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Rock quality designation (RQD) has been considered as a one-dimensional jointing degree property since
it should be determined by measuring the core lengths obtained from drilling. Anisotropy index of
jointing degree (Aljq) was formulated by Zheng et al. (2018) by considering maximum and minimum
values of RQD for a jointed rock medium in three-dimensional space. In accordance with spacing ter-
minology by ISRM (1981), defining the jointing degree for the rock masses composed of extremely
closely spaced joints as well as for the rock masses including widely to extremely widely spaced joints is
practically impossible because of the use of 10 cm as a threshold value in the conventional form of RQD.
To overcome this limitation, theoretical RQD (TRQDy) introduced by Priest and Hudson (1976) can be
taken into consideration only when the statistical distribution of discontinuity spacing has a negative
exponential distribution. Anisotropy index of the jointing degree was improved using TRQD; which was
adjusted to wider joint spacing by considering Priest (1993)’s recommendation on the use of variable
threshold value (t) in TRQD; formulation. After applications of the improved anisotropy index of a jointing
degree (AIde) to hypothetical jointed rock mass cases, the effect of persistency of joints on structural
anisotropy of rock mass was introduced to the improved AIde formulation by considering the ratings of
persistency of joints as proposed by Bieniawski (1989)’s rock mass rating (RMR) classification. Two real
cases were assessed in the stratified marl and the columnar basalt using the weighted anisotropy index
of jointing degree (W_Alj’d). A structural anisotropy classification was developed using the RQD classifi-
cation proposed by Deere (1963). The proposed methodology is capable of defining the structural
anisotropy of a rock mass including joint pattern from extremely closely to extremely widely spaced
joints.
© 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

of joints on the anisotropic behavior of a jointed rock mass, such as
the compressive strength, shear strength and failure pattern, needs

It is generally known that both strength and deformability of
rock mass may change with joint geometry and arrangement
(Cheng et al., 2016). Structural anisotropic behavior may be sig-
nificant in rock mass volume depending on number of sets,
orientation, spacing and persistency characteristics of the joints. As
an evident example, the strength and deformation properties of the
stratified rock masses may have significant differences in parallel
and perpendicular directions to the stratification planes. The effect
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to be evaluated as part of safety assessments for any rock engi-
neering project (Wang et al., 2017). Rock masses are usually located
in jointed heterogeneous media, encompassing two types of ele-
ments such as rock blocks and joints (Sow et al., 2017). Jiang et al.
(2014) investigated mechanical anisotropy of columnar jointed
basalts by laboratory and in situ tests. They emphasized that me-
chanical anisotropy must be considered when assigning input pa-
rameters for various classification and numerical analysis schemes.
Due to the new technological developments of geo-spatial mea-
surements, researchers have focused on the studies about the
determination of three-dimensional (3D) joint distribution using
these high-tech equipments such as terrestrial light detection and
ranging (LIDAR) technique and unmanned aerial vehicle (UAV)
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photogrammetry (Riquelme et al.,, 2015; Wichmann et al., 2019;
Kong et al., 2020, 2021). A classification, the anisotropic rock mass
rating (ARMR) similar to rock mass rating (RMR), was proposed by
Saroglou et al. (2019) for rating of anisotropic rock mass. They
aimed to determine ARMR score that could be an input for the
geomechanical calculations rather than assessing the structural
anisotropy depending on directional jointing degree.

For safe, applicable and economic designs of a rock engineering
project to be constructed in/on a rock medium is almost impossible
without considering the quantified geological parameters. Engi-
neering design parameters of the rock masses have been derived by
considering the quantified values of both intact rock and joint
properties. The strength and deformation parameters of intact rock
are generally obtained by laboratory studies employed on rock core
samples. However, properties of joints considering their origin such
as bedding, jointing or faulting should be defined in the field by
expert’s observations and measurements. On the other hand, rock
quality designation (RQD) has been considered as a valuable
parameter for defining the one-dimensional (1D) jointing degree in
addition to core recoveries such as total core recovery (TCR) and
solid core recovery (SCR). Measurement of RQD can be directly
conducted by core drilling studies or can be indirectly determined
by scanline surveys on rock mass exposures.

While large number of studies are available about the use of RQD
for determination of strength and deformation parameters of rock
masses (Coon and Merritt, 1970; Gardner, 1987; Kulhawy and
Goodman, 1987; Gokceoglu et al., 2003; Kayabasi et al., 2003;
Zhang and Einstein, 2004; Zhang, 2010), RQD has also been used as
one of the input parameters in rock mass classification systems
such as RMR, Q and geological strength index (GSI) (Bieniawski,
1989; Barton, 2002; Dinc et al., 2011; Hoek et al., 2013; Bertuzzi
et al, 2016) and for improvement of the existing classification
systems (Sen and Sadagah, 2003; Zheng et al., 2016). In addition to
these valuable studies by rock engineering aspect, core recovery
parameters including RQD are considered as important parameters
for estimation of mineral resources as given by Annels and Dominy
(2003). The measurement of RQD from surface to depth is consid-
ered as a standard parameter of core logging for the site investi-
gation. Therefore, RQD can be evaluated as a valuable quantity to be
used in different disciplines such as engineering rock mechanics,
engineering geology and even mineral resource exploration. The
average value of RQD is generally considered in engineering geol-
ogy and rock engineering projects by the expert decision. However,
RQD is a directional property by measuring of core length in drilling
or joint spaces in scanline on rock mass exposure. In addition to the
investigations about the directivity of RQD in the literature (e.g.
Choi and Park, 2004; Palmstrém, 2005; Zheng et al., 2018), a recent
numerical definition of directivity of RQD was used by Zheng et al.
(2018).

In this study, anisotropy index equation developed by Zheng
et al. (2018) was improved to overcome limitations on the use of
its original form to the rock masses with spacing of joints ranging
from extremely close to extremely wide ones. As stated by Zheng
et al. (2018), drillings in vertical direction are abundant when
compared with horizontal and few inclined drills. Therefore, col-
lecting of joint data and the values of RQD in 3D space is difficult
and expensive using conventional RQD procedure performed on
drill cores. Theoretical RQD (TRQD;) formulation proposed by Priest
and Hudson (1976) can be used as a powerful solution to overcome
this difficulty. However, it should be remembered that TRQD;
equation introduced by Priest and Hudson (1976) can be taken into
consideration only when the statistical distribution of discontinuity
spacing has a negative exponential distribution. For this aim, the
formulation of anisotropy index of jointing degree (Aljq) proposed
by Zheng et al. (2018) and the TRQD; by Priest and Hudson (1976)

Table 1

Description of rock mass quality based on RQD (Deere, 1963).
RQD (%) Description
0-25 Very poor (VP)
25-50 Poor (P)
5075 Fair (F)
75-90 Good (G)
90—-100 Excellent (E)

were combined. In addition to this improvement, a new struc-
tural anisotropy classification for rock mass was developed. Then, a
structural anisotropy chart based on new structural anisotropy
classification was presented.

Furthermore, the formulation proposed in this study for evalu-
ation of structural anisotropy of rock mass with its classification has
a potential to be introduced to serving as one of the input param-
eters in any anisotropic geomechanical rock mass classifications
such as ARMR.

2. Brief history of RQD and anisotropy index of jointing
degree (Aljq)

The fundamental studies about the development of the RQD
date back to 1960s (Deere, 1963, 1968; Deere et al., 1967). RQD has
been an indispensable input parameter in many rock engineering
applications since its introduction. RQD and its classification were
introduced as a quantity for defining quality of the rock masses
(Table 1). It could be divided into five classes and its range changes
from 0% to 100%.

The valuable discussions about the measurement of RQD such as
core diameter and length of coring run were well documented by
Deere and Deere (1989). Threshold length of rock core was accepted
as 10 cm in the conventional procedure for defining the rock mass
structure. Although RQD was valuable quantity about jointing de-
gree of rock masses, extensive studies related to the limitations of
the use of RQD were also available in the literature. For example,
Palmstrom (2005) indicated that “similar to all types of 1-
dimensional measurements (boreholes and scanlines), RQD is direc-
tional, but due to its definition, it is more sensitive to the hole or line
direction than joint spacing or fracture frequency measurements”.
Although directivity of RQD might be mentioned as a limitation of
RQD for defining jointing degree in 3D space, it may also be eval-
uated as an advantage for defining structural anisotropy of rock
mass due to its directivity property, which was first reported by
Zheng et al. (2018). As widely discussed in the literature, the use of
RQD alone has not been preferred in rock mechanics due to its
limitation, it has also been preferred as one of the input parameters
in well-known rock mass classification systems such as RMR, Q and
quantified GSI (Bieniawski, 1989; Barton, 2002; Dinc et al., 2011;
Hoek et al., 2013). The relations between volumetric joint count (Jy)
and RQD depending on the block shape have been investigated in
the literature (Sen and Eissa, 1991; Palmstrém, 1995; 2005).
Recently, Zheng et al. (2020) performed a study on the relation
between J, and RQD in 3D space.

As a well-known expression by practitioners, RQD is a ratio of
total length of rock core pieces equal to or longer than 10 cm to the
total length of run in a drilling operation. Although most of the drill
holes are conducted in vertical direction, oriented drill holes are
also possible for measuring the core parameters. However, it is not
commonly possible to perform drilling in many different directions
due to the time-consuming procedures and cost. Therefore,
assessment of the anisotropic behavior of the rock mass structure
by considering the value of RQD as a directional parameter requires
exhaustive efforts in terms of time and expenses. However, an
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alternative theoretical relation was also established for determi-
nation of RQD from measurements obtained from scanline surveys.
Priest and Hudson (1976) derived a theoretical equation between
the average frequency of joints and the value of TRQD; based on
inserting the limit “t” as a threshold level. In the TRQD; equation
given in Eq. (1a), frequency of joints (1) can be easily obtained from
average spacing of joints (S) measured in scanline surveys. Priest
and Hudson (1976) derived the TRQD; equation by assuming that
the statistical distribution of discontinuity spacing has a negative
exponential distribution.

TRQD:(%) = 100e~(tA+1) (1a)

A=1/S (1b)
where 1 is the frequency of joints in m™!
spacing of joints measured in m.

Wau et al. (2021) published a very valuable paper about the ad-
vances in statistical mechanics of rock masses. In their study, RQD
distribution in 3D space was determined using TRQD; formulation
with the threshold level of 0.1 m proposed by Sen (1984). However,
the proposed formulation by Sen (1984) considers that the statis-
tical distribution of joint spacing is exponential. The relation pro-
posed by Sen (1984) may also be used for determination of RQD
based on average joint spacing. But, in this study, the formulation
derived by Priest and Hudson (1976) is preferred because of the
wide use of this relation in rock mechanics. On the other hand, any
TRQD; relation based on different statistical distributions may be
adapted easily to the methodology presented in the rest part of our
study.

Priest (1993) indicated that the conventional RQD with the
threshold level of t = 0.1 m gives RQD that is sensitive to mean
spacing up to only approximately 0.3 m, while RQD increases by
only 5% in response to increase in mean spacing beyond this value
(Fig. 1).

As seen in Fig. 1, RQD has not sufficient capability for identifying
the degree of jointing for extremely closely rock jointed masses and
also from widely to extremely widely jointed rock masses in

, and S is the average
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Fig. 1. Applicable range of TRQDo; and its relation with description of spacing of joints
suggested by ISRM (1981).

accordance with spacing terminology by ISRM (1981). An
improvement in sensitivity of RQD to higher values of mean spacing
can be achieved by increasing the threshold level as emphasized by
Priest (1993). The use of 0.1 m as a threshold value in conventional
RQD procedure may be accepted as a sufficient threshold value for
defining quality of rock mass in terms of strength and deformability
assessments. By considering Priest (1993)’s impressive comment
about the use of higher threshold levels in determining the theo-
retical RQD to improve its sensitivity, the limitation of the use of
conventional RQD procedure to define jointing degree for the rock
mass having spacing of joints from wide to extremely wide was
overcome. For this aim, variable threshold level was used
depending on the widest spaced joint set to satisfy TRQD; as the
possible upper quantity of ~99%. Firstly, the mean (average) joint
spacing was determined depending on the values of threshold level
(t) from 0.1 to 2 to satisfy TRQD; as 99% (Fig. 2a). Then, a curve type
relation between the lowest frequency of joint sets in a direction of
3D rock mass medium (4;_mass) and threshold level “t” was obtained
(Fig. 2b). In other words, A|_mass can also be defined as the lowest
value of the directional joint frequency representing with trend/
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Fig. 2. (a) Variation of TRQD; with mean joint spacing for a range of TRQD; threshold
values “t” (modified after Priest and Hudson, 1976), (b) Relation between the lowest
frequency of joint sets in a direction of 3D rock mass medium (A_mass) and threshold
level “t” to satisfy TRQD; as 99%, and (c) Graphical presentation of TRQDg1max and
TRQD; max With the value of A_pass.
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plunge in 3D rock mass medium. Graphical presentation of
TRQDo1max and TRQD;max with the value of (4_mass) is given in
Fig. 2c, where TRQDg 1 max is the maximum value of theoretical RQD
when t = 0.1 m.

Although structural anisotropy of the rock mass is directly
related to the block shape, it should be improved as an identifying
index value to extend its applicability to the rock masses having
joints from extremely closely to extremely widely spaced joints. For
this aim, the size (spacing of joints) dependency of TRQD; was
standardized considering the widest spaced joint set in 3D space to
satisfy TRQD; as 99% (Fig. 2). Threshold value “t” can be calculated
by Eq. (2) based on the lowest frequency of joint sets in a direction
of 3D rock mass medium (A|-mass) to satisfy TRQD;max = 99%.

t = 0.1484(A_mass) > (2)

As discussed before, the value of RQD is highly sensitive to the
directivity particularly for highly anisotropic rock masses since RQD
is a 1D quantity. Therefore, it should be underlined that RQD may
change in different directions depending on the degree of structural
anisotropy of the rock masses. The most of the rock masses in na-
ture are anisotropic and the directivity of RQD exactly reflects the
anisotropic characteristic of an actual rock mass (Zheng et al., 2018).

The studies on determination of joint frequency and/or RQD
depending on direction and its variation in 3D space have been an
attractive topic in rock mechanics literature (Choi and Park, 2004;
Zheng et al., 2018). Basically, the studies about the variations of RQD
in 3D space were investigated based on the determination of joint
frequency (4) (Eq. (1a)) depending on the orientation of the
scanlines.

As mentioned by Karzulovic and Goodman (1985) and Hudson
and Priest (1983), Eq. (3) can be taken into consideration for
determination of joint frequency (4) along a specific scanline
orientation by considering the values of each joint set in a rock
mass:

N
A=) Jcosb; (3)
i=1

where N is the number of joint sets, ; is the true (normal to joint
set) frequency of ith joint set, and 6; is the angle between direction
of scanline and normal to joint set. However, there can be some
discrepancies or biases for this assumption and practice due to
random fractures (Choi and Park, 2004). However, the random
joints may not be highly related for assessment of structural
anisotropic behavior of a rock mass.

Egs. (1)—(3) can be used together for determination of TRQD
along a specific direction from the scanline measurements for
specific threshold level “t”. As stated by Zheng et al. (2018), appli-
cation of this approach requires more number of scanlines or
boreholes with cored (M) than number of joint sets (N). Since the M
value is larger than N, Zheng et al. (2018) suggested the adaptation
of the minimizing quadratic error approach proposed by Karzulovic
and Goodman (1985) to calculate the 1D densities of the joint sets
in the normal directions for larger number of M than N. However,
the joints of each joint set were assumed fully parallel to each other
and randomly oriented joints in rock masses were not taken into
consideration.

Due to its nature, rock masses commonly include non-perfectly
parallel joints even if they belong to the same joint set. In addition,
the size of joints in a rock mass volume may be limited. Zheng et al.
(2018) tried to develop a relation for determination of the joint
frequency depending on 1D direction including the normal
(perpendicular) directions of the joint sets by considering non-

perfectly parallel joints with the limited sizes. Since this concept
is out of the scope of this study, for more detailed calculation steps,
readers are referred to Zheng et al. (2018).

The use of equal-angle stereographic projection of lower
hemisphere was practically preferred for the presentation for the
distribution of RQD in 3D-space (Choi and Park, 2004; Zheng et al.,
2018). Although the angular definition of a point on equal-angle
stereographic projection is given by the values of trend and
plunge, it is also possible to define the same point by using
formulation in x and y Cartesian coordinate system of equal-angle
stereographic projection based on the lower hemisphere (Eq. (4a)
and (4b)). An illustration of a total of 360 points on the equal-
angle stereographic projection net using 10° increments (in both
trend from 000° to 350° and plunge from 0° to 90°) was used in this
study. The sensitivity of the calculations can be increased by
reducing 10° increments used for both trend and plunge values on
equal-angle stereographic projection. However, 10° increments
were considered as sufficient to reflect the directivity changes of
the quantities such as A or TRQD; in this study. Any directional
property such as TRQD; is assigned to all defined points on the
equal-angle stereographic projection net, and can be contoured
using x, y and property values (Priest, 1993).

- 5) (a2)

X = Rcosatan(

y = Rsinatan (9002_ 6) (4b)

where R is the radius of lower hemisphere equal-angle projection
and the orientation of a line is defined by trend («) and plunge (3) in
degree.

As mentioned above, a point on equal-angle stereographic
projection defines the direction of a line by its trend and plunge,
normal to the orientation of joint surface as a 1D property. In
accordance with the discussed methodology herein, RQD can be
illustrated by the practitioners on the equal-angle stereographic
projection using a direction of a line by its trend and plunge. By
considering RQD counters on equal-angle stereographic projection,
the possible minimum and maximum values of RQD (RQDp;, and
RQDpax) can also be determined in 3D rock mass medium.

Wu et al. (2021) defined structural anisotropy index as a ratio of
RQDmin to RQDmax. This simple ratio can be used for defining
structural anisotropy of rock mass based on degree of jointing.
However, this ratio has limited capacity in some cases to define
structural anisotropy depending on the value of RQDpgax. For
example, both RQDpyax = 100% and 10% yield RQDmin/RQDmax = 0
when RQDpj, = 0. Similarly, let us select some combinations of
RQDmax and RQDnin having differences between each RQDp,ax and
RQDnin pairs of 10% (such as 100%—90%, 90%—80%, ..., 20%—10% and
10%—0%). For these cases, the values of structural anisotropy index
as a ratio of RQDpjn to RQDmax change from 0.9 to 0. In other words,
it is not clear that change from 0.9 to O of structural anisotropy
index is acceptable when the difference between RQDp, and
RQDpnax is only 10%.

The increase in structural anisotropic behavior of rock mass in
terms of engineering aspects could be expected when the differ-
ence between RQDmax and RQDp, also increases. By considering
this fact, Zheng et al. (2018) defined an anisotropy index of jointing
degree (Aljq) by

_ RQDmax
100

As mentioned by Zheng et al. (2018), the values of RQD are

Ade (RQDmax — RQDpip) (5)
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obtained as the same in all different directions when
RQDmax = RQDmin with Allg = 0. On the other hand, when
RQDmax = 100 and RQDmin = 0, then Aljg = 100 is obtained as an
upper bound of structural anisotropic value.

In this study, the relation given in Eq. (5) was improved by
replacing RQD with TRQD; to define an index value to overcome
limitation of the conventional RQD procedure for identifying
jointing degree of the rock masses having particularly widely and
extremely widely spaced joints (Eq. (5)). On the other hand, the
impact of the anisotropy may be expected less for extremely closely
jointed rock masses. To reduce the anisotropic behavior of densely
jointed rock masses, the ratio of TRQDg1max to 100 is taken into
consideration as a reduction multiplier in the improved Aljq equa-
tion, given in Eq. (6). On the other hand, TRQDg 1 max = 99% will be

(a) Combination matrix between TRQD,

333

used for rock mass including widely to extremely widely spaced
joints due to the assumption explained in Fig. 2. Hence, the effect of
multiplier will be negligible for these cases. As a result, while the
original Aljq formulation is preserved, an improvement is intro-
duced to Aljq formulation by Eq. (5) in order to extend its applica-
bility capacity for rock masses composed of extremely small to
extremely large rock blocks. After the proposed improvement, in-
crease in the sensitivity of the ATRQD;, which equals to difference
between TRQD¢max and TRQD;min, is now considered as possible
using threshold level “t” representing with the lowest frequency of
joint sets in a direction of 3D rock mass medium (Aj.mass) lower than
15 m~! in extremely widely spaced joints. Some additional as-
sessments were also investigated by hypothetical cases of certain
block shapes under the related part of the study.

and TRQD; ,, together with proposal of Al classes

max
TR QD Lo, Very Poor Poor Fair Good Excellent

51 (VP) (P) (F) ) (E)
Excellent H M L VL NO

Good M I VL NO X

Fair L VL NO X X

Poor VL NO X X X

Very Poor NO X X X X

Proposed AIJ'.d classes: VH: Very High anisotropy, H: High anisotropy, M: Moderate anisotropy, L: Low anisotropy,

NO: No Anisotropy, X: not applicable combination.

' TRQDO.1 max
| AljdzT(TRQDLmaX- TRQD{’,min)
* TRQD,,..=TRQD,, .., case is considered
b
(b) TRQD
AI, VP P F G E
jd >~ | (RQDn¢=12.5) | (RQDi¢=37.5) | (RQDi¢=62.5%) | (RQDyi1=82.5%) | (RQD,;s=95%)
E i // e /] ————— ~ = )
»7784 .-~ 546~ _A-~ 30.9.7 4--""11.9 AT 02
(RaDmid=95%) Pl /’,”’ /’fﬁ” //9:’—— ’:", A
3 G [F=— s P = FEET JEe
£ 578 _=7" 37.1 16.5 -~ 0 i X
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O B 313 —2P” 156 4" 0 -7 X X
E (RQD,,;=62.5%) | ~- e i _ el o
P 7 o - ™
94 ._.-~2- o e X X X
(RQD=37.5%)| “~-~= - "
L o X X X X
(RQDi4=12.5%)
(c) l (d)

Determination of boundary values of Afy for each classes

Structural anisotropy index
classification of Aljg

Aljg max - 100 (for upper bound)

' P
Aljd min-

0 (for lower bound)

Description Symbol| Aljg
—> 89.2 |:Very High VH 90 - 100
—> 67.3 II:High H 65 - 90
I 44.7 11l: Moderate M 45 - 65
23.3 IV: Low L 25-45
6.7 V: Very Low VL 5-25
Vi VI: Almost No Anisotropy| ~NO 0-5

Fig. 3. The followed steps for the development of the improved structural anisotropy index of jointing degree (Aljfd) classification.
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Aljy = TR0 (10D, 1 — TRQD i) (6)
where Alf; is the improved formulation of anisotropy index of
jointing ciegree. While AIde varies between 0 and 100, the higher
values of AIJfd reflect the stronger structural anisotropy of jointing
degree of a rock mass.

Definition of the values of AIJf 4 using a standardized classification
such as the known classifications of numerous index parameters
used in rock engineering will be better to improve the practical
value of Al ; in terms of rock engineering applications. Additionally,
it will be helpful for communication among the related disciplines.

3. Development of TRQD-based structural anisotropy index
classification of rock masses

In this study, a classification for structural anisotropy index of
jointing degree was developed using the engineering classification
of RQD (Table 1) which is widely accepted by rock engineering
community (Deere et al., 1967).

For this aim, the following steps were followed for determina-
tion of the boundary values of Al}; for each class in a new structural
anisotropy index classification of rock masses:

(1) Combination matrix of the classes based on TRQD;min, and
TRQD;max is prepared by considering the five RQD classes
given in Table 1. While combination of “Excellent” and “Very

Polyhedral blocks

Tabular blocks

EQUIDIMENSIONAL, FLAT
CUBICAL or BLOCK
COMPACTBLOCK

Rhombohedral blocks

poor” is named “Very high (VH)” anisotropy, combinations of
same class pairs such as “Excellent” versus “Excellent” or
similarly “Poor” versus “Poor” were named “Almost no
anisotropy (~NO)” (Fig. 3a). Other combinations were
named within these two boundary conditions by considering
the degree of anisotropy with difference of RQD classes in the
combinations (Fig. 3a).

(2) Middle values of TRQD;min and TRQD;max for five classes
presented in Table 1 from “Excellent” to “Very poor” and AIJf f
equation (Eq. (6)) were used together for determination of
each combination of the defined anisotropy classes (Fig. 3b).

(3) Average values of Al ; for boundaries of each anisotropy class
from “Very high (VH)” to “Very poor (VP)” were calculated
using determination listed in Fig. 3b. In addition, AL, = 100
and 0 were considered as upper and lower bounds for “Very
high (VH)” and “Almost no anisotropy (~NO)”, respectively
(Fig. 3a).

(4) As given in Fig. 3d, structural anisotropy index classifications
composed of five classes from “Very high (VH)” to “Almost no
anisotropy (~NO)” with the boundary values of AIde were
suggested by considering the values listed in Fig. 3c.

4. Applications to hypothetical and real cases

Applications of new structural anisotropy index classification to
hypothetic and real cases were presented in this section. Firstly, the

Prismatic blocks

v
7

Columnar blocks

LONG
BLOCK

LONG&FLAT
BLOCK

Fig. 4. (a) Examples of the block shapes and joint patterns identified by Dearman (1991), and (b) Block shapes of rock masses including three joint sets used by Palmstrém (2000).
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use of new structural anisotropy index classification by considering
hypothetical cases of some certain block shapes was investigated.
Then, its application to the real cases was presented.

improved formulation (AIde) of anisotropy index of jointing degree
were used together for comparison of applicability of the proposed
procedure to the rock masses including closely and widely spaced

joints.

Examples of the block shapes and joint patterns identified by
Dearman (1991), and block shapes of rock masses including three
joint sets used by Palmstrém (2000) are represented in Fig. 4. In this
stage of the study, the main block shapes illustrated in Fig. 4b were
assessed using the formulations of the anisotropy index and the
proposed structural anisotropy index classification. For this aim, the

4.1. Hypothetic cases of some certain block shapes

At the first stage, the hypothetic cases were preferred to apply
the structural anisotropy index classification to rock masses
composed of some certain block shapes. Both original (Aljqg,
considering conventional threshold level as t = 0.1 m) and the
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Fig. 5. The values of joint frequencies (1) for each set used in the hypothetical assessment of anisotropy index classification for (a) cubic, (b) flat and (c) square based long block
shapes composed of three joint sets.
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joint frequencies for each set in each hypothetic rock mass were
varied from lower values to higher values to define possible effects
of block size in the proposed anisotropy index classification (Fig. 5).

In the first hypothetic case (H-case-1), in addition to equi-
dimensional cubic block shapes with 6 faces (a« = 90° between faces
which represent joint surfaces), equidimensional blocks with 26
faces (o = 45° between faces which represent joint surfaces) and 14
faces (« = 60° between faces which represent joint surfaces) to-
wards hypothetical perfect spherical block shape were also inves-
tigated (Figs. 5a and 6).

As seen in Fig. 7a, the high Aljg value was obtained for cubic
block shape when 2 is equal to ~10 m~, and it is classified as very
low anisotropy (VL) in the proposed structural anisotropy index
classification. The value of Aljq decreases on both sides from
2 = ~10 m~! because of the limitations on the use of RQD for rock
masses composed of extremely closely and extremely widely
spaced joint sets for higher and lower 2 values. In other words, the
difference between RQDmax and RQDpin reduces to zero due to
limitations on the use of RQD for rock masses composed of
extremely closely and extremely widely spaced joint sets. In
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Fig. 7. The relations among (a) original (Alj4) and (b) the improved (Al};) formulations
of anisotropy index of jointing degree with joint frequency () defined as the same for
all joint sets in three cases of equidimensional cubic block shapes with 6 faces, equi-
dimensional blocks with 26 faces and equidimensional blocks with 14 faces.

addition, RQDpax increases up to 100% for the lower value of A.
Similarly, the value of RQD,ax reduces towards zero for the higher 4
values.

The distributions of TRQDg1 and TRQD; for every possible di-
rection on equal-angle stereographic projection were determined
using the procedures explained in detail before depending on
trends between 0° to 350° for every 10° increments and for plunges
from 0° to 90° for every 10° increments. As seen in plotting of all
directions by trend and plunge on equal-angle stereographic pro-
jection, totally 360 groups of TRQDg1 and TRQD; were determined
depending on the changes in trend and plunge. The variations of
original (Aljg) and improved (AIj’d) formulations of the anisotropy
index of jointing degree depending on joint frequencies of equi-
dimensional blocks having a = 90°, 60° and 45° between faces are
given in Fig. 7.

The other important outcome of the assessment of H-case-1 is
that the small Aljq values are obtained for block shapes which move
towards perfect equidimensional spherical shape due to the in-
crease in number of joint sets of the block. This situation is an ex-
pected result of increasing roundness with an increasing number of
joint sets. Theoretically, the value of Aljq converges to zero for
perfect spherical shape. While the decrease in the value of Aljq can
be considered as meaningful to a certain extent for extremely
closely jointed rock masses, such an assessment is completely out
of question for rock masses having widely to extremely widely
spaced joint sets. However, the original formulation of Aljg given by
Eq. (5) is not capable of overcoming this limitation particularly for
rock masses composed of widely to extremely widely spaced joint
sets. This situation is clearly observed in Fig. 7a. When the block
shape is remained, the values of Aljq decrease for lower 1 values
because of the use of conventional RQD (= TRQDg 1) equation which
is defined for threshold level of t = 0.1 m. The improved formula-
tion of anisotropy index of jointing degree (AIde) successfully
overcomes this situation as seen in Fig. 7b. While the block size (or
spacing of joints) effect on anisotropy is considered for A higher
than 1.5 m™’, AIJfd is remained constant for A less than 1.5 m™!
(Fig. 7b).

When the original Aljq formulation is considered, the anisotropy
class of the three cases having equidimensional shapes in 3D space
is classified from very low anisotropy (VL) to almost no anisotropy
(~NO) depending on higher number of joint sets. On the other
hand, the improved formulation of AlIl; produces lower values
which are classified as almost no (~NO) from cubic shapes to more
rounded block shapes having higher number of joint sets. In a rock
engineering point of view, the anisotropic behavior is not expected
for blocks having equidimensional shapes. Therefore, the improved
formulation of AIJfd seems more meaningful for identifying aniso-
tropic class of rock masses in a wide structural range from heavily
jointed rock mass to extremely widely spaced rock mass. As an
illustration for TRQD evaluation of rock masses having about widely
spaced joint sets, the TRQD; distribution curves on equal-angle
stereographic projection for each subcase of equidimensional
block shapes having A = 1.5 m~! are given in Fig. 8.

The second hypothetic case (H-case-2) is investigated on block
shapes changing from columnar to flat (Fig. 4b). For this aim, a
square based (41 = A2) block shape was transformed from columnar
into flat using different values of A3 as the third dimension. Five
different dimensions for square based block from very large
(A = 22 = 0.1 m~ 1) to very small (A; = A, = 50 m~!) were inves-
tigated by considering original and improved formulations of
structural anisotropy index denoted by Aljq and AL,. The third
dimension of spacing of joint (S3) was selected as very high value of
S3 = 1000 m that is equal to A3 = 0.001 m™~' to obtain columnar
block shape and it was reduced to very small value such as lami-
nation dimension of S3 = 0.001 m, equal to A3 = 1000 m~ .
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Fig. 8. TRQD; distribution curves on equal-angle stereographic projection for each subcase of equidimensional block shapes having the value of A = 1.5 m~! from cubic shape

towards perfect equidimensional spherical shape: (a) & = 90°, (b) & = 60° and (c) « = 45°.

As seen in Fig. 9a, the original formulation (Aljq) is insufficient
for identifying degree of anisotropy for the cases which represents
rock mass models having about widely and extremely closely
spaced joint sets due to the applicable range of TRQDg; between
99% and 1% for 23 < 1.4 m~! (S3 > 0.7 m) and for 23 > 66.7 m™"
(S3 < 0.015 m), respectively.

On the other hand, while the values of Aljq starts from almost
zero for the cases having larger base dimensions such as S12 =5 m
and 1 m, the values of Aljg starts from almost 100 for the cases
having smaller base dimensions such as S = 0.02 m because of the
applicable ranges of TRQDg . Therefore, the capacity of the original
structural anisotropy index is limited when the whole range of
possible joint spaces are taken into consideration.

It should be expected that structural anisotropy should be
increased while moving towards two opposite directions from the
peak value of Aljq such as towards columnar or flat shapes from
equidimensional cubic block shape by changing the third dimen-
sion. In addition, the modeled rock mass having cubic block shape
should be classified as almost no anisotropy at the center (Fig. 9b).
As explained before, in the improved formulation of AIJfd and its
classification, the 3D block size effects on structural anisotropy can
be taken into consideration for rock masses including widely
spaced joints with A higher than 1.5 m~. Therefore, the possible
maximum anisotropy index values towards smaller block sizes
reduce to lower values than 100 such as the modeled rock masses
having 21 = & =4 m~, 20 m~! and 50 m~' (Fig. 9). Two examples
of TRQD; distribution curves on equal-angle stereographic projec-
tion for columnar and flat sub-cases are given in Fig. 10.

The following outcomes can be drawn from the results of the
assessment of hypothetic cases on the proposed anisotropy index
classification:

(1) The limitations of the use of traditional RQD with threshold
value “t" equal to 0.1 is overcome both for the rock masses
composed of extremely closely spaced joints and for the rock
mass including spacing of joints from widely to extremely
widely by the improved formulation of AIJ.’d and the proposed
anisotropy index classification. However, anisotropic effects
on the behavior of rock mass may be expected insignificant
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Fig. 9. The values of (a) Aljq and (b) Aljfd depending on third joint frequency (43) of
square based (A; = 4,) block shape from columnar to flat block.
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squared based flat block shape
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Fig. 10. TRQD; distribution curves on equal-angle stereographic projection for (a) flat block shapes (1; = 2, =4 m~' and 43 = 80 m~") and (b) square based columnar (long) block

shapes (1 =, =4m 'and 3 = 0.3 m™).

or less for particularly rock masses including extremely
closely spaced joints when compared with engineering
dimension such as slope height. For this case, the value of Al
may be expected to be reduced to zero for extremely closefy
(heavily) jointed rock mass.

(2) TRQD; as a directional parameter for defining the jointing
degree is a powerful tool for the use of structural anisotropy
classification from rock masses having extremely closely to
extremely widely spaced joint sets.

(3) As a consequence of the hypothetical cases, it can be stated
that the improved formulation of structural rock mass
anisotropy index (AIde) together with its classification has an
application capacity to rock masses independent from
spacing of joint sets.

4.2. Application to real cases

Application of the improved equation of AL, to real cases with
their presentations on structural anisotropy index classification
chart is given herein. For this aim, two real cases were investigated
in this study.

4.2.1. R-case-1

This case is assessment of stratified marl from Simav open pit
borax mine in the western part of Turkey. The observations and
measurements along the slope face were performed to determine
the number of joint sets and their discontinuity spacing (Fig. 11).

The investigated slope face is located in the east side of an
asymmetric synclinal within the geological stratification of rock
mass. Therefore, orientation of stratification and joint sets may
even change within the small distances. Thus, only the observed

location was considered for identification of stratification and main
joint sets with their orientations and mean discontinuity spacing
values. The strike of slope face was N120'E and general orientation
of stratification (J;) was measured as 052°/48°. Thickness of strat-
ification varies between a few centimeters to about a few tens of
centimeters with an average value of about 5.2 cm (A; =19.2 m™})
at this location. In addition to the stratification planes, two joint
sets having general orientations of 195°/74° (J,) and 098°/85° (J3),
with average joint spacing of 47 cm (1, = 2.1 m~!) and 48 cm
(A3 = 21 m™"), were identified, respectively. The schematic plan
view of the identified discontinuity sets and view of slope faces are
shown in Fig. 11.

In order to obtain TRQDg 1 max, the values of TRQDg; in 3D space
were determined for every point representing a direction on equal-
angle stereographic projection using Eq. (1), Eq. (3) and t = 0.1 m
TRQDo1,max Was obtained as 98.3%. Similarly, the values of TRQD; in
3D space were also determined for every point (totally 360 points)
representing a direction on equal-angle stereographic projection
using Egs. (1)—(3). The distribution counters of TRQD; and AIJfGl on
equal-angle stereographic projection of stratified marl were given
in Fig. 12. AL; was determined as 46.6 using the values of
TRQDo 1,max, TRQD¢.max and TRQDg 1,min in the improved formulation
of structural anisotropy index given by Eq. (6). The value of
AIde = 46.6 is classified as “Moderate (M)” in the proposed
classification.

However, as can be seen on the close view of the studied rock
mass exposure in Fig. 11, the stratified marl should have a signifi-
cant anisotropic mechanical behavior due to the stratification
planes having high persistency. Up to this stage of the study, only
the values of joint frequency for each identified joint set included in
rock mass were considered with their orientations. However, in
addition to the number of joint sets with their orientations,
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Fig. 11. The outcrop of the stratified rock mass studied and a schematic illustration about the measurements.

persistency of discontinuities has an important effect on the
directional mechanical behavior of rock mass. The possible
contribution of persistency of joints to the evaluation of structural
anisotropy of rock masses was investigated in the next section after
determination of AIJfd with its current form given above.

4.2.2. R-case-2
The second real case study was investigated on columnar sha-

ped basalts exposure in Bala region (in the close vicinity of Ankara)
in Turkey (Fig. 13a). The basalt columns generally have a hexagonal
cross-section perpendicular to the longest axis. The measurements
of joint orientations in the columnar shaped basalts were per-
formed together with the joint spacing. In addition to three joint
sets formed hexagonal shaped sides of basalt columns, almost
horizontally or low inclined joints were also measured (Fig. 13b).
After the evaluation of the joint orientation measurements on
equal-angle stereographic net, four joint sets were identified as J;
(334°/31°), J» (208°/78°), J5 (092°/83°) and J4 (150°/70°) (Fig. 13c).
Based on the statistical evaluations of the spacing of joint sets, the
joint frequencies for each set were determined as 2; = 1.308 m~,
J2=2116 m 1, 23 =2.232m ! and A4 = 2.087 m~! (Table 2).
Same procedure with R-case-2 was followed to obtain
TRQDo1max and TRQD; distribution counters on equal-angle ste-
reographic projection net of columnar basalt. While TRQDg 1,max
was obtained as 99.1%, the distribution counters on equal-angle
stereographic projection of columnar basalt are given in Fig. 14.

For the second real case, the values of TRQD;max and TRQD:min
were determined as 99% and 90.2%, respectively. The improved
structural anisotropy index (Al;) was also determined as 8.8 and
classified as “Very low (VL)” class in the proposed classification.
Similar to stratified marl investigated in the first real case, side
surfaces of basalt columns are the highest effective joints in the
rock mass with their very high persistency (Fig. 13). It can be clearly
said that anisotropic mechanical behavior should be expected high
in terms of engineering significance for the columnar basalt. The
main reason for this statement is the possible contribution of
persistency of joints on the structural anisotropy of rock masses.

4.3. Introducing the effect of persistency of joints on structural
anisotropy assessment

The new procedure proposed for the quantitative anisotropy
assessment of rock mass given above produced meaningful results
for hypothetical cases. For the hypothetical rock mass cases,
persistency of joints was not considered. In other words, it was
assumed that the hypothetical rock masses were formed by joint
sets having the same persistency. However, it should be pointed out
that the discontinuities with very high persistency have a signifi-
cant importance on the anisotropic behavior of rock mass. Firstly,
two real cases, one for the stratified marl and the other for the
columnar basalt, were assessed to identify structural anisotropic
behavior using AIJfd and its classification without considering
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R-case-1: The stratified marl rock mass
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Fig. 12. (a) TRQD; and (b) AIj’d counters on equal-angle stereographic projection for the stratified rock mass studied.

(b) (c)

Fig. 13. (a) Columnar shaped basalt exposure studied as the second real case, (b) The
close view of the measurement of orientation of joint surfaces of a basalt column, and
(c) The joint orientation counters on equal-angle stereographic projection and the
main orientation (trend/plunge) for each joint set.

persistency of the joints in the two rock masses. Although rock
masses of both real cases have a significant structural anisotropic
behavior, the values of Alj’cl were determined as 46.6 (moderate
anisotropy) and 8.8 (very low anisotropy) for the stratified marl and
the columnar basalt, respectively. One of the possible reasons for
the conservative outputs may be related with the contribution of
persistency of the joint sets. Both the hexagonal surfaces of basalt
columns and the stratifications have very high persistency as can be
clearly seen in Figs. 11 and 13. Therefore, the weighted contribution
of the joint sets with their persistency was included to the
improved anisotropy index formulation at this stage of the study.
For the determination of the weighted contribution of each joint
set, the use of the ratings suggested for the persistency of discon-
tinuities in “geomechanical classification system”, also known as
RMR by Bieniawski (1989), was preferred (Table 3). As is well
known, RMR has been one of the most commonly used and widely
accepted geomechanical tools and classifications in rock
mechanics.

Using the ratings given in RMR, the weight for persistency (wp)
of each joint set is defined by Eq. (7). In the relation, one added the
value of Rphax (= 6) to avoid possible undefined result due to
dividing by zero (rating of very high persistency, L > 20 m).

w _ (Rmax+1)—R
P Rmax + 1

(7)

The relation between average joint length (L) and the weight for
the persistency (wp) was investigated using average ratings and
joint length of each class from very low to very high (Fig. 15).
Following equation is obtained as the best fitting relation:

wp = 0.156L9-6157 (8)

where L = 20 m when L is larger than 20 m.

The weight factor for each joint set (ws) is determined by the
ratio of the maximum value of weight for persistency among the
discontinuity sets (Wpmax) to the value of weight for persistency of
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Table 2
Statistical evaluations of joint spacing for each joint set including their frequencies.

Joint No. N Spacing of joint set (cm) Standard deviation (cm) Frequency of joint
1
Minimum Maximum Mean set, A (m™)
J1 25 20 159 76.48 33.46 1.308
I 8 38 55 47.25 6.32 2.116
s 10 41 50 44.80 3.12 2.232
Ja 11 39 66 47.91 7.94 2.087

R-case-2: The columnar shaped basaltﬂrock mass
221308 m" 2,22.116 m" 4,72.232m" 4,=2.087 m" A mass=1.4 M t=0.10746 m TRQD;,,,=99.1%

Al',=8.8 Anisotropy class: Very Low (VL) (trend/plunge of A/, ,..: 150°/0° and 330%/0°)

TRQD,
TRQD,,.,=99.0% TRQD,,=90.2%

Al',
=0 Al',,.=88

jd_max—

Al

jd_min

Fig. 14. (a) TRQD; and (b) Alj’d curves on equal-angle stereographic projection for the columnar basalt studied.

Table 3
The definition, measurement and rating suggested for the persistency of disconti-
nuities in RMR (from Bieniawski, 1989).

Definition Measurement, L (m) Rating, R
Very low <1 6
Low 1-3 4
Moderate 3-10 2
High 10-20 1
Very high >20 0

the related joint set (wp;) (Eq. (9a)). Finally, the weighted theo-
retical rock quality index (W-TRQD;) and the weighted discontinuity
frequency (Aw) were redefined by Egs. (9b) and (9c), respectively, by
modifying the previous relations given in Eqgs. (1) and (3). For
certain, Eq. (6) can be used when there is no significant difference
among the persistence of joint sets in rock mass.

However, when the significant difference among the persistency
of joint sets exists, the improved anisotropy index for jointing de-
gree (Aljd) relation given by Eq. (6) can be rearranged as W_TRQD;
by considering weighted assessment of frequency of joint sets (Eq.
(10)). When the persistency of the joint sets is nearly equal to each

other, the values of wt for each discontinuity set will be obtained as
almost equal to 1, which means that Egs. (9b), (9¢) and (9d) and 10
turn back to previously defined forms (Egs. (1), (3) and (6)). This is
why the hypothetical cases having no significant difference among
the persistency of the joints surrounding the rock blocks have
produced meaningful results.

Wpi

wr = 9a

F = W max (9a)
N

AW = ZW“‘/‘\,‘COS&' (gb)
i=1

t = 0.1484(Ay | mass) % (9¢)

W_TRQD: (%) = 100~ (thy + 1) (9d)
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Wp= 0.156x1%¢"7
0.20 - r=0.99

Weight factor for persistency, w,

0.00

0 5 10 15 20
Joint length, L (m)

Fig. 15. The investigated relation between average joint length (L) and the weight
factor for persistency (wp).

W,TRQD()»] max
’ 5
Wf\de =00

(W_TRQD¢,max — W_TRQD; i) (10)
where Aw | mass is the lowest weighted frequency of joint sets in 3D
rock mass medium, and W,AIJf 4 is the weighted anisotropy index for
jointing degree.

4.4. Application of weighted anisotropy index to real cases

As presented previously, the values of the improved anisotropy
index for jointing degree (Aljfd) were obtained as 46.6 and 8.8. Ac-
cording to these values, they were classified as “Moderate” and
“Very low” anisotropic rock masses for the stratified marl and
columnar basalt, respectively. However, two real cases should have
significant anisotropic effect in terms of engineering behavior of
the rock masses. Therefore, without contribution of persistency to
structural anisotropy of rock mass, the obtained values can be
evaluated as low capable of defining structural anisotropy. As can
be seen in Fig. 11, the stratification planes with very high persis-
tency which extends more than tens of meters (J;) have more
structural significance when compared with the other two joint
sets (J> and J3) with limited persistency within 3—10 m. Similarly,
the side faces of the basal columns (J, J3 and J4) have very high
persistency (>20 m) when compared with the persistency of the
almost horizontal inclined joint set (from 0.5 m to 1.5 m) denoted
by J1 (Fig. 13).

Two real cases were also assessed by considering the contri-
bution of persistency to the structural anisotropic behavior of rock
masses. For this aim, weight of persistency for each joint set (wp)
was determined using Eq. (8) considering their persistency (equal
to the values of average L for each joint set) in the rock mass. Then,
the value of weight factor for each joint set (ws) was calculated
using Eq. (9a). The input parameters and the calculated values of
wp and wr for each joint set in two real cases are summarized in
Table 4.

Finally, the values of W_TRQD; that consider contribution of
persistency of the joint sets to structural anisotropy were calcu-
lated using Egs. (9b), (9¢) and (10) in 3D space for every point
representing a direction by its trend and plunge on equal-angle
stereographic projection. The counters of AIJ./d and W_AL, on
equal-angle stereographic projection for two real cases are shown
in Fig. 16. The maximum and minimum values of Al{; and W _AI,
on equal-angle stereographic projection were set to 100 and 0,
respectively, to satisfy the clear comparison of anisotropy

Table 4

The input parameters and the calculated values of wj, and w¢ for each joint set in two
real cases.

Rock type Joint Frequency of joint Persistency, L (m) wp (Eq. wr (Eq. wgh;

No. set,A(m™") (8))  (9a)
Stratified J; 19.2 20 m (very high, 0.99 1 19.2
marl >20 m)
I 21 average 6.5 m (3 0494 0498 1.027
—10 m)
NS 2.1 average 6.5 m (3 0494 0498 1.027
—10 m)
Columnar J; 1.308 average 0.75m 0.131 0.13 0.17
basalt (0.5-1.5m)
b 2.116 20 m (very high, 099 1 2.116
>20 m)
J3 2232 20 m (very high, 099 1 2.232
>20 m)
Ja 2.087 20 m (very high, 099 1 2.087
>20 m)

assessments based on AL ; and W_AI;. The values of W_AL, for the
stratified marl and columnar basalt were determined as 77.4 and
70.5, respectively, when the persistency of joint sets is taken into
consideration. Two real rock masses having significant structural
anisotropy were classified as “High” according to the proposed
anisotropy classification. Therefore, it can be concluded that the
weighted anisotropy index for jointing degree (WAIde) has suffi-
cient capability for assessment of structural anisotropy of rock
masses together with the anisotropy classification proposed in
this study.

5. Development of a structural anisotropy chart

To simplify application of the proposed method, the procedure
for calculation of the weighted anisotropy index of jointing degree
(Wf\Ij’d) is summarized in Fig. 17 for practitioner’s consideration.
Then, in addition to the proposal of the weighted anisotropy index
for jointing degree, a structural anisotropy classification was
developed based on the classes defined in RQD classification by
Deere (1963). A graphical presentation for structural anisotropy
index classification using two axes as “W_TRQDgimax” and
“AW_TRQD; = W_TRQD;max—W_TRQDmin” by considering bound-
ary values of each class given in Fig. 3d is also produced (Fig. 18).
The structural anisotropy assessments of hypothetical and real
cases are plotted on the graphical presentation of the classification
given in Fig. 18.

6. Conclusions

Structural anisotropic behavior may have significant importance
in rock mass engineering projects depending on the number of sets,
orientation, spacing and persistency of the discontinuities. For
example, the strength and deformation properties of the stratified
rock masses should have significant differences in parallel and
perpendicular directions to the stratification planes. Similarly, the
mechanical behavior of a rock mass composed of columnar block
shapes will change depending on the applied stress direction on the
rock mass.

RQD has been widely used as a 1D jointing degree property
since it should be determined by measuring the core lengths
obtained from drilling. However, to improve practical value of
RQD, TRQD; introduced by Priest and Hudson (1976) was taken
into consideration only when the statistical distribution of
discontinuity spacing has a negative exponential distribution.
RQD, as a directional property of a rock mass, has been used for
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R-case-1: The stratified marl rock mass

The improved anisotropy index
for jointing degree (Al’,)
Aly =0 Al ..=46.6

jd_min jd_max

N

The weighted anisotropy index
for jointing degree (W_Al',)
W Al ..=0 W_Al, ..,=77.4

Al';or W_AI,

R-case-2: The columnar shaped basalt rock mass

The improved anisotropy index
for jointing degree (A/',)

Al'g i

=0 Al

jd_max

=8.8

Al'yor W_Al'

The weighted anisotropy index
for jointing degree (W_AI'))

W Al .=0 W_Al, =705

Fig. 16. The counters of Al{; and W,Alj’d on equal-angle stereographic projection for two real cases: (a) R-case-1 and (b) R-case-2 within ranges between 0 and 100 as minimum and

maximum, respectively.

defining the structural anisotropy. However, the use of RQD in
rock mass has some limitations to define jointing degree for the
rock masses composed of extremely closely spaced joints and for
the rock mass including widely to extremely widely spaced joints
due to the use of 0.1 m rock core length as a threshold in its
conventional form.

In this study, by considering impressive recommendation by
Priest (1993) for improving the sensitivity of RQD using different
threshold levels of “t”, the applicability of the formulation of
anisotropy index for jointing degree proposed by Zheng et al.

(2018) was improved. In addition, persistency of joint sets was
also included in the anisotropy assessment of the jointed rock
masses based on the rating of persistency in RMRgg.

Firstly, hypothetical rock masses were assessed using a novel
approach to anisotropy classification and the calculation of the
improved structural anisotropy index (AIde). Then, the contribution
of joint persistency to the structural anisotropy of the jointed rock
masses was introduced to this new approach. The weighted
improved structural anisotropy index (Wf\Ide) was assessed in two
real cases.
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Fig. 17. The summary flowchart for determination of the weighted anisotropy index for jointing degree (W,Alj’d).
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Fig. 18. Structural anisotropy chart based on the weighted structural anisotropy index
classification proposed in this study and distribution of hypothetic and real rock mass
cases.

It should be noted that the main focus of this study was the
determination of degree of anisotropy of rock masses based on
jointing degree, not to rate or classify the rock masses. Certainly,
geomechanical rock mass classifications are of great importance in
rock engineering, but the proposed methodology in this study can
provide an input for such classifications. Furthermore, the proposed
structural anisotropy evaluation procedure for jointed rock masses
has an adaptation potential to the recent studies about automatic or
semi-automatic determination of 3D joint distribution such as
terrestrial LIDAR technique and UAV photogrammetry.

The repeated calculations are necessary on the spread Cartesian
coordinate on equal-angle stereographic projection for application
of the proposed formulations. Therefore, to increase practical value
of the proposed formulations, a computer code was developed for
free use of practitioners.

As a final conclusion, the applications of the weighted improved
structural anisotropy index (W_Aljfd) to the hypothetical and real
rock masses show that the proposed anisotropy classification has a
sufficient capability of structural anisotropy assessment indepen-
dent of scale of joint pattern.
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