444 Geotech Geol Eng (2015) 33:443-454

block and orientation of the main joint sets. The 2 Estimation of the Degree of Jointing
technique also provides the 2D proles and joint
roughness coef cient (JRC) from 3D surface models In principle, weathering causes lower values in the
using high resolution 3D digital images, for inacces- spacing of the joints and intact rock strength. As rock
sible rock slopes (Hanebe&p07 Poropat2009 Guo surfaces are exposed for a long time, the rock breaks
et al.201% Kim et al. 2013. into small pieces and the number of joint sets becomes

During the weathering process, the rock mass visible. Hack and Price 1097 investigated the
becomes decomposed and the number of joint setsin uence of weathering for the parameters of intact
may be increased. Thus, the degree of weathering inrock strength and spacing of discontinuities. Similarly,
blocky rock mass can be investigated by measuring theEhlen (1999 presented that joint spacing tends to
degree of jointing, which is related to the number of become closer when weathering grades increase. The
joint sets and joint spacing. However, this approach spacing of discontinuities will determine the dimen-
should be carefully considered due to the fact that the sions of the rock blocks in the slope and the block
frequency of joints can also be caused by different volume is an extremely important parameter that is
geological processes such as tectonic disturbancedirectly related to the rock mass classi cation systems.
(Marinos et al.2005. The development of methods to estimate the block

Block size and joint spacing are the main parameters volumes has been described extensively in the liter-
to assess the degree of jointing in rock masses. ature. The correlation between the block volumeg)(V
Palmstion (200]) presented correlations between block and the volumetric joint count (J is proposed by
sizes and joint frequencyy)Jand also RQD and,dising Palmstian (2001),
numerous measurement data. In terms of weathering,

. 1 3

Ehlen (1999 showed the correlation between mean V» %46 J, ap
joint spacing and weathering grades. Similarly, Ad-
massu et al.Z012 suggested that joint spacing is an
important factor contributing to slope failure.

The slake durability and Schmidt rebound values can B 20p 7a3/al @b

be used to estimate the strength of the weathered rockynereq1 anda3 are the shortest and longest dimen-
joints. Dick et al. (994 noted that the durability of most  gions of the block.

rock is one of the mostimportant parameterstothe stability  The volumetric joint count ¢) is a measure for the

of the slopes. The slake durability test is to evaluate the degree of jointing or the inter block size and it can be
inuence of weathering on rocks by measuring the | sed as an input in the description of rock mass
resistance to degradation atkecomposition as simulated jointing (Palmstion 2007). The J uses the term, joint

by being exposed to wetting and drying cycles. The study gpacing (S), which is the distance between an adjacent
of Franklin and Chandral@72) reported that slaking of  pair of discontinuities measured along a line on the

rocks is an important consideration to evaluate the ook surface. The Jount is de ned as the number of
engineering behavior of rock mass and rock materials in joints intersecting a volume of 1 ¥n

geotechnical practices. Also, Schmidt hammer rebound

values showed reliable results to classify weathering inthed ¥21/S1b 1/S:p 1/Ssp 1/S, &P

less weathered material (Arikan et 2007. Due to the  \yhere joint spacing (S) is:SS, and S, are the average

reduction of strength of the weathered rock surface, spacing for the joint sets.

rebound energy of Schmidt hammer can be absorbed. | three dimensional space, individual block vol-

Sharma et al 2011 showed a linear relation betweenthe  ymes can also be estimated using joint spacing and

Schmidt rebound number and the impact strength index heir orientations. Assuming that the main joint sets

(1S]) and the slake durability index (SDI). were persistent, the block volume is calculated using
To investigate the behavior of rock masses for gq. @) proposed by Cai et al2004),

different weathering conditions, nite element analy-

ses were also performed using the Hoek—Brown y, 1/, Sl.SZSS : &b

criterion based on the calculated GSI values. SINY SISy 3

whereB is the block shape factor.
The block shape factor can be estimated by B. (
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where g, $, 3 = spacing between discontinuity sets; L GSI 100
Y1, Y2» Y3 = angles between discontinuity sets. mp Yam; exp 28 14D ®p
GSI 100
1 -
3 Quantibcation of GSI Values y /4exP< 9 3D > ®P
The GSI is the geological index based on rock mass o 1/4}|o }(e @ %)) &.0p
structures and joint surface conditions. Marinos et al. 2" 6

(2009 suggested that the GSI values in weathering  The deformation modulus in the GSI system can be
condition can be estimated by shifting the values of ogtimated as follows:

the unweathered rock mass in the chart. However,

this procedure tends to be subjective and requires ., (1 Q) O 10%%°Pgpa

long term experience. As the GSI values are 2 100 alip
estimated from visual observation of exposed out- &or <100 MPap

crops, the GSl \{alues for weatherfaq rgck MAsSEes Can, here D is the disturbance factor that depends on the
be assessed using the degree of jointing on the slop

e : . .
surfaces. Cai and Kaise2@0§ proposed a quanti- degree of disturbance by blasting and stress relaxation

. . ) .. (Hoek et al.2002. For weathered rock masses, the
tative method o estimate GSI using the joint constants rand the uncon ned strength of intact rock
condition factor (d) and rock block volume () in ' g

three dimensional space. The GSl is de ned from the Oci IN th? HoeK—Brown criterion should be reduced in
. . comparison with the unweathered rock masses (Ma-
following function,

rinos et al.2005.
265p 8.79InJ.p 0.9InV,

b
1p 0.0151InJ, 0.0253InV,

GSI Ya

where \ is the block volume and.Js a quantitative 4 Geological Conditions of the Study Area

characterization factor to show joint condition. The

joint condition factor, Jis de ned as follows; 4.1 Geology
Jwls The study areas are located on the eastern road near
J. Ya b . ) . .
Ja Tamborine mountain that is mainly composed of

. . ) layered argillite and sandstone in Neranleigh—Fern-
where Jy is a factor to describe large scale waviness of vale Beds (Willmott201Q Gratchev et al.2013
joints which is in meters from 1 to 10m and i a Shokouhi et al2013 (Fig. 1). In the study area, the

term to des%ribe .zmgll_ scalc: smooth;lesss.is]r? hi rocks are heavily weathered, folded and steeply
parameter to describe joint surface roughness which is;, ine - Argillite, which is hardened and slightly

closely related to the joint roughness coef cient (JRC) recrystallized shale, is ned-grained rock, bedding,

de.ned b_y_Barton et_ al. (as C|ted_|n PalmsmanOOJ_). and fractured in many exposures. The sandstone is
Jnis th.e _jomt alteration factor which de nes the lling mostly coarse-grained sediment of bright brown color.
of the 10|nt§. L Recently, the slope experienced failures during heavy
As amain pgrametgr, (,BSI values are applied in the rainfall. It was observed from the site investigation
Hoek—Brown fal_lure cn_terlpn.j'he normal form of the that the rock beneath the failed area was deeply
Hoek—Brown failure criterion is Eq .74, weathered and the bedding structure associated with
o9 o other discontinuities was signi cant factor contribut-
o) Yao3p oo (mbo_—a_b S) 7P ing to the failure.

wherec® andc% are the major and minor effective 4.2 Strength Properties of Rock Mass

principal stresses andl; is the uniaxial compressive

strength of the rock. gy s andx are material constants A series of point load tests and slake durability tests
for rock mass as follows; were performed on the both collected samples and

123



446 Geotech Geol Eng (2015) 33:443-454

Fig. 1 Geological conditions of study area, argillitg) @nd sandstoneb}

Fig. 2 Collected rock _—
samples 0 5cm

5cm

core samples from the site (Fig). The core samples  where, K50) is the point load strength index at a
from near sites were used as unweathered rocks whichreference diameter of 50 mm for core samples. The
were not exposed to surface weathering. Figdire laboratory tests also show that the samples with low
shows the range of point load index (PLI) and the slake values of uncon ned compressive strength tend to have
durability indices (SDI) of the rock samples. The lowvalues of slake durability index. The slake durability
samples were classi ed by the point load strength indices from the argillite samples range from 92.5 to
(Broch and Franklin1972. A large number of 97 %andthe pointload strength indices range from 1.53
weathered argillite samples exist in the ‘high’ strength to 3.31 MPa. The durability of argillite is classi ed as
category of PLI while the weathered sandstone ‘high’ to ‘extremely high’ durability according to the
samples are categorized as the ‘medium’ PLI. slake durability index classication (Franklin and
The uncon ned compressive strengths (UCS) were Chandral972. In contrast, a considerable difference
estimated from the results of the point load tests. The in slake durability index (l¢g) of the sandstone was
approximate conversion of UCS was performed using indicated between ‘low to medium’ (}d= 50 %) and
the conversion factor 24 as shown in Efj2)( (Broch ‘very high’ durability (Id, = 90.7 %). As a result, the

and Franklin1972), argillite of the study area has higher uncon ned
compressive strength and more durability than the
UCS%:24 [,660p d2>  sandstone (Tabl#).
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Fig. 3 Uncon ned compressive strength (UCS) and slake durability index® @dcording to point strength classi cation

Table 1 Uncon ned Rock types  Fresh Weathered
compressive strength based
on point load tests Test UCS (MPa) Test UCS (MPa)
number - number -
Min Max Mean Min Max Mean
Argillite 5 85.3 100.1 92.7 23 9.4 70.6 41.0
Sandstone 15 22.9 77.6 46.4 12 6.0 16.2 12.7
Table 2 Results of Schmidt hammer tests 5 Assessment of Joint Properties Using
Rock types Schmidt hammer rebound Weathering Photogrammetry Methods
grade
Range ~ Mean  SD 5.1 Photogrammetry Survey
of data
Argillite 17-49 313 8.3 Il (20-30) Photogrammetry survey was performed to produce
Sandstone 11-46 27.7 10.9 IV (30—40) 3D models of the slope surface model and determine

the characteristics of discontinuities. A professional
digital camera (Nikon D7000) and lens of 24 mm
focal length lens was employed to capture high-

During the site investigations, a total of 40 Schmidt quality digital images of the slope at two camera
hammer tests were performed on the discontinuities of positions. The computer code “Sirovision” (CSIRO
the argillite and sandstone areas. Tablshows that 2005 was used to analyse the images and create 3D
the range of rebound values are between 11 and 49,models of each slope site. Georeferencing was
which are classi ed as weathering grade Ill or IV for performed for the photo by determining the coordi-
the both argillite and the sandstone areas (Arikan et al. nates of the left camera position (using a GPS
2007. The different weathering grades also indicate device), and measuring its bearing (azimuth) to the
that the sandstone of the study area is less durable thartentre of slope (using a geological compass) (Stur-
the argillite. zenegger2010.
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Fig. 4 Main joint sets of the selected areas based on the 3D model (Sirovision)

5.2 Degree of Jointing L6 N

Argillite
14 === Sandstone

The spacing and the orientations of joints were L

obtained from the 3D models. Mapping and tracing _

for the joint information was conducted manually on if—n 1.0

screen and provided the spacing and the length of the § . 0.89

joint sets. The discontinuities data obtained from the §

3D model were plotted on stereonets to determine the € 06

main joint sets. For the both argillite and sandstone, = 04 T

representative sampling areas, which are & m 05 I I i

in dimension, were considered in this study (F4J. 0.2 proemes ""ifm =x i i

The block shapes in the sandstone area are more 5, values : mean
irregular than those of argillite (Figl). Figure5 ! 2 3 4
shows the joint spacings of the main joint sets for the Joint sets

argillite and the sandstone. The overall joint spacing of
the sandstone area is smaller than that of the argillite
area. The measured distances and orientations of the

discontinuity sets were used to assess the degree obandstone as presented in TaBleEven though the
jointing; block volumes, volumetric joint count and block sizes of both rock types can be formed based on
RQD. As a result, the block volumes and RQD values different geologic processes such as tectonic move-
of argillite indicates higher values than those of ment, it is interesting that the sandstone area shows

Fig. 5 Variations in the spacing of joints
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Table 3 Estimated degree of jointing in the study areas based proles as shown in Fig6. The concept of the

on 3D models

Degree of jointing Argillite Sandstone
Volumetric 6.4-16.4 11.6-22.1
joint count (J) Mean 10.5 Mean 15.3
Block volume 7.0-113.0 3.0-19.0
(Vi x10° ) Mean 26.0 Mean 8.0
RQD (%) 61.0-93.8 42.1-76.8
Mean 80.4 Mean 64.7
[ D |
| | Ruler (0.9m) —|
——
Undulation = a/D Argillite

2D joint sections
(the steepest direction)

obtained from 3D model
1 |

L /|
——
Sandstone

D : Length between maximum amplitudes

L

i A

Im

Fig. 6 Estimation of undulation using 3D models

lower block volumes with lower weathering degrees
(IV) than that of argillite (111) (See Table).

5.3 Estimation of GSI Values

The waviness of joint wall () was estimated using
undulations obtained by the roughness proles

measurement is the same as the procedure described
by Piteau 1970.

In a small scale roughness, the joint smoothness
factor (1) can be associated with JRC values. In this
study, J values were estimated using the linear
interpolation relationship between JRC values and J
[Eq. (13)]. This relationship is based on the assump-
tion that the range ofsJ0.6—-3.0) is directly propor-
tional to the range of JRC (0-20).

J; ¥240.1125 JRCp 0.75 alL3p

The JRC values were obtained using the Maerz
et al. 1990 and Tse and Cruderi979 approaches
based on the surface pro les in 10 cm lengths which
were extracted from the 3D models for the dip
directions of the joints. 20 JRC values were calculated
at different locations in each section. Figuferesents
an example of roughness pro les extracted from the
3D model. JRC values were calculated using the code
Sirovision with functions as follows,

JRC ¥432.2p 3247logZ,8Tse and Cruden 1979
al4p

JRC Y2 411(R, 1) 3Vlaerz etall990p o5p

where % is a roughness parameter using variances
within asperity heights, and where, & a roughness
parameter which is related to the inclination angle
(¢) of the sawtooth surface of the roughness pro le.
Figure 8 summarizes the obtained data, indicating a
similar range of JRC values between both the argillite
and sandstone areas from 7.4 to 10.3. Consequently,
there is no signi cant difference between the mean

extracted from the 3D models. The procedure can bevalues of & however, in the large scale joint
applied with a 0.9 m long edge which is placed on the condition, the more undulating surfaces of the

Fig. 7 JRC values (a) (b)
estimated from 3D models,
3D image &) JRC values Section A
and roughness pro leshj
Section A i
o JRC=5.79 (Maerz)
JRC=7.74 (Tse & Cruden)
Section B
Section B oo
AN
JRC=7.83 (Maerz)
JRC=9.85 (Tse & Cruden)
3D image : 2.1mm/pixel 0 s 10em
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(a) Argillite
12

I Maertz (mean : 8.4)
10

Tse and Cruden (mean : 10.3)

Data frequency

Fig. 8 Distribution of JRC data obtained from 3D image

Table 4 Estimated joint surface properties based on 3D
models

Joint surface conditions Argillite Sandstone
Waviness of joints () 15 2.0
Smoothness factor {J 1.7-1.9 1.6-1.8
Mean 1.8 Mean 1.7
Joint condition factor () 0.64-0.72 0.79-0.88
Mean 0.68 Mean 0.83

sandstone produced largenalues than the argillite
section, as presented in Talle

The GSI values were obtained from E&) (Cai
and Kaiser2006. The values were quanti ed by the
estimated block volumes and joint condition factors

(b) Sandstone
12

I Maertz (mean:7.4)
10

Tse and Cruden (mean : 8.9)

Data frequency

10
JRC

12 14 more

(Jo). The variation of GSI as a function of block
volume (M) and joint condition factor () are
plotted in Fig.9. As shown in Fig9, the block
volume is a less sensitive parameter to estimate GSI
values than the joint condition factor. Figu®a
shows that even much larger blocks (100 times)
with the same joint condition factors produce an
increase only 10 GSI values. Therefore, joint
condition factors can be more in uential and thus
should be carefully examined to quantify GSI
values. For the study areas, the estimated GSI
values and the Hoek-Brown strength parameters
were given in Tablé. The numerical code ‘Roc-
Data’ (Rocscience) was used to estimate the Hoek—
Brown strength parameters and the elastic modulus.

Fig. 9 GSlI variation with
Vy, (a) and ¢ (b) based on
Eq. ®)

60.0

60.0

(b)

g L G S00F

X )

T 400( - 2 a0t

= <
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L 200~ ® 20044,
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Table 5 Estimated GSI values and Hoek-Brown properties Table 6 Conditions of numerical analysis (strength criteria

using RocData (Rocscience)

and estimated parameters)

Strength properties Argillite Sandstone Models Criteria and Argillite Sandstone
parameters
UCS (MPa) 41.0 12.7
Hoek—Brown properties 1 Mohr—Coulomb Cohesion: Cohesion:
criterion (rock 0.13 MPa 0.07 MPa
GSI 44 43 o o
M 0.83 0.742 mass) Friction Friction
b : : angle:55.0 angle: 47.0
S 0.0003 0.0003 Barton—Bandis JRC: 9.4 JRC: 8.2
a 0.509 0.509 criterion JCS: 41 MPa JCS:
Young's modulus (GPa) 111 0.6 (joints) 12.7 MPa
Block size 0.002, 0.008, 0.002, 0.008,
0.032 (n?) 0.032 (nY)
6 Parametric Study on the Weathered Rock Slope  » Hoek—Brown criterion
_ . GSlI 20, 40, 60 20, 40, 60
Basgd on the estimated GSlI values and the. block sizes Material 0.22-1.99 0.21-1.88
obtained from the 3D models, the parametric analyses constants,
were performed using a numerical code, Phase2 Material 9.2e- 9.2e-
(Rocscience). This code is an elasto-plastic nite constants, s 6-0.003 6-0.003
element program for calculating stresses and displace- Material 0.54-0.503  0.54-0.503

ments of rock slopes, and also provides joint simula- constants, a

tions. The failure mechanisms of the study area were

simulated by two different criteria in numerical

analyses. One was to investigate the in uence of the

block sizes on the behaviour of weathered slopes usingblock sizes (Fig10a). For the joint parameters, the

the Mohr—Coulomb model, and the other was to Barton—-Bandis rock joint strength criterion was

examine the in uence of GSI values on the failure adopted and the peak friction angle which represents

behaviour for the same analysis section. Figi@e  joint roughness condition, was estimated using the

demonstrates the numerical models for both cases. JRC values of Eq.16) suggested by Barton and
Firstly, the numerical models using the Mohr— Choubey 1977,

Coulomb criterion have one main joint set dipping 43 JCS,

along the slope and another cross-joint set generatedd ¥4 ¢, b JRG,log;o <—> alep
perpendicular to the slope. In the parametric study, on

three different joint spaces—10, 20 and 40 for the where, ¢, = residual friction angle of joint;

main joint set and 20, 40 and 80 for the cross-joint JCS= joint wall compressive strengtles,, = normal
set—were considered in order to simulate different stress acting on the joint plane.

PR ARATANR
R
‘ “““ ‘\ ock size
“‘\““ ‘:‘\ Zglcmkxlo cm

\‘ 40 cmx20 cm

X\
80 cmx40 cm

Hoek-Brown criterion

(b)

(a)

Fig. 10 Numerical models for the parametric study using Phase 2, Mohr—Coulomb n&)deloek—Brown modelk)
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Fig. 12 Contours of total displacement (sandstone), Mohr—Coulomb made),(Hoek—Brown modeld)
Secondly, the numerical models of the Hoek— corresponding material constants described in Egjs. (

Brown failure criterion were simulated for the same 9, 10) were estimated by ‘RocData’. The conditions for
failure area. Based on three different GSI values, both numerical analyses are summarized in T&ble
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Using the results of FEM analysis, slope failure €
mechanisms can be inferred from the assessment of
total displacement. Figurgl shows the total displace-
ments from the parametric analyses of the slope
models. Figurella indicates that the variation in
block size can affect the deformation of the slopes. As
the block sizes increase, the deformation values €
diminish. However, increasing the block size does
not signi cantly reduce the displacement of the slope.
Thisis mainly because there are no other changesin the
strength parameters except for block sizes. Based on
the JRC values obtained from the 3D image, block size
itself is not an in uential factor for the study slope.

In the quanti cation of GSI values using the
function suggested by Cai and Kais2006), joint
condition factor (J can be a more sensitive
parameter than block sizes. In addition, block size
itself was not a sensitive parameter in the results of
the FEM analysis.

Rock block sizes can be effectively considered
using GSI systems, combined with photogramme-
try 3D models, to estimate the corresponding
strength parameters for the Hoek—Brown criterion
for weathered rock slopes.
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