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Measurements of and Correlations between Block Size and
Rock Quality Designation (RQD)
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Abstract

Various measurements of the block size or degree of jointing (i.e. density of joints, RQD, block volume,
joint spacing) are described. It is concluded that the RQD measurements are encumbered with several
limitations and that this parameter should be applied with care. These limitations influence the engineering
results where RQD is applied in classification systems, numerical modelling and other engineering
assessments.

The 3-dimensional block volume (Vb) and the volumetric joint count (Jv) measurements give much better
characterizations of the block size. As the block size forms an important input to most rock engineering
calculations and estimates, it is important to select the most appropriate method to measurement this
parameter.

Correlations between various measurements of block size have been presented. It turned out difficult to find
any reliable correlation between RQD and other block size measurements. An adjusted, better equation
between RQD and Jv than the existing is presented, though still with several limitations.

More efforts should be made to improve the understanding on how to best measure the block size in the
various types of exposures and patterns of jointing.
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1 INTRODUCTION

The following three quotations illustrate the background for this paper:

"Since joints are among the most important causes of excessive overbreak and of trouble with water, they
always deserve careful consideration.” Karl Terzaghi, 1946.

"Provision of reliable input data for engineering design of structures in rock is one of the most difficult
tasks facing engineering geologists and design engineers. It is extremely important that the quality of the
input data matches the sophistication of the design methods.” Z.T. Bieniawski, 1984.

"l see almost no research effort being devoted to the generation of the basic input data which we need for
our faster and better models and our improved design techniques.” Evert Hoek, 1994.

Thus, this paper aims at giving practical information on jointing and input of block size, including:
« different methods to characterize the block size or the degree of jointing;
« difficulties and errors related to some common methods to measure rock mass jointing; and
« correlations between various block size measurements.

Block size is in this paper used as a common expression for the degree of jointing, density of joints, block
volume, and joint spacing. Further, the term joint includes joints, fissures, fractures, cracks, and breaks
penetrating rock masses. Parallel oriented joints form a joint set. Random joints are joints, which do not
belong to any joint set, or are in this paper considered as having spacing of 5Sm or more.

Figure 1 shows some typical blocks formed by joints. A great variety in sizes and shapes of rock blocks

complicates the measurement of this parameter. Also the block shape is often important in the behaviour of
rock masses. This is presented in Section 6.1

oz

Padlyhedral blocks Equidimensional blocks Prismatic blocks

Figure 1. Examples of some shapes of
defined blocks (modified from
Dearman, 1991).

Tabular blocks Rhombohedral blocks Columnar blocks

2 THE IMPORTANCE OF BLOCK SIZE IN ROCK ENGINEERING

The joints intersecting a rock mass divide the rock into blocks with sizes ranging from cube sugar of cm’ in
fragmented or crushed rock to several m* in massive rock. The sizes are a result of the joint spacings, the
number of joint sets, and the size and persistence of the joints. The block size is an extremely important
parameter in rock mass behaviour (Barton, 1990, ISRM, 1978). Also Goodman (1993) states that "Joints are
extremely important in some rock masses. Even though the rock substance itself may be strong or
impermeable, or both, the system of joints create significant weakness and fluid conductivity.” Many scale
effects in rock engineering can be explained by this feature, including compression strength, deformation
modulus, shear strength, dilation, and conductivity.

The sizes of the blocks surrounding an underground excavation may also determine whether the rock masses
will behave as a continuous (bulk) material, or as a discontinuous material influenced by the properties and
geometries of the joints.



2.1 Block size used in classification systems

Being an important parameter the block size is represented, either explicitly or implicitly, in the main
quantitative rock mass engineering classification systems used in design of rock support, such as
* the ratio between RQD and a factor for the number of joint sets (Jn) in the Q system,
* RQD and joint spacing (S) in the RMR system, and
* block volume (Vb) in the RMi (rock mass index), and the number of joints sets (nj) when RMi is applied
in rock support evaluation.

Also the qualitative GSI (geological strength index) system applies block size expressed as various degrees
of blocky and broken rock masses in the determination of its values for rock mass strength.

2.2 Block size used in numerical modelling and analytical calculations

Most methods for numerical modelling and many analytical calculations apply input of the rock mass
strength and/or the rock mass deformation modulus. By this, the block size is used indirectly as shown in the
following two sections. Some numerical modelling methods also use block size (joints spacings) as input.

A. Rock mass strength

A method to find/calculate/assess the rock mass strength was published by Hoek and Brown in 1980:

23
Gem = OcX S Eq. (1)
where the value of s is found from input of RMR values (and thus including block size) in the equation
RMR-100
s=e 9 Eq. (2)
The value of s can also be found using input of GSI:
GSI-100
s=e 9 Eq. (3)

limited to GSI > 25 (when GSI < 25, s =0).

A more direct method to assess the strength of rock masses has been presented by Palmstrom (1995):

6., ~ RMi=0.2,/jC x Vb" Eq. (4)
(jC is the joint condition factor, including roughness and size of the joints, while the exponent D = 0.37jC "2
varies within 0.2 and 0.6.) In common conditions (for jC = 1.75) RMi ~ 0.253/ Vb Eq. (5)

B. Rock mass deformation

In addition to various in situ deformation tests (plate jacking test, plate loading test, Goodman jack test), the
deformation modulus of rock masses can be estimated from Q, RMR, and RMi values in the following
expressions:

Em =2RMR - 100 for RMR > 50 (Bieniawski, 1978) Eq. (6)
Em = 10 RMR- 10040 for 30 <RMR <50 (Serafim and Pereira, 1983) Eq. (7)
Em=251log, Q forQ>1 (Grimstad and Barton, 1993)  Eq. (8)
Em =7 RMi for 1 <RMi <30 (Palmstrom and Singh, 2001)  Eq. (9)
Em=7RM;i ** for RMi > 30 Eq. (10)

Thus, also for the deformation modulus block size is used indirectly.

3 TYPES OF BLOCK SIZE MEASUREMENTS

Measurements of the joints and their characteristics in a rock mass are often difficult. Joints form
complicated 3-dimensional patterns in the crust, while the measurements mostly are made on 2-dimensional
surfaces and on 1-dimensional boreholes or along scanlines. Hence, only limited parts of the joints can be
correctly measured in a location. When the jointing is more or less irregular with variations in size and
length, as in Figure 2, it is not easy to characterize the blocks, which show great variation in size. Figure 2 is
used as examples in some of the following sections.



Figure 2. Photo and interpretation of (irregular) jointing of a dolerite (diabase), which shows the difficulties involved in
block size measurement. The jointing consists of some medium (3 — 10m long) and many small (short) joints causing
great variation in block sizes, as is seen on the right figure.

The method to be used for measuring block size depends on the local conditions and the availability of such
measurements. For instance, in the planning stage, where the rock surface is hidden by soil or weathering,
core drillings, shafts, adits or geophysical measurements are used for assessing block size. During
construction, however, the rock mass conditions can easily be observed in the tunnel, mine, shaft or cutting
(if not covered by shotcrete or concrete lining). In such cases more accurate measurements are possible.

Table 1 outlines some methods for block size measurements. For all measurements, it is important to select
the method yielding representative recordings. In Chapter 8 correlations are given between various block size
measurements. Thus, the required type of block size input (RQD, joints spacing, etc.) to be used in
calculations can be found from different measurements; e.g. spacing or block volume can be found from
volumetric joint (Jv) registrations.

Table 1. Some main methods for measuring block size

Measurements in rock surfaces Measurements on drill cores Refraction seismic measurements
Block size (volume of block) (Vb) | Rock quality designation (RQD) | Sound velocity of rock masses "
Volumetric joint count (Jv) | Fracture frequency

Joint spacing (S) | Joint intercept "

Weighted joint density (wJd) | Weighted joint density (wld)

Rock quality designation * (RQD) | Block volume * (Vb)

D not described in this paper; 2 estimated from scanline measurements; * in some sections with crushed rock

In the following chapters comments, recommendations and assessments are presented on the methods
indicated in Table 1. Refraction seismic measurements present an interesting possibility to assume block
sizes when the measurements can be linked to core drillings. This is especially of value in areas where the
rock surface is covered by soil or water. Information on this method can be found in Palmstrom (1996b and
2001b) and Palmstrom and Nilsen (2000).



4 JOINT SPACING (S)

Joint spacing is the perpendicular distance between two joints within a joint set. It is applied as one of six
input parameters in the RMR (rock mass rating) system. "It is widely accepted that spacing of joints is of
great importance in appraising a rock mass structure. The very presence of joints reduces the strength of a
rock mass and their spacing governs the degree of such a reduction.” (Bieniawski, 1973)

The RMR applies ratings of joint spacing according to the classification by Deere (1968). When one distinct
joint set occurs as in Figure 3 (left), it is easy to measure the spacing. But when more than one joint set occur
as in Figure 3 (right), or for more complicated jointing pattern as in Figure 1 or 2, Bieniawski (1973) did not
indicate how to calculate the spacing. According to Edelbro (2003) "the lowest rating should be considered if

there is more than one joint set and the spacing of joints varies".

THREE JOINT SETS

ONE JOINT SET

Figure 3. Joint sets and joint set spacing

In other cases where an average joint spacing is used and more than one joint set occur, the following

expression may be used:
Sa ~3/Vb Eq. (11)

Here, Vb = block volume in m?3.

Some rock engineers apply the following expression for the average spacing of the joint sets (Figure 3,

right):
Sa=(S1+S2+8S3+...+Sn)n Eq. (12)

where S1, S2, S3, etc. are average spacings for each of the joint sets. But Eq. (12) does not correctly

characterize the joint spacing. The following example illustrate this:

Example 1: Three joint sets intersect at right angles with average spacings: S1 =0.1m, S2 = 0.5m, and S3 = 2m. The
block volume Vb= S1 x S2 x S3 =0.1 m*. Using Eq. (12) the overall average spacing Sa = 0.87m gives a block

volume of Vb = Sa® = 0.65m* (which obviously is much too large).

5 BLOCK VOLUME (Vb)

Where individual blocks can be observed in a surface, their volumes can be directly measured from relevant
dimensions by selecting several representative blocks and measuring their average dimensions (Figure 4).
For small blocks or fragments having volumes in dm” size or less, this measurement is often the quickest of
the methods, as it is easy to estimate the block size compared to registration of the many joints involved.

. Slx.SZ><S3. Eq. (13)
Sinyl x Siny2 x Siny3

where S1, S2, S3 are the spacings in the three joint sets, and y1, y2 y3 are the angles between the joint sets.

Where three joint sets occur, the block volume is Vb =
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Table 3 shows the variation block volume for some angles between the joint sets found from Eq. (13).

Table 3. Block volume for various angles between the joint sets

all angles = 90° t\évr?ea;r%lees jggf tevr:)ea?%g'g::%% all angles = 60° all angles = 45°
Vb =Vb,=S1 x S2 x S3 Vb =1.16 Vb, Vb =1.3 Vb, Vb =1.5 Vb, Vb =2.8 Vb,

As it is seldom that more than one of the angles is 60° or less, the inaccuracy imposed by a simplified
measurement omitting the angles in Eq. (13) is limited.

In many cases, the blocks formed by the joints are irregular, e.g. when there are mostly random joints (Figure
5). In such cases the block sizes cannot be estimated using joint spacings. Instead characteristic dimensions

L of each block can be measured or estimated. In other cases it
‘ B *ﬂur is not possible to observe entire blocks in a rock exposure on
- the surface or in an underground opening; e.g. where less than
three joint sets occur, and/or when the joint spacings are
large. In such cases a rule of thumb may be used to make a
block size estimate possible, by assuming a spacing of the
joints 5 times the spacing of the main joint set seen. This is
illustrated in the example below.

Example 2: Where only one joint set (with average spacing S1) can
be seen: Vb~ S1 x 5S1 x 581 =25S1° (for SI = 1m, Vb=25m’)
For two joint sets (with spacings S1 = 1m and S2 = 2m) at approx.
right angle: Vb ~ S1 x S2 x 581 =5S1% x S2 = 10m’.

The block volume can also be found in drill cores in cases
where the fragments are small enough to be measured in the
core, for example where crushed rocks occur.

Figure 5. The block volumes in Figure 2 vary between approx.
5%10”°m? and 5x10m?. Average block size ~ 0.025m?.

Ideally, the variation of block sizes in a location should be given as a block distribution diagram (Figure 6);
however, for several reasons this is seldom possible. The block sizes have to be measured by observation one
by one, either in rock surfaces, from scanlines, or from drill cores (instead of being sieved as can be done for
soils). From these measurements the apparent smallest and largest block can be reported (see Figure 4), but
often a representative or an equivalent block size is inconsistently recorded and used for input in rock
engineering.
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For information, the block volume can be classified as suggested by Palmstrom (1995):
BLOCK VOLUME

very small small moderate large very large
Vb = 10 — 200cm?3 0.2 —10dm?3 10 — 200dm?3 0.2 —10m?3 > 10ms3

6 VOLUMETRIC JOINT COUNT (JV)

The volumetric joint (Jv) count was introduced by Palmstrom in 1974. Earlier, a similar expression for joint
density measurements was applied by Bergh-Christensen (1968) as the number of joints in a blast round.
Being a 3-dimensional measurement for the density of joints, Jv applies best where well-defined joint sets
occur.

Jv is defined as the number of joints intersecting a volume of one m*. Where the jointing occurs mainly as
joint sets

Jv=1/S1+1/S2+1/S3+...1/Sn Eq. (14)
where S1, S2 and S3 are the average spacings for the joint sets.

Random joints are not included in a particular joint set. As they may represent a significant part of the total
number of discontinuities, "neglecting them would lead to erroneous quantification of the discontinuity
nature of rock mass™ (Grenon and Hadjigeorgiou, 2003). Palmstrom (1982) has presented an approximate
rule of thumb correction for this with a spacing of 5m for each random joint:

Jv=1/S1+ 1/S2+ 1/S3+ .....1/Sn + Nt/(5 /A ) Eq. (15)

where Nr is the number of random joints in the actual location and A is the area in m?.

Classification of the Jv is as follows:

DEGREE OF JOINTING
very low low moderate high very high crushed
Jv= <1 1-3 3-10 10- 30 30-60 > 60

Similar to RQD, the volumetric joint count (Jv) is by definition an average measurement for the actual rock
mass volume measured, expressing the number of joints occurring in this volume. However, as all joints
seldom can be observed (counted) in a volume, Jv is often given as a range from what can be observed, for
example, where it is measured from the variation in the spacings for each joint set. Table 4 presents an
example based on in Figure 4, where Jv is found from the smaller and for the larger joint spacings for each
joint set.




Table 4. Example of Jv and Vb measurements from joint sets observed in a rock surface

Jointing _ Vaﬁation of joint get spacing and frequency _ Average Average
min spacing max spacing max min .
(m) (m) frequency frequency spacing (m) frequency
Joint set 1, S1 0.2 0.4 5.0 2.5 0.3 33
Joint set2, S2 0.4 0.6 2.5 1.7 0.5 2.0
Joint set 3, S3 0.3 0.5 33 2.0 0.4 2.5
2 random joints (in 1m? surface) 50" 2/5=04 | 2/5=04 50" 2/5=0.4
2 Volumetric joint count Jv = 11.2 6.6 8.2
.2 | (Jv =% frequencies) (max Jv) (min Jv) (average Jv)
= 3 3
= ) _ 0.024m 0.12m 0.06m?
= Block volume Vb (min Vb) (max Vb) (average Vb)
“ *) for random joints, a spacing of Sm for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

Figure 7.
Figure 2. The many short joints in this location cause inaccuracy
of Jv (because its definition applies for joints longer than 1m)
with too high value of Jv. Therefore, Jv as defined in Eq. (15)
does not characterize the degree of jointing correctly in this

Observation of the number of joints in the location of

location.

6.1 Correlation between Jv and Vb

As has been shown by Palmstrom (1995, 1996) the correlation between the block volume (Vb) and the
volumetric joint count (Jv) is

Vb= xJv?

where [ is the block shape factor, having the following characterization:
— for equidimensional (cubical or compact) blocks 3 =27
— for slightly long (prismatic) and for slightly flat (tabular) blocks =28 — 32
— for moderately long and for moderately flat blocks =33 —59
— for long and for flat blocks 3 =60 —200.
— for very long and for very flat blocks > 200

Eq. (16)

A common value for § = 36.

Palmstrom (1995) has shown that the block shape factor () may crudely be estimated from
B~ 20+ 7a3/al Eq. (17)
where al and a3 are the shortest and longest dimensions of the block.

More information on the block shape factor has been presented by Palmstrom (1995).



6.2 Jv found from wJd (weighted joint density)

In addition to surface observations, the Jv can be measured from drill cores or surface observations, as shown
by Palmstrom (1995, 1996, 2001). This measurement, called weighted joint density (wJd), applies an
adjustment value for the orientation of
the joints relative to the surface or the
o drill core. The wld is a further

measurements 2 - D measurements

. development of the works by Terzaghi

borehole surface area (A) (1965)
o < oint In principle, the weighted jointing
L ’ method is based on measuring the angle
(d) between each joint and the surface or
5, the borehole, as is shown in Figure 8.
-1y 1
5" WJd_ﬂz sind,

1 1 Figure 8. The definitions of wJd
wJdd = TZ sinp measurement for borehole and surface
registrations. (Palmstrom, 1995).

To simplify the observations, the angles have been grouped into four intervals, for each an average value of
f; (from the ratio 1/sind) has been selected, as presented in Table 5. The definition of the wld is then:

- for 2-dimensional measurements in rock surfaces: wld = % Z fi Eq. (18)
- for 1-dimensional measurements along boreholes: wld = %Zfl Eq. (19)

where A is the size of the observation area and L is the length of section measured in the borehole

Table 5. Angle intervals and ratings of the factor f; in each interval

Angle interval (between joint and 1sin & Chosen rating
borehole or surface) of the factor f
5>60° <1.16 1
5 =30-60° 1.16 —1.99 15
8 =15-30° 2-3.86 35
§ <15° > 3.86 6

Thus, the volumetric joint count Jv = wld can be found directly from core logging or surface observations.
After some training the wJd core logging has shown to be relatively easy and quick to perform. Example 3
shows how to estimate wJd from borehole cores.

Example 3: In Figure 10 the wld is found from the following observations:

Factor Section 1 Section 2
Angle interval f Number of joints Value Number of joints Value
: (N) fix N (N) fixN
5> 60° 1 3 3 5 5
8§ =30-60° 1.5 7 10.5 7 10.5
5 =15-30° 35 0 0 0 0
§ <15° 6 1 6 1 6
wid= 2(fxN)= 195 wid=3(f xN)= 215

Sonmez et al. (2004) have given the following comments of the wld:

a) When wld is assessed by window sampling (i.e. 2-D observations of rock surfaces), it changes with
the ratio of the side lengths; for this reason the use of a square window is recommended.
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b) The joints nearly parallel to the observation surface are not well represented in the sampling area.
Also the joints nearly parallel to the borehole axis are not sampled. Therefore, the wJd will be

conservative.

¢) A minimum area required for the determination has to be defined.

d) The angle o between the joint surface and the borehole axis has to be the maximum, otherwise, the
apparent joint spacing is considered instead of the true spacing.

7 ROCK QUALITY DESIGNATION (RQD)

The RQD was developed by Deere (Deere et al. 1963) to provide a quantitative estimate of rock mass quality
from drill core logs. It is defined as "the percentage of intact core pieces longer than 100 mm in the total
length of core.” The core should be at least NX size (54.7 mm in diameter) and should be drilled with a

L =38cm

L=17cm

L=0
no pieces > 10cm

L=20cm

(.

L =35cm

200cm

p% drilling break

L=0
no recovery

RQD = 0 -25% very poor
RQD = 25 - 50 % poor
RQD =50 - 75% fair

RQD = 75 - 90% good
RQD =90 - 100% excellent

Total length of core run = 200cm

RQD =

RQD

2 length (L) of core piecies >10cm length

38+17+20+35
N 200

Total length of core run

x 100% = 55%

|
S
“"«

—/
v

!‘Ill
ll!k

% .l'
‘4=?='!F;

!

core pieces > 10cm

double-tube core barrel.

The RQD is an easy and quick measurement as
only certain core pieces (longer than 10cm) are
included, see Figures 9 and 10. It is, therefore,
frequently applied in core logging and is often
the only method used for measuring the degree
of jointing along the core drill hole. The most
important use of RQD is as a component of the
RMR and Q rock mass classifications.

RQD gives an average measurement of the
degree of jointing along the actual section (core
run); therefore, it is no meaning saying that
RQD varies between 10 and 20 for that section.
Measured along several sections, the RQD has,
of course, a variation.

Figure 9. Procedure for measurement and
calculation of RQD (slightly modified after Deere,
1989).

Figure 10. By applying a scanline in Figure 2, the RQD-values
can be found. "Core pieces" >10cm are shown in black.
However, this measurement does not show the large variation in
block sizes as is seen in Figure 5.
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7.1 Limitations of the RQD

As has been mentioned by several authors (Bieniawski, 1973, 1984; Edelbro 2003) and known by most
people involved in core logging and rock engineering, the RQD has several limits. For example, RQD =0
where the joint intercept (distance between the joints in the drill cores) is 10cm or less, while RQD = 100
where the distance is 1 1cm or more, see Figure 11. Another drawback is that the RQD gives no information
of the core pieces < 10cm excluded, i.e. it does not matter whether the discarded pieces are earth-like
materials or fresh rock pieces up to 10cm length.

0 0;2 0.4 0.6 0.8 l.‘O m
\ I \ \ \ ‘ i ‘ \

DO A \ XN TOXN] Rep =0

| | | RQD=0
[\ \ \ | \ \ \] RQD =100
| [ / | RQD =100

Figure 11. Examples of minimum and maximum values of RQD for various joint densities along drill cores (from
Palmstrom, 2001).

Similar to all types of 1-dimensional measurements (boreholes and scanlines) RQD is directional, but due to
its definition it is more sensitive to the hole or line direction than joint spacing or fracture frequency
measurements. This has been shown by Choi and Park (2004) for Korean conditions. Figure 12 shows three
extreme examples where the RQD has values 0 and 100 for the same type and degree of jointing only due to
the direction of the borehole.

o
1l
[a)]
o
o

g7 =
- RQD = 100
QO
Z
0\}
i 1 R [
S1= 9em| S3=15m S1= 9om S3=15m S1= 9cm] | S3=15m
SZTIlcm S;lcm Szjl‘icm
Jv =1/0.09 +1/0.11 + 1/0.15 = 27 Jv=1/0.09 + 1/0.11 + 1/0.15 = 27 Jv =1/0.09 +1/0.11 + 1/0.15 = 27

Figure 12. Three boreholes penetrate the same rock mass in different directions. As seen, the RQD can be both 0 and
100

Simulations of directional errors of RQD using computer spreadsheets as shown in Figure 16, have been
performed by Palmstrom (1995) and Palmstrom et al. (2002).

7.2 Correlation between RQD and Jv

It turned out difficult to relate RQD to other measurements of jointing, as RQD is a one-dimensional,
averaged measurement based solely on core pieces larger than 10cm. Simulations using blocks of the same
size and shape penetrated by a line (i.e. borehole) at different angles have been used for such estimations.
The first attempts were made by Palmstrom (1974) when the volumetric joint count (Jv) was introduced. The
following, simple expression between RQD and Jv was then presented:

RQD=115-33Jv Eq. (20)
(RQD =0 for Jv > 35, and RQD =100 for Jv <4.5)

This expression was included in the introduction of the Q system by Barton et al. (1974). As seen in Figure
13, the correlation between RQD and Jv is rather poor, especially, where many of the core pieces have
lengths around 0.1m. However, when Jv is the only joint data available (no borehole or scanline logging),
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Eq. (13) has been found to be an alternative transition for finding RQD from Jv, where, for instance, RQD is
required in the Q and the RMR classification systems.

100y
A
% \

\
\ \ —RQD = 115 - 3.3Jv

\
\ \ Figure 13. Correlation Jv — RQD with the variation range (modified
y \ into linear scale for Jv, from Palmstrom, 1974).
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0 10 20 30 40 so  performed.

Volumetric joint count (Jv)

Figure 14 shows the results from core logging of a 223m long core drill hole in gneiss, mostly with few
joints (large block sizes) where RQD, and Jv was measured (from weighted joint density, Jv = wld). Also
this example shows poor connection between RQD and Jv.

Hudson and Priest (1979) have presented the following, mathematical relation equation between RQD and
fracture frequency:

RQD = 100" (1+0.11) Eq. (21)
where A = the total joint frequency

Sen and Eisa (1991) further developed this equation linking it to block sizes and block shapes, as shown in
Figure 15. As seen, the RQD varies significantly for the various types of blocks. The figure also shows a
lowering of the RQD value with increasing difference between the lengths of the block sides (i.e. joint
spacings).
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Figure 15. Correlation Jv — RQD, modified from Sen and Eissa (1991) for bar (long) blocks (left figure) and for

The fact that RQD = 0 for a wide range of Jv, even for Jv as low as Jv =17 in Figure 16, complicates any
correlation between RQD and other joint density measurements.
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Figure 16. Correlations between RQD and Jv. Results from a computer calculation of lines penetrating blocks of the
same size at different angles (from Palmstrom et al., 2002).
Figure 17:

The following two simplified examples illustrate the problems in the RQD — Jv correlations, as presented in
Example 4, for blocks with shapea:b:c=1:0.9:0.1

Along 1m of a borehole perpendicular to the joints with smallest spacing, the following blocks occur:

A. 2 blocks, each of dimension 100 x 90 x 10cm, and 10 blocks of 80 x 72 x 8cm give RQD =20 and Jv = 14.5
B. 2 blocks, each of dimension 100 x 90 x 10cm, and 20 blocks of 40 x 36 x 4cm give RQD =20 and Jv =27
C. 2 Dblocks, each of dimension 100 x 90 x 10cm, and 40 blocks of 20 x 18 x 2cm give RQD =20 and Jv =51
D. 2 blocks, each of dimension 100 x 90 x 10cm, and 80 blocks of 10 x 9 x 1cm give RQD = 20 and Jv =99

Example 5, for blocks with shapea:b:c=1:0.1:0.1
Along 1m of a borehole perpendicular to the joints with smallest spacing, the following blocks occur:

E. 6 blocks of dimension 100 x 10 x 10cm, and 5 blocks of 80 x 8 x 8cm give RQD = 60 and Jv = 23
F. 6 blocks of dimension 100 x 10 x 10cm, and 10 blocks of 40 x 4 x 4cm give RQD = 60 and Jv = 34

13
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G. 6 blocks of dimension 100 x 10 x 10cm, and 20 blocks of 20 x 2 x 2cm give RQD = 60 and Jv = 55
H. 6 blocks of dimension 100 x 10 x 10cm, and 40 blocks of 10 x 1 x 1cm give RQD = 60 and Jv = 97

Note that the jointing used in the examples above seldom occur in-situ, — especially the very thin prismatic blocks
of lem thickness -, but they are used here to indicate the problems in finding a correlation between Jv and RQD.

In order to estimate the limits in the correlation between RQD and Jv, the cases X and Y in Figure 17 have
been included, where
— X presents the theoretical minimum of Jv (= 11) for RQD =0 (for tabular blocks with spacing S1 =
10cm and wide spacings for S2 and S3), and

— Y is the theoretical maximum of Jv (= 38) for RQD = 100 (for compact (cubical) blocks). The
theoretical minimum (Z) of Jv is close to zero for very large blocks.

As shown, the minimum value (X) of Jv for RQD =0 is lower than the maximum Jv value (Y) for RQD =
100 (which also is the case in figure 16 ). In the interval Jv =15 — 30 the RQD can have values of both 0
and 100 or in between. Thus, in this interval RQD may have any value.

Both Figure 16 and Figure 17 show that RQD is an inaccurate measure for the degree of jointing. As it is
often easier to measure the Jv in a rock surface than the RQD, RQD is frequently found from measurements
of Jv using Eq. (13). By this, an inaccuracy or error may be introduced in the calculation.

Compact blocks

® Platy or tabular blocks ®

random joint g bore hole
o« Dorenole

borehole

Joint set spacings:
S1=S2=007m

Spacing: $3=0.11m

S1=0.1m

RQD =100
RQD =0; Jv=1/0.10 + 2/5=10.4 Jv = 2x1/0.07+1/0.11 = 38

— _ Example 5
< EXampl€ 3

RQD= 115- 3.3)v

- . Example4 | Figure 17. The approximate correlation between
RQD and Jv based on Figures 14 to 16. The
points (X) and (Y) show extreme jointing
conditions to indicate the variation limits of

i I I RQD.
0 20 40 60 80 100
Volumetric joint count, Jv

When starting to analyse the ability of RQD to characterize the degree of jointing, it was assumed that an
appropriate correlation exists between RQD and Jv. From the evaluations presented above it appears,
however, that this is not the case. This is in line with the findings of Grenon and Hadjigeorgiou (2003) from
in-situ jointing measurements in Canadian mines: "This reflects the fact that RQD is insensitive when the
rock mass is moderately fractured. One has to keep in mind that RQD values are a function of the total
frequency which is highly sensitive to sampling line orientation."



Figure 18 illustrates assumed limits and two (inaccurate) correlations between Jv and RQD. The new
equation

RQD=110-2.5Jv Eq. (22)
probably gives a more appropriate average correlation than the existing Eq. (20), which may be

representative for the more long or flat blocks, while Eq. (22) is better for blocks of cubical (bar) shape. It
has been chosen to use Eq. (22) in the remaining part of this paper.
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7.3 Comparison between RQD and wJd

The directional errors in 1-dimensional measurements in boreholes mentioned for the RQD measurement are
partly compensated for in the wJd measurements as indicated in Figure 19, which shows an example of RQD

and wJd measurements for two boreholes in different directions to the same jointing. (Ideally, the Jv and the
RQD should have the same value in the two measurements.)

im

|10cm 1
VAN 1
RQD =90 wJd = 4x1 + 2x6=16

wJd = 10x1 + 2x1.5 + 1x6 = 19
Figure 19. Difference between the orientation of a borehole relative to the joints. (The black thick lines show core
pieces > 10cm) With the same jointing in both cases the measurement should give the same value for both cases. As
seen, wJd are in the same range (16 and 19) for both borehole cases, while RQD shows a great difference (10 and 90).
For calculation of wld, see Figure 8 and Table 5.
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Figure 20. Measurements of Jv (= wJd) and RQD in 3 boreholes with total length of 450m in gneiss and amphibolite.

Figure 20 shows the results from logging of the degree of jointing in drill cores by the Jv and by the RQD in

practice. Contrary to the RQD, the Jv shows variation in all the three boreholes. Both Figures 19 and 20
show the limitation of RQD to correctly characterize the block size.

7.4 RQD/Jn as a measure for block size

The limits of RQD to characterize large blocks or very small blocks may be reduced by introducing
adjustments to it, as is done in the Q-system by the quotient RQD/Jn, which uses ratings for the number of

joint set (Jn) as shown in Table 6.

Table 6. The joint set number

Massive, no or few joints Jn=05-1
One joint set 2
One joint set plus random 3
Two joint sets 4
Two joint sets plus random 6
Three joint sets 9
Three joint sets plus random 12
Four or more joint sets, heavily jointed, "sugar-cube", etc. 15
Crushed rock, earth-like 20

The values of Jn varies from 0.5 to 20. According to Barton et al. (1974), Grimstad and Barton (1993) and
several other papers presented by Barton, the ratio RQD/Jn varies with the block size.

100
P9 0000 o
10 - e B b
5 . ¢~,‘.‘:;":’:‘83’: *or K
a] 2 ‘e
4 e
e Tee .
1 1 .o
Figure 21. Block volume RQD/Jn based on the
same conditions as for Figure 16. Note that both
01 ' ' ' ' ' axes are logarithmic (from Palmstrom et al., 2002).
0.0001  0.001 0.01 0.1 1 10 100
Block volume (m3)

As RQD/Jn in Figure 21 varies largely for the block volume (VDb), this expression is an inaccurate
characterization of block size, though it extends the range the block sizes compared to RQD alone. (Another
problem connected to this expression is that the number of joint sets is often prone to wrong
characterizations by the users. Many observers apply all joint sets observed in a region, while Jn is the

number of joint sets at the actual location.)



17

Grenon and Hadjigeorgiou (2003) have from their in-situ investigations in Canadian mines also concluded
that the expression RQD/Jn is inaccurate in characterizing block size.

8 CORRELATIONS BETWEEN DIFFERENT BLOCK SIZE MEASUREMENTS

When RQD is used as input (e.g. to the Q and RMR systems) it may be estimated from Jv or Vb
measurement. A drawback when using RQD is, however, that it only covers a limited part of the range of
jointing (see Figure 22). On the other hand, it should be mentioned that the range covered by RQD represents
a large part of blocky and broken rock where the classification systems work best.
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Figure 22. Correlations between various measurements of block size. The block volume (Vb) and the volumetric joint

count (Jv) cover a significantly larger interval of the jointing than the RQD. The best correlation exists between Jv and

Vb. However, also the block shape influences on the correlations. Example: For a block size of Vb = 0.1 m? the Jv = 6.5
when block shape factor B =27; but Jv=9 when f =100.

Similarly, through a comprehensive mapping program in five Canadian mines, Grenon and Hadjigeorgiou
(2003) have found that contrary to the RQD, the volumetric joint count, the in-situ block volume, as well as
the trace length of joint per area and the area of joint per volume provide proper jointing characterizations of
rock masses.

The findings above are in good accordance with the following excerpt from GeoEng2000 workshop on
classification:

"An example of problems associated with applying classification systems to characterise the rock mass is
best shown through the use of RQD, Jn and joint spacing for characterising the pattern and density of
jointing. These terms do a poor job of quantifying block size. RQD is insensitive to changes in joints per
cubic metre (J,) greater than 5 m™ (Milne et al., 1998). The number of joint sets in the rock mass can also be
difficult to quantify and can easily vary based on the scale of the engineering project. A measure of joint
spacing is a directionally dependent term, which cannot assess highly anisotropic joint spacing conditions.
A block size / block volume calculation or estimate of J, does a much more quantitative job of estimating
block size."
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9 CONCLUSIONS

Measurements of the block size are often difficult and therefore encumbered with imprecise registrations.
The various types of jointing in rock masses require often different types of measurements to arrive at the
best possible recordings. Figure 23 shows correlations between some of these measurements.

Where less than three joint sets occur, it is often expected that defined blocks will not be found. However, in
most cases random joints or other weakness planes will contribute to define blocks. Also, where the jointing
is irregular, or many of the joints are discontinuous, it can be difficult to recognise the actual size and shape
of individual blocks. Therefore, the block size and shape have sometimes to be determined from reasonable
simplifications.
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Figure 23. Correlations between different methods for block size measurements

As the joint spacings generally vary greatly, the difference in size between the smaller and the larger blocks
in a location can be significant. Therefore, the characterisation of the block volume should be given as an
interval rather than a single value. RQD and Jv are less suitable for this, as they per definition express
average of the jointing in a location. Variations of block sizes in a volume expressed by RQD can, however,
be found from boreholes or scanlines in different directions.

It has been shown that it is a poor correlation between the RQD and other types of block size measurements.
Being discontinuous by definition, RQD is not very suitable for correlations with other measurements. A
new correlation between RQD and Jv has been presented as RQD = 110 -2.5Jv (for Jv between 4 and 44),
which may give somewhat better results that the commonly used RQD = 115 — 3.3Jv. But still there may be
severe inaccuracies in the RQD to characterize block size, as have been mentioned above and indicated on
Figure 23.

Caused by the above, the application of RQD in rock engineering calculations may lead to inaccuracy or
errors. RQD should therefore be applied with great care. Consequently, while "RQD is a practical parameter
for core logging, it is not sufficient on its own to provide an adequate description of a rock mass". (Bieniawski,
1984; Milne et al., 1998)

Both the Q and the RMR classification systems would be improved if input of other block size measurements
than RQD had been used. On the other hand, the RQD is often sufficient for stability and rock support
estimates in blocky ground, while when used for other purposes where more accurate results are required, the
use of RQD in the RMR and Q systems may cause severe inaccuracies.

People involved in jointing characterization should be better informed how to perform adequate block size,
joint density, and block volume measurements, also knowing the limitation in the RQD. In general, more
efforts should be made to work out instructions and information on the block size measurements.
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