, breccia planes which
are truncated by westerly, steeply dipping, columns of basalts.
The axis of tunnel used for analysis in this paper is horizontal
trending N–S. This gives rise to the E–W cross section shown in
Figs. 2 and 3. The columnar joints and breccia planes are labeled
J1 and J2 respectively, and the statistical characteristics of each
joint set are provided in Table 1. Note that in reality every column
is comprised of a polygon of joints as shown in the inset in Fig. 1.
Since the analysis here is two dimensional the entire column is
treated as a joint set (J1) which is steeply dipping to the west as
it is not possible in a two dimensional approach to represent the
polygonal structure of the prisms.

A detail of the block system around the modeled underground
opening obtained with the statistical joint trace generation code
of DDA is illustrated in Fig. 2. Note the uneven distribution of spac-
ing in both sets due to the applied degree of randomness in the sta-
tistical joint trace generation code (see Shi and Goodman, 1989) as
detailed in Table 1. Also, note the continuity of the trace lines due
to the imposed zero bridge length. Since the mean spacing
between the upper and lower breccia planes (J2) is 5 m and the
mean trace length for the columnar joints (J1) in the cross section
is 20 m, all columnar joints are truncated by and terminated
against the breccia planes, a structure similar in essence to
mechanical layering typically observed in sedimentary rocks (e.g.
Narr and Suppe, 1991), although the formation mechanism here
cross section through the lava flow shows the polygonal geometry of the columns
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Fig. 2. A detail of the two dimensional DDA model representing the analyzed rock
mass.
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Fig. 3. The entire DDA mesh used in this study with location of measurement
points. The origin of the coordinate system is at the lower left corner of the jointed
domain.
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is very different. The entire DDA mesh used for the analysis with
the location of the measurement points is shown in Fig. 3.

2.2. Boundary conditions and numerical control parameters

The issue of the very small joint spacing as in the colonnades is
not a trivial matter when attempting to model the deformation of
Table 1
Geometrical properties of the rock mass used for joint trace generation and block cutting

Joint set No. Joint type Dip/dip direction Spa

J1 Columnar joints 80/270 0.3
J2 Breccia planes 10/90 5
such a rock mass around underground openings using discrete ele-
ment methods. Consider a structure where the mean columnar
joint spacing in the colonnade is 30 cm and the mean thickness
of the colonnade is 5 m as assumed here. In a 100 m � 100 m mesh
the total number of blocks created due to the intersection of the
joints would be in the order of 103. The total number of blocks in
the 100 m � 100 m jointed domain shown in Fig. 3 for example is
6830. This large number of blocks may impose heavy CPU demand
when running discrete element codes, restricting the possibility of
running dynamic simulations for long real-time periods. Therefore
if the mesh boundaries can be set closer to the analyzed domain
around the tunnel this could minimize the total number of blocks
and will enable faster simulations. We therefore use non reflective
boundaries all around the jointed domain and apply in situ stresses
from the start of the simulation so that we can focus the analysis
near the tunnel vicinity.

We applied initial stresses to all the elements so as to end up
with initial in situ principal stresses in the magnitude and orienta-
tion of: r1 = 18 MPa, acting in direction 20/270; r2 = 10 MPa, act-
ing in direction 70/090 (see Fig. 4). We let the model run under
the imposed initial stresses for some time until the initial stresses
stabilized. The principal stress trajectories obtained before the
removal of the tunnel segments are plotted in Fig. 4. An example
of DDA stress output for measurement point No. 8 (for location
see Fig. 3) is shown in Fig. 5. After the imposed initial stresses sta-
bilized we began removing tunnel sections in sequence starting
from the top heading, then the center block, and finally the bench
(see Fig. 6).

The input mechanical and numerical control parameters used
for forward modeling with DDA are listed in Table 2. The mechan-
ical properties are based on data provided by Jiang et al. (2014) for
a similar rock mass in south west China. Our analysis is essentially
static, meaning only gravitational loading is applied; no other
forms of dynamic excitation (blast wave, earthquake vibrations)
were introduced. DDA was run however in ‘‘dynamic’’ mode mean-
ing that the terminal velocity in each block at the end of a time step
was completely inherited as the initial velocity in the consequent
time step, namely no ‘‘kinetic damping’’ (Tsesarsky et al., 2005)
was applied. As can be inferred from inspection of Fig. 5 the initial
horizontal stress relaxed a little immediately at the beginning of
the simulation and then stabilized at a somewhat lower value. This
is a numerical artifact that is associated with the user defined pen-
alty parameter value, or contact spring stiffness. The result pre-
sented here was the best that could have been obtained with
DDA for the analyzed block system after extensive trial and error
simulations with different penalty values were performed. While
this procedure may seem tedious, we found in the process of this
optimization effort that this is in fact a very good way to constrain
the most suitable penalty value: by seeking that penalty value
which will provide stable initial stresses output with magnitudes
as close as possible to the predefined values. We also found that
when we use this optimized penalty value the solution will con-
verge in every time step after the smallest number of open–close
iterations. For a good review of open–close iterations in DDA and
the penalty method see (Bao et al., 2014). Naturally the time inter-
val must also be optimized since the numerical error will increase
with increasing time step size due to the algorithmic damping
which is inherent to the time integration scheme employed in
DDA (Doolin and Sitar, 2004).
with DDA.

cing (m) Length (m) Bridge (m) Randomness

0 20 0 0.33
40 0 0.50



Fig. 4. Principal stress trajectories obtained with DDA at the end of the initial loading stage and before the removal of the tunnel. Compression is negative. Note the initial
principal stress orientation as can be inferred from the boundary and tunnel blocks.

Fig. 5. The evolution of the vertical, horizontal and shear stress components during
the initial loading stage, measurement point No. 8 (see text).

Table 2
Input parameters for DDA forward modeling.

Input parameter Value

Static = 0/dynamic = 1 1.0
Time interval 0.000005 s
Contact spring stiffness (normal) 35 ⁄ 108 kN/m
Density 2750 kg/m3

Young’s modulus 35 GPa
Poisson’s ratio 0.2
Discontinuity friction angle 30�
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A recommended rule of thumb for the normal contact spring
stiffness (Go) by the original developer of DDA (Shi, 2010) is
Go = Eo ⁄ Lo, where Eo is Young’s modulus of the intact rock ele-
ments, and Lo is the average block diameter in the mesh. Since
the slender blocks here have a very low aspect ratio (width/height)
the meaning of an average diameter in Shi’s rule of thumb is vague
Stage 1: top heading Stage 2: mid

Fig. 6. Modeling the sequence of excavation in DDA foll
in our case. If we consider the mean spacing between the columnar
joints (30 cm) the recommended value by Shi would be
Go = 10.5 ⁄ 108 kN/m, but if we consider the spacing between the
breccia planes (5 m) the recommended value by Shi would be
Go = 175 ⁄ 108 kN/m. Interestingly, our optimized penalty parame-
ter of Go = 35 ⁄ 108 kN/m which was achieved by trial and error
while seeking the smallest error in the imposed initial stresses as
explained above, falls nicely within this range.
2.3. Modeling the excavation sequence

Once the initial stresses stabilize in the block system we remove
the opening sequentially in the DDA simulation in a manner simi-
lar to what is considered as standard practice in tunneling as
dle sec�on Stage 3: bench 

owing the procedure developed by Tal et al. (2014).
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shown in Fig. 6. The block system begins to respond immediately
as underground space is being created. To illustrate this see
Fig. 7 where the horizontal displacement outputs of the three mea-
surement points in the right sidewall (for location see Fig. 3) are
plotted. When the top heading is removed at real time of 0.08 s,
no response is indicated because the horizontal measurement
point array is located against the middle section. Immediately
upon removal of the middle section however horizontal displace-
ments into the tunnel ensue, and the rate of displacement
increases upon removal of the bench.
3. Predicted failure modes in sidewalls

Judging from the structural pattern of the analyzed columnar
basalt rock mass (Fig. 2), it would be intuitively expected that block
sliding will take place in the right side wall because the inclination
of the columnar joints (J1) is 80� to the west, namely into the tun-
nel space. Under any practical value of rock joint friction the blocks
formed by the intersection of the half spaces above the columnar
joints and below the breccia planes are destined to fail by opening
from the breccia planes and sliding along the columnar joints, into
the excavation space. For the block theory terminology used here
see Goodman (1995). On the opposite side wall, however, the
expected failure mode would be toppling of the blocks formed by
the intersection of the half spaces above the breccia planes (J2)
and below the columnar joints (J1).

Recall from the previous section that the optimal time step
interval used here is very small: Dt = 0.000005 s, so it would not
be practical to run the simulation long enough to be able to iden-
tify failure modes by visual inspection of graphical outputs. Instead
we use the quantitative evolution of displacement or rotation com-
ponents in strategically positioned measurement points over time
to infer the developed failure modes in the side walls.

3.1. Sliding in right sidewall

In Fig. 8 the evolution of the horizontal displacement compo-
nent for the three measurement points in the right side wall is
plotted as a function of real time. Note that with the time step size
used here computation of 12 s of real time required 2.4 ⁄ 106 time
steps, a process that could take weeks to complete on a standard
PC. Indeed, horizontal displacement into the excavation space is
obtained immediately as the middle section is removed in all three
measurement points. But while the horizontal displacements in
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Fig. 7. Right side wall response to modeling the excavation sequence.
measurement points 7 and 8 stabilize after 1.5 cm of displacement,
the horizontal displacement in the immediate side wall (measure-
ment point 6) never stops until the end of the simulation, although
once the deeper measurement points stabilize the rate of displace-
ment of the immediate side wall is restrained. Clearly the right
sidewall fails by sliding of blocks into the opening, as would be
predicted intuitively. The results of the numerical computation,
however, also indicate the depth of the loosening zone in the side-
wall, something for which we do not have much intuition, approx-
imately 3 m in the given conditions.

The zone that undergoes loosening is also expected to experi-
ence stress relaxation (Diederichs and Kaiser, 1999). Indeed, this
is clearly shown in Fig. 9 where the evolution of the vertical stress
component in the three measurement points in the right sidewall is
plotted. Following the creation of the underground space the verti-
cal stresses in the sidewall slightly increase, followed by stabiliza-
tion of the vertical stresses in the deeper measurement points
(7, 8) at some higher value, due to excavation induced stress con-
centrations. The vertical stress in the immediate sidewall, however,
completely relaxes, due to the loosening this zone experiences. A
field example of the obtained failure mode in the right side wall
is shown in Fig. 10.
3.2. Toppling in left sidewall

The steep inclination of the columnar joint set into the rock
mass in the left sidewall may give rise to a toppling failure mode
in that abutment (Goodman and Bray, 1976; Yagoda Biran and
Hatzor, 2013). Consider Fig. 11 where the horizontal displacement
evolution in the left side wall is plotted. Note that while the deeper
measurement points (10, 11) stabilize after initial displacement of
1.5 cm, the immediate wall (pt. 9) continues to displace horizon-
tally, albeit at a lower rate. The vertical stress output in the left
wall (Fig. 12) also suggests that abutment relaxation is limited to
a zone of 3 m depth, as found for the right sidewall. To confirm that
the expected toppling mode is indeed taking place in the left side-
wall the rotation evolution of the three measurement points in the
left sidewall is plotted in Fig. 13, where clockwise rotation is posi-
tive. After the initial relaxation and rearrangement the deeper
measurement points (10, 11) stabilize but the immediate sidewall
(pt. 9) continues to undergo forward rotation, as would be
expected from the structural orientation of the columnar joints
with respect to the free surface in the left sidewall.
3 m 

Fig. 8. Evolution of horizontal displacement in the three measurement points in the
right sidewall.



Fig. 9. Vertical stress evolution in the right sidewall.
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4. Shape and orientation of loosening zone in roof

Roof stability in such a densely jointed rock mass as modeled
here depends to a large extent on the spacing and inclination of
the columnar joints, the assumed friction angle, and the normal
stresses that are developed first by the imposed initial stresses
and then by the excavation-induced stress concentrations. As
explained in the introduction, the large number of blocks in the
mesh and the small time step used prevent us from running the
simulations sufficiently long so as to show the loosening zone in
the roof in the graphical output. Instead we discuss the deforma-
tion in terms of the evolution of the stresses and displacements
magnitude in the roof using the vertical measurement point array
outputs (measurement points Nos. 1–5), and show a graphical plot
of principal stress trajectories in the model at the end of the
simulation.

The evolution of the horizontal stress magnitude in the roof is
presented in Fig. 14. The effect of the excavation induced stress
concentrations is clearly visible from the outputs of the
measurement points closest to the immediate roof (pts. 1, 2, 3),
Fig. 10. Keyblock sliding in the right abutment of a tu
and less so in the more remote measurement points (pts. 4, 5)
where the level of the imposed initial horizontal stresses is main-
tained throughout the simulation. The increasing magnitude of
horizontal stress towards the immediate roof (pt. 1) is a result of
both gravity and the excavation induced stress concentrations.

The vertical displacement evolution of the five measurement
points in the roof is plotted in Fig. 15. Measurement points 4 and
5 at distances of 25 m and 50 m above the immediate roof, respec-
tively, exhibit static stability over time. Whereas in pt. 4 a small
initial displacement amounting to 1 cm is recorded, measurement
pt. 5 remains in place throughout the simulation. It is therefore
safe to conclude that stable arching which prohibits any significant
downward displacement is obtained from at least 25 m from above
the immediate roof. Measurement points 1, 2, and 3 at respective
distances of 0.5 m, 3 m, and 9 m above the immediate roof exhibit
ongoing vertical displacement throughout the entire simulation,
indicating that the height of the loosening zone above the immedi-
ate roof is greater than 9 m.

The results of the DDA study with respect to the magnitude of
displacements in the roof suggest that the boundary between the
loosening and stable arching zones is somewhere between 9 and
25 m above the immediate roof, apparently in agreement with
nnel excavated through columnar jointed basalts.



Fig. 12. Vertical stress evolution in left side wall.

3 m 

Fig. 13. Rotation evolution in the left sidewall. Clockwise rotation is positive.

Fig. 14. Horizontal stress evolution in the five measurement points in the roof
(for location see Fig. 3).
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the empirical rock load classification of Terzaghi (1946) which pre-
dicts that in ‘‘blocky’’ rock masses such as we have here the
expected rock load should be 0.5B, where B is the tunnel span (here
B = 20 m). Note however that in our case Terzaghi’s rock load clas-
sification would predict a rock load height of 10 m only, whereas
the DDA results obtained here suggest that the height of the loos-
ening zone is greater than 9 m but smaller than 25 m.

A detailed stress distribution plot around the opening at the end
of the simulation is shown in Fig. 16. In an isotropic rock mass
structure (e.g. Tal et al., 2014) or in horizontally layered and verti-
cally jointed rock masses (e.g. Bakun-Mazor et al., 2009; Hatzor
et al., 2010) a characteristic symmetrical arching stress distribu-
tion is typically obtained after the excavation has been formed.
Here, however, because of the anisotropic nature of the rock mass,
the principal stress trajectories rotate after the excavation is
formed and are aligned with the orientation of the principal joint
sets. The loosening zone shape and geometry are therefore con-
trolled by the orientation of the steeply inclined columnar joints,
as delineated by the two dashed lines in Fig. 16. Measurement
point No. 4 which is positioned 25 m vertically above the immedi-
ate roof, is positioned at the margins of this obliquely oriented
loosening zone, hence its stability (see Fig. 15).
4.1. DDA validation using MPBX field monitoring data

As indicated earlier, the modeled rock mass structure here fol-
lows closely the geological structure that was mapped during con-
struction of a deep tunnel in columnar jointed basalts. During the
course of tunneling deformations were monitored by both multiple
point borehole extensometer (Barton and Pandey, 2011; Hansmire,
1978; Yeung and Blair, 2000) and the sliding micrometer method-
ologies (Kovari et al., 1979; Li et al., 2012). We use the results
obtained with the MPBX methodology in a representative cross
section which is identical to our model in terms of the mechanical
and geometrical properties as well as the assumed initial stress
field, for validation of our DDA results. The results of MPBX data
of the representative cross section are shown in Fig. 17. The most
striking observation is that at a height of 9 m above the immediate
roof in situ monitoring of displacements clearly indicates that
significant vertical downward displacement does take place there,
as predicted by the DDA model. This is, in fact, a very good valida-
tion of the predictive capability of DDA regarding the height of the
loosening zone in the roof of underground openings excavated in
high in situ stress conditions through densely jointed rock masses.
9 m 

Fig. 15. Vertical displacement evolution in the roof (for location of measurement
points see Fig. 3).
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output is shown for reference. The dashed lines are the boundaries of the loosening
zone, the orientation of which is controlled by the attitude of the steeply inclined
columnar joints. Note the principle stresses rotation due to the anisotropic rock
mass structure.
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5. Discussion

5.1. Modifying T.A. Lang’s empirical guidelines to account for
anisotropic rock mass

The modeled case study here can be used as an example to test
the applicability of empirical design criteria for dimensioning rock
bolt reinforcement in blocky rock mass structures, by applying the
bolt element in DDA (e.g. Moosavi and Grayeli, 2006; Tsesarsky
and Hatzor, 2009) in the forward modeling simulations, and check-
ing the obtained deformation. Ignoring empirical rock mass
0 
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Fig. 17. Multiple point borehole extensometer data obtained during excavation of a tun
DDA model.
classification methods for now (e.g. Barton, 2002), the best known
set of empirical criteria for dimensioning rock bolts in blocky rock
masses are those published by Lang (1961, 1972), which were
developed on the basis of an extensive data set of case studies from
around the world. The two most important rock bolt parameters in
Lang’s recommendations are the length (L) of and the spacing (s)
between bolts, both of which are strongly linked in Lang’s guide-
lines to a representative keyblock width (b) and the opening span
(B). Clearly, since a single value of keyblock width is used for input
in Lang’s criteria the rock mass structure is assumed to be isotro-
pic. Lang’s recommended guidelines are summarized in Table 3.

When the rock mass structure is highly anisotropic, as is the
case here, the issue of the correct value to be used as representa-
tive keyblock width requires careful consideration. If we design
rock bolts for the side walls, then the spacing between rock bolts
(s) should be controlled by the spacing of the breccia planes (J2),
but for the roof the relevant spacing is that of the columnar joints
(J1), see Fig. 2. But when we deign bolt length (L), the relevant block
width in the side walls is the spacing between the columnar joints
(J1), whereas in the roof, the relevant block width is controlled by
the spacing of the breccia planes (J2).

When we consider rock mass anisotropy this way, the implica-
tions for the design guidelines are paramount. As illustrated in
Table 4 for the anisotropic rock mass structure modeled here, the
correct bolt length in the roof must be in fact 15 m, whereas if
an isotropic rock mass structure was assumed most likely the
design value for the bolt length would have been determined in
relation to the opening span width, namely 5 m only; clearly in
sufficient.

In the next section we show that in fact this is exactly the
approach that must be taken when dimensioning rock bolts in such
an anisotropic rock mass structure, using a practical example.

5.2. Practical field example

An example of a rock bolting pattern which is applied to the
representative cross section in columnar jointed basalts that is
modeled here is presented in Fig. 18. The design is based on an
assumed isotropic keyblock width of b = 0.3 m (the spacing of J1)
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nel in a similar rock mass subjected to similar initial stress field as assumed in our



Table 3
Empirical rock bolt design criteria as recommended by Lang (1961, 1972). Legend: B = tunnel span, L = bolt length, s = bolt spacing, b = representative block width assuming
isotropic rock mass.

Design options for L L1 2s Design options for s s1 0.5L
L2 3b
L3 (B < 6 m) 0.5B

L should be the larger of the Li L4 (18 < B < 30 m) 0.25B s should be the smaller of the si s2 1.5b
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Fig. 18. A conservative rock bolting pattern based on Lang’s recommended guidelines as applied in the practical example discussed in the text.

Table 4
Application of Lang’s criteria with consideration of rock mass anisotropy. The shaded cells indicate the recommended design values for the practical example discussed in the text.

Keyblock
width b (m)

Relevant design options for rock
bolt length L (m)

Recommended rock
bolt length L (m)

Relevant design options for rock
bolt spacing s (m)

Rock bolt spacing
design value (m)

Keyblock width controlled
by spacing of J1

b = 0.3 L2 = 3b = 0.9 L = 5 s = 0.5L = 2.5 0.45 < s < 2.5
L4 = 0.25B = 5 s = 1.5b = 0.45

Not practical!

Keyblock width controlled
by spacing of J2

b = 5 L2 = 3b = 15 L = 15 s = 0.5L = 7.5 s = 7.5
L4 = 0.25B = 5 s = 1.5b = 7.5

V5 = V5B

Fig. 19. Vertical displacement of the five measurement points in the roof with and
without bolting as obtained with DDA.
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and an opening span of B = 20 m, which provides a design bolt
length according to Lang’s guidelines of L = 5 m (see Table 4). In
this particular example some provisions are made for longer bolts
in the sidewalls, and in the roof the design value is extended by
20% for safety reasons, to 6 m. A conservative bolt spacing value
of 1.2 m is applied in both sidewalls and roof.

The vertical displacement of the 5 measurement points in the
roof with and without bolts is plotted in Fig. 19. Clearly, the
applied bolting pattern does not restrain the deformation of the
roof at all. This is not surprising as we have already shown above
that measurement point No. 3 which is located 9 m above the
immediate roof is well within the loosening zone (see Fig. 15).
Measurement point No. 4 which is positioned at the boundaries
if the obliquely oriented loosening zone (see Fig. 16) does not
require any reinforcement and therefore its vertical displacement
output with or without bolts is the same (see Fig. 19) .

We see, therefore, that taking the most intuitive and apparently
conservative design approach of L = 0.25B based on the opening
span and applying it for all free faces results in fact in an un-con-
servative design for the roof, even if the design value of L = 5 m is
increased for safety by 20%.
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Fig. 20. The horizontal displacement of the three measurement points in the left
wall with and without rock bolts as obtained with DDA.
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If however the modified approach which takes into consider-
ation rock mass anisotropy is adopted, then the resulting recom-
mended design bolt length for the roof is 15 m (Table 4). From a
practical stand point however, due to the limited tunnel space
underground, a bolt length of 12 m would probably be sufficient
to secure the stability of the roof judging from the displacement
output. Indeed, in the sidewalls, where the required bolt length
with consideration of rock mass anisotropy is L = 5 m (see Table 4),
the detected forward rotation of the blocks in the left sidewall is
arrested with bolts length of 5 m only (see Fig. 20).

6. Summary and conclusions

We have shown in this paper that rock mass anisotropy encoun-
tered when tunneling through columnar basalts, can affect rein-
forcement design in several ways:

� Underground excavations in columnar basalts are expected to
encounter an extremely densely jointed rock mass structure,
comprised of a network of slender and prismatic keyblocks,
due to the very small spacing of the columnar joints with
respect to the spacing of the breccia planes. This results in a
highly anisotropic rock mass structure the geometry of which
controls the deformation around the opening.
� Since the breccia planes are typically gently dipping and the

columnar joints are typically oriented normal to the breccia
planes, sliding and toppling failure modes may be expected in
opposite sidewalls, meaning that excessive sidewall deforma-
tion will be encountered during tunneling.
� The loosening zone in the roof in such rock masses is expected

to be quite high, certainly more than half the excavation span as
would be expected by Terzaghi’s rock load classification for
blocky rock masses. Such a high loosening zone would require
application of special provisions for reinforcement providing
sufficiently long anchoring elements.
� Because of the strong anisotropic structure of the rock mass, the

initial in situ stresses rotate once the excavation is formed to
become aligned with the direction of the principal joint sets.
� Consequently, the geometry of the loosening zone in the roof is

controlled by the orientation of the steeply inclined columnar
joints, strongly deviating from the symmetrical arching geome-
try encountered when tunneling through isotropic, or through
horizontally layered and vertically jointed, rock mass struc-
tures. Instead and oblique loosening zone geometry is obtained,
the inclination of which is controlled by the inclination of the
columnar joints.
� Correct rock bolt dimensioning in such rock masses must con-
sider the directionality of the rock mass structure. Specifically,
the average keyblock width that is necessary for rock bolt
dimensioning using the popular set of empirical design criteria
developed by T.A. Lang cannot be assumed to be the same in
both sidewalls and roof in such rock masses.
� Isotropic keyblock width assumption will necessarily lead to

un-conservative design, particularly with respect to the
required bolt length in the roof. We show here that a correct
bolt length can be obtained with Lang’s criteria if the spacing
between the breccia planes is assumed to represent the mean
keyblock width in the roof and if the spacing between the
columnar joints is assumed to represent the mean keyblock
width in the sidewalls.
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