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Abstract The geological strength index (GSI) sys-

tem is dependent on the rock block volumes and the

joint surface conditions. The weathering degree of

rock slopes and their strength properties also depend

on these characteristics. This study thus focuses on the

use of the GSI system and the Hoek–Brown strength

criterion to estimate the engineering parameters for

weathered rock masses. Photogrammetric methods

based on 3D surface models are used to obtain reliable

data on the joint sets in rock slopes, instead of general

site investigation using labor-intensive techniques.

Photogrammetric surveys were conducted on weath-

ered rock slopes in Gold Coast, Australia to obtain the

joint spacing, orientation and roughness. The 3D

models are then used to estimate the block sizes the

joint roughness coefficients (JRC). The block volumes

and JRC values were then used to estimate GSI values.

Then parametric studies using the finite element

method is conducted to investigate the stability of

the slope using the GSI values.

Keywords Photogrammetry � Joint spacing � Joint

roughness coefficient � Weathering � GSI � Slope

stability

1 Introduction

This study seeks to estimate GSI values using photo-

grammetry to assess the stability of weathered rock

slopes in the Tamborine mountain area, Gold Coast,

Australia. These slopes have long experienced stability

issues affecting the serviceability of the adjacent road.

The GSI system is mainly used in the studies that

follow a combination of the approaches of Hoek and

Brown (1997), Ehlen (1999), Palmström (2001), Cai

and Kaiser (2006) and Admassu et al. (2012).

The geological strength index (GSI) system intro-

duced by Hoek and Brown (1997), is a powerful

system of rock mass characterization which concen-

trates on the extent of blockiness and the surface

condition of discontinuities. As the GSI values are

estimated from visual observation of exposed out-

crops, the use of GSI is subjective and requires much

experience. Thus, as an effort to quantify GSI values

for engineering purposes, Cai and Kaiser (2006)

proposed a quantitative method to estimate GSI using

relationships between joint roughness number (JR),

joint alteration number (JA) and block volume (Vb) in

three dimensional space.

The general way to obtain the joint properties is to

observe rock slopes or boring logs. However, the

traditional method may be time consuming and

typically associated with risks during field works. To

address this problem, the recent development of

remote sensing techniques such as photogrammetry,

has enabled the accurate estimation of the scale of rock
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block and orientation of the main joint sets. The

technique also provides the 2D profiles and joint

roughness coefficient (JRC) from 3D surface models

using high resolution 3D digital images, for inacces-

sible rock slopes (Haneberg 2007; Poropat 2009; Guo

et al. 2011; Kim et al. 2013).

During the weathering process, the rock mass

becomes decomposed and the number of joint sets

may be increased. Thus, the degree of weathering in

blocky rock mass can be investigated by measuring the

degree of jointing, which is related to the number of

joint sets and joint spacing. However, this approach

should be carefully considered due to the fact that the

frequency of joints can also be caused by different

geological processes such as tectonic disturbances

(Marinos et al. 2005).

Block size and joint spacing are the main parameters

to assess the degree of jointing in rock masses.

Palmström (2001) presented correlations between block

sizes and joint frequency (Jv) and also RQD and Jv using

numerous measurement data. In terms of weathering,

Ehlen (1999) showed the correlation between mean

joint spacing and weathering grades. Similarly, Ad-

massu et al. (2012) suggested that joint spacing is an

important factor contributing to slope failure.

The slake durability and Schmidt rebound values can

be used to estimate the strength of the weathered rock

joints. Dick et al. (1994) noted that the durability of most

rock is oneof themost importantparameters to the stability

of the slopes. The slake durability test is to evaluate the

influence of weathering on rocks by measuring the

resistance to degradation and decomposition as simulated

by being exposed to wetting and drying cycles. The study

of Franklin and Chandra (1972) reported that slaking of

rocks is an important consideration to evaluate the

engineering behavior of rock mass and rock materials in

geotechnical practices. Also, Schmidt hammer rebound

values showed reliable results to classify weathering in the

less weathered material (Arikan et al. 2007). Due to the

reduction of strength of the weathered rock surface,

rebound energy of Schmidt hammer can be absorbed.

Sharma et al. (2011) showed a linear relation between the

Schmidt rebound number and the impact strength index

(ISI) and the slake durability index (SDI).

To investigate the behavior of rock masses for

different weathering conditions, finite element analy-

ses were also performed using the Hoek–Brown

criterion based on the calculated GSI values.

2 Estimation of the Degree of Jointing

In principle, weathering causes lower values in the

spacing of the joints and intact rock strength. As rock

surfaces are exposed for a long time, the rock breaks

into small pieces and the number of joint sets becomes

visible. Hack and Price (1997) investigated the

influence of weathering for the parameters of intact

rock strength and spacing of discontinuities. Similarly,

Ehlen (1999) presented that joint spacing tends to

become closer when weathering grades increase. The

spacing of discontinuities will determine the dimen-

sions of the rock blocks in the slope and the block

volume is an extremely important parameter that is

directly related to the rock mass classification systems.

The development of methods to estimate the block

volumes has been described extensively in the liter-

ature. The correlation between the block volume (Vb)

and the volumetric joint count (Jv) is proposed by

Palmström (2001),

Vb ¼ b� J�3
v ð1Þ

where b is the block shape factor.

The block shape factor can be estimated by Eq. (2)

b � 20 þ 7a3=a1 ð2Þ

where a1 and a3 are the shortest and longest dimen-

sions of the block.

The volumetric joint count (Jv) is a measure for the

degree of jointing or the inter block size and it can be

used as an input in the description of rock mass

jointing (Palmström 2001). The Jv uses the term, joint

spacing (S), which is the distance between an adjacent

pair of discontinuities measured along a line on the

rock surface. The Jv count is defined as the number of

joints intersecting a volume of 1 m3,

Jv ¼ 1=S1 þ 1=S2 þ 1=S3 þ � � � 1=Sn; ð3Þ

where joint spacing (S) is S1, S2 and Sn are the average

spacing for the joint sets.

In three dimensional space, individual block vol-

umes can also be estimated using joint spacing and

their orientations. Assuming that the main joint sets

were persistent, the block volume is calculated using

Eq. (4) proposed by Cai et al. (2004),

Vb ¼
s1s2s3

sinc1sinc2sinc3

ð4Þ
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where s1, s2, s3 = spacing between discontinuity sets;

c1, c2, c3 = angles between discontinuity sets.

3 Quantification of GSI Values

The GSI is the geological index based on rock mass

structures and joint surface conditions. Marinos et al.

(2005) suggested that the GSI values in weathering

condition can be estimated by shifting the values of

the unweathered rock mass in the chart. However,

this procedure tends to be subjective and requires

long term experience. As the GSI values are

estimated from visual observation of exposed out-

crops, the GSI values for weathered rock masses can

be assessed using the degree of jointing on the slope

surfaces. Cai and Kaiser (2006) proposed a quanti-

tative method to estimate GSI using the joint

condition factor (Jc) and rock block volume (Vb) in

three dimensional space. The GSI is defined from the

following function,

GSI ¼ 26:5 þ 8:79 ln Jc þ 0:9 lnVb

1 þ 0:0151 ln Jc � 0:0253 lnVb

ð5Þ

where Vb is the block volume and Jc is a quantitative

characterization factor to show joint condition. The

joint condition factor, Jc is defined as follows;

Jc ¼
JWJS

JA
ð6Þ

where JW is a factor to describe large scale waviness of

joints which is in meters from 1 to 10 m and JS is a

term to describe small scale smoothness. Js is a

parameter to describe joint surface roughness which is

closely related to the joint roughness coefficient (JRC)

defined by Barton et al. (as cited in Palmström 2001).

JA is the joint alteration factor which defines the filling

of the joints.

As a main parameter, GSI values are applied in the

Hoek–Brown failure criterion. The normal form of the

Hoek–Brown failure criterion is Eq. (7),

r01 ¼ r03 þ rci mb

r03
rci

þ s

� �a

ð7Þ

where r0
1 and r0

3 are the major and minor effective

principal stresses and rci is the uniaxial compressive

strength of the rock. mb, s and a are material constants

for rock mass as follows;

mb ¼ mi exp
GSI � 100

28 � 14D

� �
ð8Þ

s ¼ exp
GSI � 100

9 � 3D

� �
ð9Þ

a ¼ 1

2
þ 1

6
e�

GSI
15 � e�

20
3

� �
ð10Þ

The deformation modulus in the GSI system can be

estimated as follows;

E ¼ 1 � D

2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rc

100
10

GSI�10
40ð Þ

r
GPa

for rc\100 MPað Þ
ð11Þ

where D is the disturbance factor that depends on the

degree of disturbance by blasting and stress relaxation

(Hoek et al. 2002). For weathered rock masses, the

constants mi and the unconfined strength of intact rock

rci in the Hoek–Brown criterion should be reduced in

comparison with the unweathered rock masses (Ma-

rinos et al. 2005).

4 Geological Conditions of the Study Area

4.1 Geology

The study areas are located on the eastern road near

Tamborine mountain that is mainly composed of

layered argillite and sandstone in Neranleigh–Fern-

vale Beds (Willmott 2010; Gratchev et al. 2013;

Shokouhi et al. 2013) (Fig. 1). In the study area, the

rocks are heavily weathered, folded and steeply

inclined. Argillite, which is hardened and slightly

recrystallized shale, is fined-grained rock, bedding,

and fractured in many exposures. The sandstone is

mostly coarse-grained sediment of bright brown color.

Recently, the slope experienced failures during heavy

rainfall. It was observed from the site investigation

that the rock beneath the failed area was deeply

weathered and the bedding structure associated with

other discontinuities was significant factor contribut-

ing to the failure.

4.2 Strength Properties of Rock Mass

A series of point load tests and slake durability tests

were performed on the both collected samples and
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core samples from the site (Fig. 2). The core samples

from near sites were used as unweathered rocks which

were not exposed to surface weathering. Figure 3

shows the range of point load index (PLI) and the slake

durability indices (SDI) of the rock samples. The

samples were classified by the point load strength

(Broch and Franklin 1972). A large number of

weathered argillite samples exist in the ‘high’ strength

category of PLI while the weathered sandstone

samples are categorized as the ‘medium’ PLI.

The unconfined compressive strengths (UCS) were

estimated from the results of the point load tests. The

approximate conversion of UCS was performed using

the conversion factor 24 as shown in Eq. (12) (Broch

and Franklin 1972),

UCS ¼ 24 � Isð50Þ ð12Þ

where, Is(50) is the point load strength index at a

reference diameter of 50 mm for core samples. The

laboratory tests also show that the samples with low

values of unconfined compressive strength tend to have

low values of slake durability index. The slake durability

indices from the argillite samples range from 92.5 to

97 % and the point load strength indices range from 1.53

to 3.31 MPa. The durability of argillite is classified as

‘high’ to ‘extremely high’ durability according to the

slake durability index classification (Franklin and

Chandra 1972). In contrast, a considerable difference

in slake durability index (Id2) of the sandstone was

indicated between ‘low to medium’ (Id2 = 50 %) and

‘very high’ durability (Id2 = 90.7 %). As a result, the

argillite of the study area has higher unconfined

compressive strength and more durability than the

sandstone (Table 1).

Fig. 1 Geological conditions of study area, argillite (a) and sandstone (b)

(a) Argillite0

5cm

0 5cm

(b) Sandstone

Fig. 2 Collected rock

samples
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During the site investigations, a total of 40 Schmidt

hammer tests were performed on the discontinuities of

the argillite and sandstone areas. Table 2 shows that

the range of rebound values are between 11 and 49,

which are classified as weathering grade III or IV for

the both argillite and the sandstone areas (Arikan et al.

2007). The different weathering grades also indicate

that the sandstone of the study area is less durable than

the argillite.

5 Assessment of Joint Properties Using

Photogrammetry Methods

5.1 Photogrammetry Survey

Photogrammetry survey was performed to produce

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-

quality digital images of the slope at two camera

positions. The computer code ‘‘Sirovision’’ (CSIRO

2005) was used to analyse the images and create 3D

models of each slope site. Georeferencing was

performed for the photo by determining the coordi-

nates of the left camera position (using a GPS

device), and measuring its bearing (azimuth) to the

centre of slope (using a geological compass) (Stur-

zenegger 2010).

0.0

20

40

60

80

100

120

Very Low Medium High Very
hgiHwoL

U
nc

on
fin

ed
 c

om
pr

es
siv

e 
st

re
ng

th
 (U

CS
, M

Pa
)

Argillite

: UCS

97%

90.7%

50%

93.5%92.5%

: Id2

: UCS
: Id2

0.0

20

40

60

80

100

120

Very Low Medium High Very
hgiHwoL

U
nc

on
fin

ed
 c

om
pr

es
siv

e 
st

re
ng

th
 (U

CS
, M

Pa
)

Sandstone

40

50

60

70

80

90

100
Slake durability index (Id

2, %
)

40

50

60

70

80

90

100

Slake durability index (Id
2 , %

)
Fig. 3 Unconfined compressive strength (UCS) and slake durability index (Id2) according to point strength classification

Table 1 Unconfined

compressive strength based

on point load tests

Rock types Fresh Weathered

Test

number

UCS (MPa) Test

number

UCS (MPa)

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

Rock types Schmidt hammer rebound Weathering

grade
Range

of data

Mean SD

Argillite 17–49 31.3 8.3 III (20–30)

Sandstone 11–46 27.7 10.9 IV (30–40)
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5.2 Degree of Jointing

The spacing and the orientations of joints were

obtained from the 3D models. Mapping and tracing

for the joint information was conducted manually on

screen and provided the spacing and the length of the

joint sets. The discontinuities data obtained from the

3D model were plotted on stereonets to determine the

main joint sets. For the both argillite and sandstone,

representative sampling areas, which are 3 m 9 3 m

in dimension, were considered in this study (Fig. 4).

The block shapes in the sandstone area are more

irregular than those of argillite (Fig. 4). Figure 5

shows the joint spacings of the main joint sets for the

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 of

jointing; block volumes, volumetric joint count and

RQD. As a result, the block volumes and RQD values

of argillite indicates higher values than those of

sandstone as presented in Table 3. Even though the

block sizes of both rock types can be formed based on

different geologic processes such as tectonic move-

ment, it is interesting that the sandstone area shows

3m

J1

J3

3m

J2

3m

J1

J3

J4

J4

J1

J2

J3

(b)

Sandstone

3D model (Sirovision)

Argillite

z

y
x

(a) 3m

J1

J2

J1

J2

J3

Fig. 4 Main joint sets of the selected areas based on the 3D model (Sirovision)
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lower block volumes with lower weathering degrees

(IV) than that of argillite (III) (See Table 2).

5.3 Estimation of GSI Values

The waviness of joint wall (Jw) was estimated using

undulations obtained by the roughness profiles

extracted from the 3D models. The procedure can be

applied with a 0.9 m long edge which is placed on the

profiles as shown in Fig. 6. The concept of the

measurement is the same as the procedure described

by Piteau (1970).

In a small scale roughness, the joint smoothness

factor (Js) can be associated with JRC values. In this

study, Js values were estimated using the linear

interpolation relationship between JRC values and Js

[Eq. (13)]. This relationship is based on the assump-

tion that the range of Js (0.6–3.0) is directly propor-

tional to the range of JRC (0–20).

Js ¼ 0:1125 � JRC þ 0:75 ð13Þ

The JRC values were obtained using the Maerz

et al. (1990) and Tse and Cruden (1979) approaches

based on the surface profiles 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. Figure 7 presents

an example of roughness profiles extracted from the

3D model. JRC values were calculated using the code

Sirovision with functions as follows,

JRC ¼ 32:2 þ 32:47logZ2 Tse and Cruden 1979ð Þ
ð14Þ

JRC ¼ 411 Rp � 1
� �

Maerz etal:1990ð Þ ð15Þ

where Z2 is a roughness parameter using variances

within asperity heights, and where Rp is a roughness

parameter which is related to the inclination angle

(i) of the sawtooth surface of the roughness profile.

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 significant difference between the mean

values of Js; however, in the large scale joint

condition, the more undulating surfaces of the

Table 3 Estimated degree of jointing in the study areas based

on 3D models

Degree of jointing Argillite Sandstone

Volumetric

joint count (Jv)

6.4–16.4

Mean 10.5

11.6–22.1

Mean 15.3

Block volume

(Vb, 9103 cm3)

7.0–113.0

Mean 26.0

3.0–19.0

Mean 8.0

RQD (%) 61.0–93.8

Mean 80.4

42.1–76.8

Mean 64.7

1m

D

D

Ruler (0.9m)

D : Length between maximum amplitudes

Argillite

obtained from 3D model

Sandstone

a

a

Fig. 6 Estimation of undulation using 3D models

Section B

(a) (b)

3D image : 2.1mm/pixel

Section A

Section A

Section B

JRC=5.79 (Maerz)
JRC=7.74 (Tse & Cruden)

JRC=7.83 (Maerz)
JRC=9.85 (Tse & Cruden)

0 5 10cm

Fig. 7 JRC values

estimated from 3D models,

3D image (a) JRC values

and roughness profiles (b)
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sandstone produced larger Jc values than the argillite

section, as presented in Table 4.

The GSI values were obtained from Eq. (5) (Cai

and Kaiser 2006). The values were quantified by the

estimated block volumes and joint condition factors

(Jc). The variation of GSI as a function of block

volume (Vb) and joint condition factor (Jc) are

plotted in Fig. 9. As shown in Fig. 9, the block

volume is a less sensitive parameter to estimate GSI

values than the joint condition factor. Figure 9a

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 influential 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 Table 5. The numerical code ‘Roc-

Data’ (Rocscience) was used to estimate the Hoek–

Brown strength parameters and the elastic modulus.
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Table 4 Estimated joint surface properties based on 3D

models

Joint surface conditions Argillite Sandstone

Waviness of joints (Jw) 1.5 2.0

Smoothness factor (Js) 1.7–1.9

Mean 1.8

1.6–1.8

Mean 1.7

Joint condition factor (Jc) 0.64–0.72

Mean 0.68

0.79–0.88

Mean 0.83
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6 Parametric Study on the Weathered Rock Slope

Based on the estimated GSI values and the block sizes

obtained from the 3D models, the parametric analyses

were performed using a numerical code, Phase2

(Rocscience). This code is an elasto-plastic finite

element program for calculating stresses and displace-

ments of rock slopes, and also provides joint simula-

tions. The failure mechanisms of the study area were

simulated by two different criteria in numerical

analyses. One was to investigate the influence of the

block sizes on the behaviour of weathered slopes using

the Mohr–Coulomb model, and the other was to

examine the influence of GSI values on the failure

behaviour for the same analysis section. Figure 10

demonstrates the numerical models for both cases.

Firstly, the numerical models using the Mohr–

Coulomb criterion have one main joint set dipping 43�
along the slope and another cross-joint set generated

perpendicular to the slope. In the parametric study,

three different joint spaces—10, 20 and 40 for the

main joint set and 20, 40 and 80 for the cross-joint

set—were considered in order to simulate different

block sizes (Fig. 10a). For the joint parameters, the

Barton–Bandis rock joint strength criterion was

adopted and the peak friction angle which represents

joint roughness condition, was estimated using the

JRC values of Eq. (16) suggested by Barton and

Choubey (1977),

/ ¼ /r þ JRCnlog10

JCSn

rn

� �
ð16Þ

where, /r = residual friction angle of joint;

JCS = joint wall compressive strength; rn = normal

stress acting on the joint plane.

Table 5 Estimated GSI values and Hoek–Brown properties

using RocData (Rocscience)

Strength properties Argillite Sandstone

UCS (MPa) 41.0 12.7

Hoek–Brown properties

GSI 44 43

Mb 0.83 0.742

s 0.0003 0.0003

a 0.509 0.509

Young’s modulus (GPa) 1.11 0.6

Hoek-Brown criterionMohr-Coulomb criterion

(b)(a)

20 cm×10 cm
Block size

40 cm×20 cm
80 cm×40 cm

8.0m

Fig. 10 Numerical models for the parametric study using Phase 2, Mohr–Coulomb model (a), Hoek–Brown model (b)

Table 6 Conditions of numerical analysis (strength criteria

and estimated parameters)

Models Criteria and

parameters

Argillite Sandstone

1 Mohr–Coulomb

criterion (rock

mass)

Cohesion:

0.13 MPa

Friction

angle: 55.0�

Cohesion:

0.07 MPa

Friction

angle: 47.0�
Barton–Bandis

criterion

(joints)

JRC: 9.4

JCS: 41 MPa

JRC: 8.2

JCS:

12.7 MPa

Block size 0.002, 0.008,

0.032 (m3)

0.002, 0.008,

0.032 (m3)

2 Hoek–Brown criterion

GSI 20, 40, 60 20, 40, 60

Material

constants, mb

0.22–1.99 0.21–1.88

Material

constants, s

9.2e-

6–0.003

9.2e-

6–0.003

Material

constants, a

0.54–0.503 0.54–0.503
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Secondly, the numerical models of the Hoek–

Brown failure criterion were simulated for the same

failure area. Based on three different GSI values,

corresponding material constants described in Eqs. (8,

9, 10) were estimated by ‘RocData’. The conditions for

both numerical analyses are summarized in Table 6.

0.1

0.0

0.2

0.3

0.4

0.5

0.6

0.7

1 10 100

Di
sp

la
ce

m
en

t (
cm

)

0 20 40 60 80

(a)

0.1

0.0

0.2

0.3

0.4

0.5

0.6

0.7

Di
sp

la
ce

m
en

t (
cm

)

(b)

3Block size (x10 cm ) GSI values
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Sandstone

Argillite

Sandstone

Argillite

Fig. 11 Variation of maximum displacement with block volumes (a) and with GSI values (b)

8=eziskcolB:ledomC-M23=eziskcolB:ledomC-M(a) (b)

(c) (d) 04=ISG:ledomB-H2=eziskcolB:ledomC-M

Total
Displacement
m

0.0e+00
2.5e-005
5.0e-005
7.5e-005
1.0e-004
1.3e-004
1.5e-004
1.8e-004
2.0e-004
2.3e-004
2.5e-004
2.8e-004
3.0e-004
3.3e-004
3.5e-004
3.8e-004
4.0e-004
4.2e-004
4.5e-004
4.8e-004
5.0e-004

Total
Displacement
m

0.0e+00
3.5e-005
7.0e-005
1.1e-004
1.4e-004
1.8e-004
2.1e-004
2.5e-004
2.8e-004
3.2e-004
3.5e-004
3.9e-004
4.2e-004
4.6e-004
4.9e-004
5.3e-004
5.6e-004
6.0e-004
6.3e-004
6.7e-004
7.0e-004

Total
Displacement
m

0.0e+00
1.5e-004
3.0e-004
4.5e-004
6.0e-004
7.5e-004
9.0e-004
1.0e-003
1.2e-003
1.4e-003
1.5e-003
1.7e-003
1.8e-003
2.0e-003
2.1e-003
2.3e-003
2.4e-003
2.6e-003
2.7e-003
2.9e-003
3.0e-003

Total
Displacement
m

0.0e+00
8.0e-005
1.6e-004
2.4e-004
3.2e-004
4.0e-004
4.8e-004
5.6e-004
6.4e-004
7.2e-004
8.0e-004
8.8e-004
9.6e-004
1.0e-003
1.1e-003
1.2e-003
1.3e-003
1.4e-003
1.5e-003
1.6e-003
1.7e-003

Fig. 12 Contours of total displacement (sandstone), Mohr–Coulomb model (a–c), Hoek–Brown model (d)
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Using the results of FEM analysis, slope failure

mechanisms can be inferred from the assessment of

total displacement. Figure 11 shows the total displace-

ments from the parametric analyses of the slope

models. Figure 11a 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 significantly reduce the displacement of the slope.

This is mainly because there are no other changes in the

strength parameters except for block sizes. Based on

the JRC values obtained from the 3D image, block size

itself is not an influential factor for the study slope.

On the other hand, the results analysed from the

Hoek–Brown criterion shows more sensitive varia-

tions of slope displacement. Figure 11b shows total

displacement of the slope according to the variations

of GSI values and material constants. The results of

the analyses demonstrated that when the GSI value

increased from 20 to 60, the maximum value of total

displacement of the slope was considerably reduced.

This means that the GSI values which are controlled

by the block sizes and by joint conditions can affect

strength characteristics in the Hoek–Brown criterion.

Consequently, in numerical analyses, the block sizes

are embedded in the GSI values, resulting in an effect

on the behaviour of slopes with corresponding strength

properties. Figure 12 shows the deformed mesh and

the total displacement contours for each analysis.

7 Conclusion

The photogrammetry method was applied to investi-

gate the stability of a weathered rock slope. Based on

the obtained results, the following conclusions can be

drawn:

• Photogrammetry can provide reliable data on joint

spacing and the block sizes of rock slopes based on

the discontinuity sets in 3D models.

• In the study area, sandstone showed a higher

weathering grade (IV) than argillite (III) and the

block size of the slope can be an indicator of the

weathering degree for the rock slopes.

• The 3D models can produce joint roughness

coefficients (JRC) and these values were effec-

tively used to estimate the joint smoothness factors

(Js) that were essential in obtaining GSI values.

• In the quantification of GSI values using the

function suggested by Cai and Kaiser (2006), joint

condition factor (Jc) 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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