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Abstract
A considerable amount of slope stability analysis has been observed in jointed rock masses in which the GSI (Geological 
Strength Index) estimated at the outcropping level is considered input data to define the rock mass strength. However, 
this procedure is unsuitable when the rock outcrop scale and the slope scale are significantly different (e.g. open-pit 
slopes), resulting in an overestimated rock mass strength. For this reason, and in the absence of criteria to modify the 
GSI based on the scale effects, in this research, a new GSI version is proposed, called GSIe or “equivalent GSI”. To define 
an expression for obtaining the GSIe in terms of the rock mass properties, comparative stability analyses were conducted 
in a series of hypothetical slopes using two approaches: the first considers the rock mass as a discontinuous medium of 
rock blocks separated by discontinuities; the second considers the rock mass as an equivalent continuous medium char-
acterized by an equivalent GSI. For the adequate equivalent GSI value, evaluated in each analyzed slope, the safety factor 
and the failure surface are similar in both approaches. In conformity with the results, a GSIe formulation in terms of the 
slope height, the spacing, the intact rock strength, the persistence, and the joint conditions has been proposed. Finally, 
the formulation was validated by applying it in five cases of mining slopes where the failure occurred.
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1. Introduction

In engineering practice, it is common to find global 
slope stability analysis in fractured rock masses, either 
using the limit equilibrium or the finite element method, 
in which the GSI index (Hoek, 1994; Hoek et al., 1995) 
evaluated at the outcropping-level (GSI0) is considered 
as input data to define the rock mass resistance accord-
ing to the Hoek-Brown failure criterion. However, this 
procedure is not considered adequate when the rock out-
crop scale, where the field data collection has been con-
ducted, and the slope dimensions are significantly differ-
ent, resulting in a possible overestimation of the rock 
mass strength.

Particularly in the open-pit mining industry, where 
the most significant economic benefit is demanded, 
slopes with heights greater than 500 m can be found, 
where global failures are possible. Some of these fail-
ures were reported by Hoek et al. (2000), Read and 
Stacey (2009), Hormazabal et al. (2013), and Martin 
and Stacey (2013). In these cases, considering the GSI0 
value in the global slope stability analysis would be ob-
taining overestimated safety factors by not considering 

the reduction of the rock mass resistance when increas-
ing the scale of analysis.

1.1. Problem statement

In Figure 1, the same rock mass is shown schemati-
cally in four scales due to increasing the slope height (h). 
In the first case (scale A), the rock mass is observed at 
the outcrop-level scale, with a defined structure and joint 
condition, and characterized with a GSI-1 index, classi-
fied as “blocky” according to Hoek et al. (1995), Mari-
nos and Hoek (2000), and Hoek et al. (2013).

Although the rock mass is the same, when increasing 
the slope height, the value of GSI-1 mapped at the rock 
outcrop level is not suitable to represent its behaviour in 
the other scales of analysis (scales B, C, and D in Figure 
1). For example, in the scale D, the rock mass is very 
fractured, with a “disintegrated” classification, so it 
would not be correct to characterize it with the GSI-1 
value; therefore, the GSI value must be reduced from 
GSI-1 to GSI-4; however, there are no practical criteria 
to quantify the reduction of this value, and it is often 
done empirically, or simply not done.

In Figure 1, the GSI reduction is mainly represented 
due to the rock mass structure, however, the joint condi-
tion is also affected by the scale effects when the real 
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joint length is considered. Following this approach, Bar-
ton and Choubey (1977) published an empirical failure 
criterion that considers the joint strength reduction de-
pending on the scale of analysis (Equation 1).

	 � (1)

Where:
ør 	 – Residual friction angle,
JRC	– Joint Roughness Coefficient,
JCS	 – Joint Wall Compression Strength.
In the context of the joint modelling, increased joint 

size caused marked reductions in JRC and JCS (Barton 
et al., 1985). To consider these size effects Barton and 
Bandis (1982) developed the formulations presented in 
Equation 2 and Equation 3, the subscripts (0) and (n) 
are indicated for laboratory scale (L0=10 cm) and in situ 
scale respectively.

	 � (2)

	 � (3)

Where:
JRC0, JCS0	 – Refer to 10 cm laboratory scale samples,
JRCn, JCSn	– Refer to in situ block sizes.

As a result, the GSI reduction when larger observation 
scales are considered is a function of both, the decrease in 
the block interlocking (rock mass structure) and the de-
crease in the joint condition. Consequently, the GSI re-
duction by scale effects would be reflected in the GSI 
chart published by Hoek et al. (2013) as a shift to the 
right and downwards (see Figure 2) when the slope 
height is increased, indicating the change in the rock 
mass structure and the joint condition from scale A to 
scale D, suggesting a reduction in the rock mass quality.

Therefore, the relationships presented in Equation 4 
and Equation 5 are consistent.

	 � (4)

	 � (5)
Where:

hi 	 – Slope height at a given scale,
GSIi	– GSI associated with hi.
According to the mentioned, the GSI should be modi-

fied to consider the scale effects, mainly conditioned by 
the relationship between the average joint spacing (e) 
and the slope height (h).

1.2. �Why can we use the GSI value  
as a scale-dependent parameter?

The GSI system assumes that the rock mass is con-
formed by a sufficiently large number of joint sets and 

Figure 1: Rock mass slope with the same fractures network seen at different scales
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randomly oriented discontinuities; therefore, the rock 
mass can be treated as a homogeneous and isotropic 
mass of interlocking blocks, and the failure is a result of 
sliding along discontinuities or rotation of blocks (Hoek 
and Brown, 2019). To conclude if the rock mass could 
be considered continuous or discontinuous, not only the 
representative block size should be evaluated, addition-
ally, the ratio of the size of the blocks to the size of the 
structure in which they exist is an important factor 
(Hoek and Brown, 2019). For example, Hoek and 
Karzulovic (2000) consider that the GSI index is not 
applicable when the individual block size is greater than 
a quarter of the excavation size, Schlotferd and Carter 
(2018) suggest that the GSI should not be used when the 
slope height or tunnel span is greater than three times the 
average fracture spacing.

The original GSI approach does not consider the scale 
effects since it is usually calculated quantitatively in 
terms of parameters that define the rock mass structure 
(RQD, block volume, SR) and the joint condition 
(JCond89, SCR), which are defined at outcrop scale. 
However, these parameters can lose significance at larg-
er scales, for example in a rock mass with an average 

joint spacing of 1m, the RQD value is 100%, corre-
sponding to a rock mass with an excellent quality, whose 
failure would be governed by the disposition and resis-
tance of the fractures; on the other hand, this rock mass 
evaluated on a 100 m slope height would present a dif-
ferent behaviour due to the relativity of the observation 
scale. While at the outcrop scale the joint spacing/height 
ratio is approximately 1/5-1/10, at a 100 m slope height 
the ratio is 1/100, which would determine the expected 
response of the rock mass. Similarly, it occurs with the 
discontinuities, where the roughness or waviness de-
creases when considering the large-scale persistence 
values. This consideration indicates that the GSI index 
would be considered as a scale dependency parameter 
on larger scales.

The recommendations regarding the reduction of the 
GSI due to scale effects have already been indicated in 
previous studies, the most outstanding corresponding to 
Hoek et al. (2013) who indicated: “This chart applies to 
tunnels of about 10 m span and slopes < 20 m high. For 
larger caverns and slopes consider reducing GSI to ac-
count for decreasing block interlocking”. Sonmez et al. 
(2021) indicated that: “when the engineering dimension 

Figure 2: GSI reduction reflected in the GSI chart published by Hoek et al. (2013)
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(slope height, tunnel span) is increased, then a reduction 
in the GSI value should be expected”. The use of the 
RQD or some variation of the volumetric joint count (Jv) 
or the block volume (Vb), limits the definition of rock 
structure to the dimension of the blocks. This takes no 
account of the ratio of block size to the size of the tunnel 
or slope which has a significant influence on the applica-
tion of the GSI chart for characterizing the rock mass 
(Sonmez et al., 2021).

Mostyn and Douglas (2000) suggest that: “scale ef-
fects can be accounted for by interpreting the Geologic 
Strength Index (GSI) at the scale of interest. This requires 
the user to judge both the structure (as defined by blocki-
ness and degree of interlocking) and the surface condi-
tions (as defined by surface quality)”. Cundall et al. 
(2008) suggested that the value of GSI should be estimat-
ed based on the relative scale of the problem, expressed as 
the number of blocks across the scale of interest.

The GSI reduction problem has also been studied con-
sidering the synthetic rock mass approach (Mas Ivars et 
al., 2007), for example, the study of the failure mecha-
nism at various analysis scales (2m, 5m, 10m, and 20m) 
was carried out by Elmo et al. (2011, 2016) and Schlot-
feldt et al. (2017), who demonstrated how the synthetic 
rock mass could effectively capture the reduction in rock 
mass strength and define an equivalent GSI when the 
scale of analysis is increased. The results are shown in 
Figure 3, the Hoek-Brown curves (dashed lines) have 
been plotted assuming a variation of the GSI for a rock 
mass with UCS=50MPa and mi=28, and conclude that the 
results clearly show how the synthetic rock mass model 
provides a reasonable estimate of rock mass strength. The 
GSI at the rock outcrop-level is 70, considering an evalu-

ation window of approximately 4 m, which is reduced 10 
points for an observation scale of 20 m.

Consequently, several researchers from different 
analysis approaches conclude that the GSI index should 
be reduced when the analysis scale is larger than the out-
crop scale, and the importance of the spacing between 
fractures or the block volume is relevant, not as an inde-
pendent parameter, but as a parameter that must be stud-
ied in relation to the size of the excavation.

1.3. Hypothesis

Due to the absence of a practical criterion to reduce 
the GSI based on the scale analysis, the present investi-
gation proposes the definition of an equivalent GSI in-
dex (GSIe), calculated with the following expression 
(Equation 6):

	 � (6)

Where:
GSI0 	– GSI value at the rock outcrop,
GSIe 	– Equivalent GSI,
k 	 – Scale reduction factor.
The parameter k depends on geometric and geome-

chanical features associated with the analyzed slope, 
mainly influenced by the h/e relationship, where e is the 
average spacing of the fractures, and h is the slope 
height. Therefore, the formulation proposed in this re-
search has the form presented in Equation 7.

	 k = f (slope height, spacing, fracture network,  
	 UCS, structure, joint condition, etc.)� (7)

The formulation proposed depends mainly on e and h 
for the reason that previous studies published by Ham-
mah et al. (2008, 2009) suggest that the h/e relationship 
greatly influences the rock mass behaviour and the fail-
ure surface. When the h/e ratio is large, the slope tends 
to present a rotational behaviour at failure, similar to 
soils. When e and h are of the same order, structurally 
controlled failures are more likely, such as wedges or 
plane failures.

1.4. Literature review

GSI index is generally obtained visually, assessing 
two parameters: the rock mass structure and the joint 
condition. Subsequently, various attempts arose to quan-
tify the GSI based on specific rock mass parameters, be-
ing the quantitative formulations of Sonmez and Ulu-
say (2002), Cai et al. (2004), Russo (2009), and Hoek 
et al. (2013) as the most widespread; however, their ap-
plication is limited to the rock outcrop scale.

Previous studies published by Hoek et al. (1998), 
Marinos and Hoek (2000), Hoek et al. (2002), Mari-
nos et al. (2005), Hoek et al. (2013), Marinos and 
Carter (2018), and Hoek and Brown (2019), provide 
essential recommendations on the application of the 

Figure 3: Variation of SRM strength and estimated 
correlation between strength and sample size (from 

Schlotfeldt et al., 2017)
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GSI, refer to conditions of alteration, lithology, mois-
ture, the opening of joints, filling and depth, but recom-
mendations about scale effects are not presented.

In particular, Hoek et al. (2013) argued that GSI values 
calculated with the GSI charts or with the quantitative for-
mulations are applicable for tunnels up to 10 m in span 
and slopes of heights less than 20 m, for large caverns and 
slopes, it is recommended to reduce the value of the GSI 
considering the loss of the interconnection of the rock 
blocks. However, Hoek et al. (2013) do not provide any 
practical criteria to reduce the GSI when some slopes or 
tunnels exceed the mentioned dimensions.

In addition, several authors have considered modify-
ing the GSI from various approaches; for instance, Day 
et al. (2016, 2019) introduced the concept of the com-
posite GSI (CGSI) that considers the intra-block struc-
ture of specific rock masses, Russo et al. (2020) pro-
posed a chart to calculate GSI for rock masses in hypo-
genic environments, Baczynski (2020) define the 
directional GSI, including the influence of co-aligned 
fractures with unfavorable orientation in slopes with 
step-path failure, Lin et al. (2014) and Shang et al. 
(2011) provided charts to calculate the GSI in cores from 
drilling in granites and gneisses respectively, Truzman 
(2009) published an exclusive chart for application in 
metamorphic rocks.

Another group of publications included the GSI ap-
plications to evaluate specific rock mass properties, be-
sides its resistance; for instance, Mejía and Chacón 
(2019) studied the relationship between the GSI and the 
support of tunnels, Tsiambaos and Saraglou (2009) 
studied the relation between GSI and the excavability of 
rock masses, Kayabasi (2017) related the GSI ​​and the 
rock mass permeability, Mesec et al. (2016) character-
ized the ground vibrations level through the GSI index, 
Špago and Jovanovsky (2019) presented a criterion to 
evaluate the rock mass karsticity depending on the GSI 
and the porosity.

In conclusion, in the literature review, quantitative 
formulations that consider the GSI reduction due to the 
scale effects have not been found. Usually, a subjective 
reduction is applied, for example, reducing the GSI by 
10 points, or reducing the GSI by one category referring 
to the rock mass structure. Although these criteria are 
simple and attempt to quantify the GSI reduction due to 
scale effects, their application is very subjective, since it 
does not consider the relationship between the joint 
spacing and the geometry of the analyzed structure.

Recently, Sonmez et al. (2021) proposed to decrease 
the Structure Ratio (SR) based on a reduction parameter 
sf and a referential engineering dimension. SR represents 
the rock mass structure in the GSI formulation proposed 
by Sonmez and Ulusay (1999, 2002), so applying a re-
duction factor is indirectly equivalent to reducing the 
GSI. Although this criterion does not consider modify-
ing the joint condition, it constitutes an advance in the 
quantification of the GSI reduction. According to this 

approach, the present investigation proposes a quantita-
tive formulation developed to directly reduce the GSI 
value.

2. Methods

Since small-scale laboratory experiments are not al-
ways representative of naturally jointed rock masses and 
large-scale in situ experiments are impractical, numerical 
modeling offers an alternative method to study jointed 
rock masses (Xia et al., 2016). According to Day et al. 
(2022), in situations where explicitly modeling rock mass 
structures is not possible for reasons such as inadequate 
information from site investigation to determine appropri-
ate input properties for joint elements or excessive com-
putational demand where too many joint elements result 
in software crashes, modeling rock masses as equivalent 
continuum materials is a convenient solution.

For these reasons, numerical modeling was consid-
ered to define the analytical expression for the parameter 
k. Thereby, a series of hypothetical slopes were selected, 
represented by the slope geometry, the fracture net-
works, the properties of the rock matrix, and the discon-
tinuities.

The numerical modeling has been conducted consid-
ering two approaches: in the first approach, the rock 
mass is modeled as a discontinuous medium of intact 
rock blocks separated by the discontinuities. In this case, 
the J-FEM Method or the finite element method with ex-
plicit representation of the discontinuities has been ap-
plied; this method represents the planes of the disconti-
nuities as “joint type” finite elements, according to the 
formulation of Goodman et al. (1968), which decom-
poses the contribution by inertia and by the damping of 
the joint elements. In Figure 4(a), the original configu-
ration of the model is presented, and in Figure 4(b), the 
displaced configuration, where the nodes can move both 
normally and tangentially in regard to each other.

Figure 4: The geometry of the finite joint element 
(Goodman et al., 1968): (a) in the original configuration; 
(b) in the displaced configuration (from Riahi et al., 2010)
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The stiffness matrix [K] of the finite joint element is 
expressed in terms of the normal stiffness (kn), the tangen-
tial stiffness (ks), and the length of the discontinuity (l).

	 � (8)

Hammah et al. (2008, 2009) demonstrated the versa-
tility of the J-FEM method to represent the behaviour of 
jointed rock masses seen at different scales, validating 
this methodology by comparing it with the results from 
the application of the discrete element method. Howev-
er, the limitations of the technique were later indicated 
by Riahi et al. (2010), concluding that the J-FEM meth-
od adequately represents the behaviour of the rock mass 
in terms of the failure surface and the safety factor; de-
spite the fact that the process does not generate the for-
mation of new contacts between rock blocks; conse-
quently, it is not recommended for evaluating large dis-
placements. As a result, a safety factor (FS1) and a 
potential failure surface are given.

The second approach considers the rock mass as an 
equivalent continuous medium evaluated with the limit 
equilibrium method according to Spencer’s formulation 
and the generalized Hoek-Brown failure criterion (Hoek 
et al., 2002). Firstly, suppose that the stability analysis 
of the continuous model is conducted with the GSI0 val-
ue, then it is most likely to reach higher safety factors 
than those obtained with the first approach (FS>FS1). 
After that, the GSI0 begins to be reduced through a sen-
sitivity analysis until getting the value that provides both 
a similar safety factor and failure surface regarding the 
first approach results (FS1=FS2). Finally, the GSI that 
satisfies this condition is called GSIe. 	 The compar-
ison of the results between the two analyzed approaches 
is presented schematically in Figure 5.

2.1. Analyzed cases

The hypothetical slopes, in which the comparison 
analyses have been conducted, were defined based on 

the slope geometry, the distribution of fracture networks, 
the properties of the intact rock, and the joint condition.

2.1.1. Slope geometry

A general test slope with an inclination of 65° and a 
variable height of H = 250 m, 200 m, 150 m, 100 m, and 
50 m has been considered to study the effect of the e/h 
ratio on the slope behaviour. Therefore, the modeling of 
a slope with a definite joint spacing has been analyzed 
with five different e/h ratios. The test slope is presented 
in Figure 6.

2.1.2. Fracture networks

Fifteen different fracture networks were defined as a 
result of combining four individual fracture systems: F1, 
F2, F3, and F4, associated them in groups of 1, 2, 3 and 
4, resulting in the discrete fracture networks: F1, F2, F3, 
F4, F1F2, F1F3, F1F4, F2F3, F3F4, F2F4, F1F2F3, 
F1F4F4 F1F2F4, F2F3F4 and F1F2F3F4 (see Figure 7).

The F1 system is inclined 60° (counterclockwise), the 
F2 system is perpendicular to F1 (that is, at -30°), the F3 
system is horizontal, and the F4 system is vertical.

2.1.3. Joint condition

Hoek et al. (2013) suggested five categories corre-
sponding to very good, good, fair, poor, and very poor 
joint conditions. To assign the shear strength parameters 
to the mentioned groups, the proposal of Pitts and Die-
derich (2011) has been taken as a reference, which al-

Figure 5: Comparison between the two analyzed approaches

Figure 6: Trial slope (variable height)
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lows characterizing the joint shear strength in terms of 
the parameters of Barton and Choubey (1977) criteria, 
such as JRC0, JCS0, and φr (see Table 1).

2.1.4. Intact rock properties

For the selection of the intact rock parameters, the 
recommendation of Marinos and Carter (2018) has 
been considered, which groups the rock masses into 
eight categories (see Table 2), based on the lithology, 
the uniaxial compressive strength UCS (10 MPa - 250 
MPa), and the parameter mi (4 -33).

At least on a preliminary level, this information can 
be used to characterize many rock masses found in na-
ture. For more detail about specific rock masses, publi-
cations that present particular charts, such as Marinos 
and Hoek (2000), Hoek et al. (2005), or Marinos 
(2017), could be reviewed.

2.1.5. Persistence

In accordance with the description of the joint persis-
tence presented by the ISRM (Brown, 1981), five repre-
sentative values ​​have been considered (p = 1m, 3m, 
10m, 20m, and 30m), corresponding to the limits of the 
mentioned classification. The summary of the analyzed 
cases with the combinations of the joint conditions de-
fined by JRC0 and JCS0 (see Table 1) and the persistence 
values are presented in Table 3, the reduced JRCn and 
JCSn values ​​considering the different persistences were 
calculated according to Barton and Bandis (1982), pre-
sented in Equation 2 and Equation 3.

2.1.6. Rock mass structure

The suggestion of Hoek et al. (2013) was considered 
to define the rock mass structure; this proposal considers 
four categories defined according to the RQD index 
(Deere, 1963): fractured in blocks (60 <RQD <80), in-
tensely fractured in blocks (40 <RQD <60), fractured, 
sheared, or disturbed (20 <RQD <40) and disintegrated 
(RQD <20).

2.1.7. Resume

Finally, Table 4 shows all the variables that will be 
included in the analyzed cases for the study of the scale 
effects on the slope stability. The analyzed cases have 
been obtained by combining the variables discussed, 
considering some representative cases resulting from 
these combinations.

Figure 7: Analyzed fracture networks

Table 1: Resistance parameters depending on the joint 
condition

Joint 
Condition JRC0 JCS0 (MPa) Φr (°)

Very good 9 – 20 (14.5) 75 – 100 (87.5) 35 – 45 (40.0)
Good 8 – 14 (11.0) 55 – 75 (65.0) 30 – 35 (32.5)
Fair 2.3 – 11 (6.7) 40 – 55 (47.5) 24 – 30 (27.0)
Poor 0.9 – 7 (3.9) 20 – 40 (30.0) 18 – 24 (21.0)
Very poor 0.5 – 1.5 (1.0) 5 – 20 (12.5) 8 –18 (13.0)

Notes:
- The average values are presented in parentheses.
- Modified from Pitts and Diederich (2011).
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Table 2: Typical values for UCS and mi range of igneous, metamorphic and sedimentary rocks  
(from Marinos and Carter, 2018)

Typical 
UCS
(MPa)

Metamorphic
 Igneous

Sedimentary miIntrusive Extrusive 
(Volcanic)Felsic Mafic

125-250 Coarse 
(granite) 31-33

100-300
Granular texture
(granulites, quartz,
gneiss)

Medium 
(granodiorite, 
diorite)

28-30

85-350

Medium, 
amorphous
(amphibolite, 
gneiss)

Coarse (gabbro, 
peridotite) (in 
ophiolites)

Mafic (basalt), 
intermediate 
(andesite), felsic 
(rhyolite)

Coarse (conglomerate – 
not clayey) 25-27

75-350
Fine, amorphous 
(hornfels,
quarzite)

Medium (dolerite/
diabase) (in 
ophiolites)

Medium (quartz cemented, 
sandstone) sandstone 
members of flysch or 
molasse/greywacke)

17-20

50-200 Bended, gneissose 
(biotitic gneiss)

Fine (serpentinite) 
(in ophiolites) 

Medium carbonates 
(limestone), sandstone 13-16

30-100 Foliated (schists, 
phyllite)

Fine (clastics)(siltstone/
siltstone members of flysch 
or molasse/tuff)

10-12

20-60 Strongly schistose 
(schist, phyllite)

Fine, calc-rock (chalk/marl 
and siltstone) 7-9

10-50 Mylonites
Ultrafine (claystone, 
mudstone/sheared siltstone, 
shale within flysch)

4-6

Table 3: JRCn and JCSn as a function of the persistence

Joint 
Condition JRC0

JCS0 
(MPa)

Φr 
(°)

Persistence (p)
1 m 3 m 10 m 20 m 30 m

JRCn JCSn JRCn JCSn JRCn JCSn JRCn JCSn JRCn JCSn 

Very good 14.5 87.5 40.0 7.44 32.14 5.41 19.93 3.81 11.80 3.12 8.73 2.77 7.32
Good 11.0 65.0 32.5 6.63 30.40 5.21 21.16 3.99 14.22 3.43 11.31 3.14 9.90
Fair 6.7 47.5 27.0 4.92 29.90 4.25 23.98 3.61 18.82 3.29 16.38 3.12 15.09
Poor 3.9 30.0 21.0 3.26 22.92 2.99 20.15 2.72 17.50 2.58 16.14 2.50 15.39
Very poor 1.0 12.5 13.0 0.95 11.67 0.93 11.29 0.91 10.89 0.90 10.66 0.89 10.53

3. Results

Hammah et al. (2008, 2009) indicated that the h/e 
ratio greatly influences the rock mass behaviour and the 
failure surface. Considering this, in Figure 8, the values ​​
of the scale factor k obtained for the analyzed slopes and 
the h/e ratio has been plotted, differentiating them by a 
color determined on the joint condition.

Apparently, Figure 8 shows no pattern followed by 
the results that permit defining any trend; for the specific 
value of h/e, a wide range of associated k values indi-
cates a notable variability.

It can also be observed that the values ​​corresponding 
to the very good joint conditions (red triangles) tend to 
be located in the upper part of the graph. On the other 

hand, the values ​​corresponding to the very poor joint 
condition (yellow circles) are located at the bottom, in-
dicating a more significant reduction due to scale effects.

Therefore, to find a relationship or tendency in the 
results, these were grouped into five categories, corre-
sponding to very good, good, fair, poor, and very poor 
joint conditions.

The division of the results is presented in Figure 9; it is 
observed that the results corresponding to the slopes that 
incorporate fracture networks with discontinuity F1 (red 
triangles), dipping unfavorably concerning the slope, are 
located in the lower part; and those that do not have F1 
(green circles) are located in the top of the graph.

Moreover, considering this second association, it has 
been possible to observe an exponential trend curve for 
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both the data that include F1 or do not include the F1 
system. These trend curves are shown dotted with red 
and green in Figure 9.

In general, the trend curves remarked suggest lower k 
values for a higher h/e ratio, indicating a more signifi-
cant GSI reduction in conformity to a disintegrated rock 
mass behaviour; in addition, the presence of the F1 sys-
tem induces an additional GSI reduction.

It is also observed that if the F1 system is not contem-
plated, the most unfavorable k values ​​are in the order of 
0.6, being notably lower in the cases in which the F1 

system is taken into account. Consequently, there is an 
essential directional component to consider during the 
GSI reduction process, similar to that argued by Bac-
zynski (2020), who introduced the concept of direction-
al GSI in the study of step-path failures in rock masses.

3.1. Proposed formulation

In conformity with the results obtained, an analytical 
formulation is proposed to calculate the scale factor k, 
defined as the relationship between GSIe and GSI0. From 

Table 4: Summary of variables considered in slope stability analyses

Fracture networks(1) Slope height
H (m)

UCS(2) 
(MPa) mi

(2) Persistence
p (m) (3) Joint Condition(4) Rock Mass 

Structure (5)

F1, F2, F3, F4 50 187.5 32.0 1 Very good Blocky
F1F2, F1F3 100 200.0 29.0 3 Good Very blocky

F1F4, F2F3 150 217.5 26.0 10 Fair Blocky, disturbed/
seamy

F2F4, F3F4 200 212.5 18.5 20 Poor Disintegrated
F1F2F3 250 125.0 14.5 30 Very poor
F1F2F4 65.0 11.0
F1F3F4 40.0 8.0
F2F3F4 30.0 5.0
F1F2F3F4

Notes:
(1) Fracture networks were presented in Figure 7.
(2) The UCS and mi values correspond to the average values of the eight groups suggested by Marinos and Carter (2018),  
see Table 2.
(3) The persistence values were defined according to the description suggested by ISRM (Brown, 1981), for each persistence 
value, JRCn and JCSn were calculated according to the formulation of Barton and Bandis (1982), see Table 3.
(4) The joint condition was defined based on the GSI chart published by Hoek et al. (2013), and the strength properties 
associated with each category were defined by Pitts and Diederich (2011), see Table 1.
(5) The rock mass structure was defined according to Hoek et al. (2013) and complemented with the description of Cai et al. 
(2004) who assigned spacing ranges to each rock mass category.

Figure 8: Results of all analyzed 
cases
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the graphs presented in Figure 9, it is concluded that the 
proposed formulation must be expressed in terms of the 
h/e ratio, the joint condition, the directionality, and the 
GSI0. As a result, the following formulation is proposed:

	 � (9)

Where:
k 	 – Scale reduction factor,
w0 	– Parameter that depends on the slope height,
w1 	 – �Parameter that depends on the strength and stiff-

ness of the intact rock,
w2 	 – �Parameter that depends on the persistence of the 

discontinuities,

w3 	 – Parameter that depends on the directionality,
w4 	 – Parameter that depends on the joint condition,
w5 	 – Parameter that depends on the GSI0,
h 	 – Slope height [m],
e 	 – Average spacing of discontinuities [m].
The suggested values of the parameters w0, w1, w2, 

w3, w4, and w5 are presented in Table 5.

3.2. Validation

To validate the proposed formulation, four mining 
slopes in Turkey were analyzed, in which the rock mass 
failure occurred. The characterization and analysis of 
these slopes are presented in Sonmez et al. (1998), Son-

Figure 9: Results obtained as a function of the joint condition
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mez and Ulusay (1999, 2002), and Dinc et al. (2011). A 
fifth case corresponds to a natural slope located in An-
cash-Peru, in which the rock mass has not broken.

Firstly, the general description of the slopes is pre-
sented; next, the k values are calculated as the ratio be-
tween GSIe and GSI0, this is called kreal; subsequently, 
the k values are calculated by the proposed formulation, 
designated as kcalc. Finally, the discrepancy between both 
results is compared in each analyzed slope.

In cases 1 to 4, slope failure has occurred, so it is pos-
sible to evaluate through a sensitivity analysis the GSI 
value that caused the failure (GSIe), which is not neces-
sarily equal to the reported during the field data collec-
tion (GSI0). Case 5 is different; the slope has not failed, 
so the GSIe value cannot be estimated at the failure con-
dition; for this reason, firstly, the analysis of the rock 
mass has been conducted as a discontinuous medium (J-
FEM approach), calculating a safety factor and defining 
a failure surface; subsequently, the sensitivity analysis 
focuses on finding the GSI value that provides a safety 
factor similar to that obtained with the discontinuous 
model, this is the value of GSIe.

3.2.1. Case 1: Eskihisar Mine

This case history involves the instability of a slope of 
the Eskihisar Mine, a coal mine located in southwestern 
Turkey. According to Sonmez and Ulusay (1999, 2002), 
the landslide occurred due to external loads from the 
construction of a temporary pile of rubble in the upper 
part of the slope. The GSI0 value associated with the 
rock mass is 43.

In this case, the limit equilibrium reaches a safety fac-
tor very close to unity (see Figure 10) which indicates 
that the value of GSI0=43 is adequate to represent the 
rock mass failure.

In this modeling, the slope failure occurred using di-
rectly the GSI reported in-situ (GSI0=43). Hence, reduc-
ing the GSI for scale effects is unnecessary since this 
GSI value adequately represents the slope behaviour. 
Therefore, the value of kreal is calculated as:

	 � (10)

3.2.2. Case 2: Baskoyak Mine

Sonmez and Ulusay (1999, 2002) published the re-
sults of a comprehensive slope stability analysis con-
ducted at the Baskoyak open-pit mine in western Anato-
lia, Turkey. Due to the intensely fractured nature of the 
rock mass, it was considered to be homogeneous and 

Table 5: Parameters to calculate the scale factor k

Slope height
(h) w0

Strength and stiffness 
of the intact rock w1

h>20m 1.00 mi>19 1.15
h ≤20m 2.00 mi ≤19 1.00

Persistence (m) w2
Unfavorably fractures 
(F1) w3

30 1.00 Yes 1.00
10 1.05 No 0.50
1 1.11
Joint condition w4

(1) Slope height (h) w5

Very good 0.03–0.07 (0.05) h> 20m 0.43-0.006*GSI0≥0
Good 0.04–0.10 (0.07) h ≤20m 0.00
Fair 0.05–0.13 (0.09)
Poor 0.08–0.15 (0.12)
Very poor 0.10–0.18 (0.14)

Notes:
(1) The average values are presented in parentheses.

Figure 10: Slope stability of the Eskihisar Mine 
(GSI0=GSIe=43)
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isotropic, with a fracture spacing of 0.04 m in all direc-
tions. The GSI0 associated is 16.

For a GSI0=16, the safety factor reached was 1.04, 
which indicates that the slope is very close to the failure. 
Subsequently, a sensitivity analysis established that a 
unitary safety factor was obtained for a value of GSIe=15 
(see Figure 11).

In this case, the GSI reduction attributable to scale 
effects is not significant since there is only one point of 
difference between GSI0 and GSIe. Therefore, it may be 
considered that the GSI value mapped at the rock out-
crop level is adequate to represent the rock mass behav-
iour in the evaluated scale.

The value of kreal is calculated as:

	 � (11)

3.2.3. Case 3: Kiskadere Mine

Sonmez and Ulusay (1999) reported a study of the 
instability of the Kisrakdere open pit slope located in the 
lignite basin of Soma (Turkey). The rock mass of com-
pact marl was reported as intensely fractured, with three 
systems of discontinuities, with slight or moderate spac-
ing, presence of stratification planes in the opposite di-
rection to the slope in the marly sequence (Sonmez and 
Ulusay, 1999). The GSI value mapped on the surface 
was 37 (GSI0=37).

The stability analysis was conducted with the value of 
GSI0=37, obtaining a safety factor of 1.38 (see Figure 
12), considerably far from the unit safety factor that 
would produce the slope failure. Consequently, a sensi-
tivity analysis was conducted, looking for the GSI value 
that provides a unit safety factor; the value obtained was 
27 points (see Figure 13).

Unlike the two previous cases, the variation of the 
GSI values is 10 points, indicating associated scale ef-
fects. The kreal value indicates a reduction of GSI by 
27%, which is calculated as:

Figure 11: Slope stability of the 
Baskoyak Mine (GSIe=15)

Figure 12: Slope stability of the Kiskadere Mine (GSI0=37, 
FS=1.38)

Figure 13: Slope stability of the Kiskadere Mine (GSI0=27, 
FS=1.00)

	 � (12)

3.2.4. Case 4: Cayeli-Catampasa slope

Dinc et al. (2011) studied an andesite rock slope’s in-
stability located between Cayeli and Katampasa in Tur-
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According to Dinc et al. (2011), the GSI0 value asso-
ciated with the rock mass is 37 in the upper part and 40 
in the lower part of the slope. In this case, the stability 
analysis was performed using the limit equilibrium 
method, obtaining a safety factor of 1.69 (see Figure 
14), which is considerably far from the safety factor 
equal to 1.0 that would produce the failure. Subsequent-
ly, a sensitivity analysis of the GSI was performed, look-
ing for the value that provides a unit safety factor. The 
sought value is GSIe=25 (see Figure 15).

In this case, the kreal value indicates a 34% reduction 
in the GSI value, which is calculated as:

	 � (13)

3.2.5. Case 5: Limestone rock slopes

The proposed methodology has been applied to eval-
uate the stability of three representative sections of a 
limestone slope with three fracture systems and GSI0=58. 
Unlike the previous four cases, the failure has not oc-
curred on these slopes, so it is not appropriate to calcu-
late the value of kreal for the condition of FS=1.0. There-
fore, the safety factors and the failure surface were pre-
viously defined with the J-FEM method since the 
analysis with explicit fracture networks is a better ap-
proximation than an equivalent continuous method.

Figures 16, 17, and 18 present the results considering 
the fracture networks and the continuous equivalent 
analysis, for which the safety factors and the failure sur-
faces are similar. In all three cases, it is observed that the 
safety factors vary between 2.19 and 2.80, which indi-
cates an acceptable degree of stability and an approxi-
mately circular failure surface shape.

In the three representative sections, it is necessary to 
reduce the GSI0 values to obtain similar results​​ with the 

Figure 14: Slope stability of the Cayeli-Catampasa slope 
(GSI0=58, FS=1.69)

Figure 15: Slope stability of the Cayeli-Catampasa slope 
(GSI0=25, FS=1.03)

Figure 16: Analysis of section 1. Comparison of results between discontinuous (GSI0=58)  
and equivalent continuous (GSIe=35) models

key. The slope was excavated as a quarry to produce 
rocks for road construction and comprises two well-dif-
ferentiated horizons. The upper part of the slope is mod-
erately altered, while the lower part presents a slight to 
moderate alteration (Dinc et al., 2011).
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J-FEM approach and the continuous equivalent model, 
which is an indicator of the scale effects associated. The 
GSI reduction due to scale effects is between 31% and 
40%, which is associated with the considerable slope 
heights. The k values are the following:

	 � (14)

	 � (15)

4. Discussion

The analyzed cases presented slopes influenced to dif-
ferent degrees by scale effects, quantified by the scale re-
duction factor k. In cases 1 and 2, the GSI reduction due to 
scale effects is negligible because the slopes have a height 
in the order of 18 m, which can be considered as a rock 
outcrop-level, that results are compatible with Hoek et al. 
(2013), who argued that the reduction of the GSI value 
should be regarded for slopes above 20 m. Cases 3 and 4, 
corresponding to slopes with heights in the order of 40 - 

70 m, present a GSI reduction of 27% to 34%, this reduc-
tion could be more significant if the fracture systems were 
dipping unfavorably concerning the slope face. Case 5 
presents a GSI reduction of 31% to 40%; this reduction is 
justified due to the considerable slope height, their frac-
turing degree, and the presence of fracture systems dip-
ping unfavorably concerning the slope face.

The kreal calculation has been presented for each case, 
obtained directly from the relation between GSI0 and 
GSIe; the process was uncomplicated in cases 1, 2, 3, and 
4, where information about slope failure is available. In 
contrast, in case 5, the process was tedious and not prac-
tical since it involves performing numerical modeling 
with fracture networks. Due to these drawbacks, a reli-
able formula to obtain k directly was developed and 
validated (kcalc).

The results from all cases are summarized in Table 6, 
where the kreal and kcalc are indicated. It is observed that 
there is a similarity between both values ​​of k, which 
shows an acceptable approximation of the proposed for-
mulation.

The most significant difference between the results is 
observed in case 3, with a discrepancy of 0.13. However, 

Figure 17: Analysis of section 2. Comparison of results between discontinuous (GSI0=58)  
and equivalent continuous (GSIe=35) models

Figure 18: Analysis of section 3. Comparison of results between discontinuous (GSI0=58)  
and equivalent continuous (GSIe=40) models
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Table 6: Results of all analyzed cases

Parameter
Case 1 Case 2 Case 3 Case 4 Case 5 
Eskihisar 
Mine

Baskoyak 
Mine

Kiskadere 
Mine

Cayeli - 
Catampasa Section 1 Section 2 Section 3

w0 2.00 2.00 1.00 1.00 1.00 1.00 1.00
w1 1.00 1.00 1.00 1.15 1.00 1.00 1.00
w2 1.05 1.00 1.00 1.05 1.00 1.00 1.00
w3 1.00 1.00 0.50 1.00 1.00 1.00 1.00
w4 0.09 0.12 0.09 0.09 0.05 0.05 0.05
w5 0.00 0.00 0.21 0.21 0.082 0.082 0.082
H (m) 18.5 18.0 78.0 40.0 450.0 125.0 122.0
e (m) 0.85 0.04 0.60 0.35 0.60 0.60 0.60
GSI0 43 16 37 38 58 58 58
GSIe 43 15 27 25 35 35 40
ΔGSI 0 1 10 13 23 23 18
kcalc 1.00 0.96 0.60 0.58 0.63 0.68 0.68
kreal 1.00 0.94 0.73 0.66 0.60 0.60 0.69
| Error | 0.00 0.02 0.13 0.08 0.03 0.08 0.01

this difference does not imply a considerable variation. 
On the other hand, it is recommended that the value of k 
be defined as a range instead of a single value due to the 
uncertainty and variability that some input parameters 
could have, such as the rock mass structure and joint 
condition.

5. Conclusion

The formulation proposed in this work contributes to 
the quantification of the rock mass quality reduction as a 
consequence of the associated scale effects, for which 
the equivalent GSI index (GSIe) has been defined, whose 
application is exclusive to problems involving slope sta-
bility in fractured rock masses.

The GSIe index can be directly included in slope sta-
bility analyses performed by limit equilibrium or finite 
element methods. This index depends mainly on the h/e 
ratio, the presence of planes that dip unfavorably con-
cerning the slope face, the fracture network, and the joint 
condition.

It is advisable to consider a range of values ​​of the 
GSIe instead of a single value due to the uncertainty and 
variability of the rock mass parameters, such as the con-
dition of the discontinuities or their spacing.

For future studies, it would be convenient to analyze 
and modify the formulation proposed for its application 
in problems involving underground excavations or foun-
dations in rock masses.

It is also advisable to consider the approach proposed 
in this research for the study of the UCS reduction de-
pending on the scale analysis, keeping the GSI as a 
“constant” value. This would allow the introduction of a 

new scale factor relating values ​​of the compressive rock 
mass strength and the intact rock strength.
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Sažetak

Optimizirani geološki indeks čvrstoće (GSI) primijenjen  
u analizi stabilnosti kosina u stijenskim masama

Velik broj analiza stabilnosti kosina promatra diskontinuirane stijenske mase u kojima je GSI (geološki indeks čvrstoće) 
procijenjen na razini izdanka smatran ulaznim podatkom za definiranje čvrstoće stijenske mase. Međutim, taj je postu-
pak neprikladan kada su veličina izdanka i veličina kosine znatno različiti (npr. kosine površinskoga kopa), što rezultira 
precijenjenom čvrstoćom stijenske mase. Iz toga razloga, a u nedostatku kriterija za izmjenu GSI-ja na temelju učinaka 
razmjera, u ovome istraživanju predlaže se nova verzija GSI-ja, nazvana GSIe ili optimizirani GSI. Da bi se definirao izraz 
za dobivanje optimiziranoga GSI-ja u smislu svojstava stijenske mase, provedene su analize komparativne stabilnosti u 
nizu hipotetskih kosina pomoću dvaju pristupa: prvi smatra stijensku masu diskontinuiranom, a drugi smatra stijensku 
masu ekvivalentnim kontinuiranim medijem koji karakterizira optimizirani GSI. U obama pristupima slični su faktor 
sigurnosti i površina sloma za odgovarajuću optimiziranu vrijednost GSI-ja procijenjenu u svakoj analiziranoj kosini. U 
skladu s rezultatima predložen je oblik GSIe koji se koristi visinom kosine, razmakom, čvrstoćom intaktnoga stijenskog 
materijala, postojanošću i svojstvima diskontinuiteta. Na kraju je provedena validacija toga oblika primjenom u pet slu-
čajeva rudarskih kosina na kojima je došlo do sloma.
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učinak mjerila, GSI, stijenska masa, mehanika stijena, stabilnost kosina, geomehanička karakterizacija
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