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1 INTRODUCTION 

The “multiple graph” approach [31] is a useful tool either for the preliminary assessment of the excavation behaviour in 
rock tunnelling and, as it has been experienced [2,8,12,20,26] to select the support class to be applied at the tunnel face on 
the basis of the pre-defined design criteria. 

In particular, the so-called “GDE multiple graph”, reported in Fig. 1, is a 4-sector graph based on the logical sequence of 
the engineering steps in Table 1.   

 
Graph 1 Rock block volume + Joint Conditions = Rock mass fabric 
Graph 2 Rock mass fabric + Strength of intact rock = Rock mass strength 
Graph 3 Rock mass strength + In situ stress = Competency 
Graph 4 Competency + Self-supporting capacity = Excavation behaviour (→Potential hazards) 

Table 1: Logical frame adopted for the identification of the excavation hazards.  

In the next section, the technical bases of each equation are summarized, pointing out the relative background of each 
sector.  At the same some new considerations are remarked. 
 

2 THE GDE MULTIPLE GRAPH 

As previously mentioned, the multiple graph is composed by 4 sectors (Fig. 1), each of them finalized to a user-friendly 
quantification of the corresponding properties presented in Tab. 1. The first graph is in the lower right quadrant and progress 
is clockwise through system. 

2.1 Graph I: Estimation of Rock Mass Fabric 

Graph I (lower right quadrant in Fig.1) estimates Rock Mass Fabric (GSI) based on Rock Block Volume (Vb) and Joint 
Conditions (jC).  

 
When the rock mass can be reasonably treated as an equivalent-continuum, with isotropic geomechanical  properties, the 

geo-structural features of rock masses can be expressed by a “fabric index” [33], which may be defined as a scalar function 
of two components: rock structure and joint condition. In the present case, the reference fabric index is the GSI and its 
estimate is derived by the method proposed by the author [30,32].  

Such a new method for calculating the GSI has been developed taking into consideration the conceptual equivalence 
between GSI and JP (Jointing Parameter) of the RMi system [24,25], considering that both are used to scale down the intact 
rock strength (σc) to rock mass strength (σcm).  

In fact, according with the two systems, we have: 
RMi: σcm = σc*JP (1) 
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Fig.1: The GDE multiple-graph for the preliminary setting of excavation behaviour. Notes: (*)  Only for the susceptible to 
spalling/rockburst region for brittle rocks [IF=(σc/σt )>8], otherwise a shear type failure should occur; the two new lines remarking the 
expected intensity of the brittle phenomenon are explained in the section 2.4. (**) Squeezing involves pronounced time-dependent 
deformations and is associated to rocks with low strength and high deformability: otherwise, prevalent plastic deformations (no time-
dependent) occur, frequently associated to caving; squeezing depends also from the length of the potential prone zone: given a possible 
"wall effect" [1], for short zones included in good quality rocks, a caving behaviour is most likely to occur. Symbols: σc, σcm= intact, rock 
mass strength (=σc*s

a); jC= joint condition factor, Vb= block volume; γ= rock mass density. 

GSI: σcm = σc*s
a (2) 

where s and a are the Hoek-Brown constants [13,17]. 
Therefore, JP should be numerically equivalent to sa and given that for undisturbed rock masses [17] one has: 

s = exp[(GSI-100)/9]     and (3) 
a = (1/2)+(1/6)*[exp(-GSI/15)-exp(-20/3)] (4) 
a direct correlation between JP and GSI can be obtained, i.e.: 
JP=[exp((GSI-100)/9)](1/2)+(1/6)*[exp(-GSI/15)-exp(-20/3)] (5) 

For the inverse derivation, the perfect correlation (R2 = 0.99995) can be used with a sigmoidal (logistic) function of the 
type: 
GSI = (A1-A2)/[1+(JP/Xo)p]+A2 (6) 
with A1=-12.198; A2=152.965; Xo=0.191; p=0.443. Then GSI ≈ 153-165/[1+(JP/0.19)0.44] (7) 

Based on such a correlation, a “robust” quantitative estimation of the GSI can be made, by defining the parameters 
concurrent to the evaluation of JP, i.e. the block volume (Vb) and the Joint Condition factor (jC).  A graphic representation 
of the described correlation is presented in Fig. 2. 

The sector I of the graph shown in Fig. 1 is derived from the above equations. The quantification of the Joint Condition 
Factor (jC) is based on published tables (see for example Palmstrom’s web site www.rockmass.net, where a complete 
treatment of the RMi method can be found). Following the suggestion of Palmstrom [25], some typical jC values are 
reported in the graph as well for a quick preliminary evaluation.  

Finally, it should be noted that the use of the described (GRS) approach is not recommended in complex and 
heterogeneous rock masses, such as a flysch, where the specific charts proposed by Marinos and  Hoek [22] may be a more 
opportune reference for calculating the GSI. 
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2.2 Graph II: Estimation of rock mass strength 

Graph II (lower left quadrant in Fig.1) estimates the Rock mass strength (σcm) based on  Rock Mass Fabric (GSI) and Intact 
rock strength (σc)  

The estimation of the rock mass strength is based on the equations of Hoek et al. [17], already presented above. In 
particular, such a value is graphically obtained by the intersection of the estimated GSI and intact strength curves. The 
reliability of the rock mass strength estimation is primarily related to both the effective applicability of the Hoek-Brown 
failure criterion (based on an assumed homogeneous and isotropic medium) and the occurrence of shear type failure. 
Differently, a “spalling type” failure, which involves intact rock strength, may occur when overstressing a good quality, 
hard and brittle rock mass. In such a case, according to the spall prediction approach” [9,10,11,19], the mobilized strength at 
failure may result either some higher and lower than the σcm derived by the GSI-based Hoek et al. equations [17], basically 
depending on the value of both the GSI itself and the stress for the cracks initiation.    

For a preliminary estimation of the possibility of stress-driven instabilities of brittle rocks [Brittle Index IF= (σc/σt)>8], in 
the graph II, the region susceptible to spalling/rockburst, if in the presence of adequate stress conditions, is highlighted. 

Taking into consideration the cited references, the lower boundaries of such a region have been taken in favour of safety 
as coincident with values of GSI and σc (MPa) both correspondent to 60. 

 

 

Fig. 2: Diagram for the assessment of GSI based on the RMi parameters jC and Vb [30,32].    

2.3 Graph III: Estimation of rock mass competency 

Graph III (upper left quadrant in Fig.1) estimates the Rock mass competency (IC) based on Rock mass strength (σcm) and In 
situ stress (σθ)  
 
The Competency Index (IC) is simply defined as the ratio between the rock mass strength (σcm) and the tangential stress (σθ) 
on the excavation contour.  

It is important to note that a simplified assumption about the original in-situ stress is here adopted by considering a value 
of k=1, where k is the ratio between the in situ horizontal and vertical principal stresses.  

Consequently, for a circular tunnel one has σθ= 2γH,  with γ= rock mass density (assumed value = 0.025MN/m3) and H= 
overburden. In the case of k≠1 and/or γ≠0.025MN/m3 a reasonable approximation may consist in calculating the maximum 
tangential stress σθmax=(3σ1-σ3) and then divide the result by 2γ (i.e by 0.05), in order to derive the fictitious overburden that 
origins the same σθ =σθmax for  k=1 and γ=0.025MN/m3. Consequently, the classification point will be plotted as referring to 
the correspondent fictitious overburden. 

The value of IC=1 separates in the graph the deformation response of the excavation into the elastic (above) and plastic 
(below) domains.  

Moreover, in the graph are also reported some horizontal dotted lines which represent the best correlation of the 
Competency Index with the GDE behavioural classification reported in Fig. 5 [28,29,32]. 



                                                                                                                                                                

As later presented (Fig. 5), in such a classification four classes (a/b, c, d, e/f) were originally identified [27] as function of 
both the radial deformation at the excavation face (δo) and the normalized extension of the plastic zone around the cavity 
(Rp/Ro). 

Two further distinctions were considered: 1) in the case of elastic response (i.e. classes a/b) the class “b” indicated a 
discontinuous rock mass prone to wedge instability; 2) the class “f” was associated to conditions of immediate collapse of 
the tunnel face.  

As treated in the next section, more recently the original GDE-classification has been updated to better take into account 
the real discontinuous character of the rock masses and consequently to improve the prediction of different deformation 
phenomena, such as the gravitational type and the brittle, stress-driven instabilities (Figs. 4, 5).  

To transfer such a classification on the graph, the characteristic line [7] and the Monte Carlo methods have been 
implemented to find an approximate correlation between the IC and the GDE-classes. 

In particular, as reported in Fig. 3, a large variability of the input geomechanical parameters has been considered by 
referring to adequate uniform distribution. Moreover, for the calculations: 

 
 i) a strain-softening behaviour has been considered by referring to the approach proposed by Cai et al. [6] centred on the 

concept of “residual GSI” (GSIres); 
 ii ) the rock mass modulus of deformability has been derived by the simplified equation proposed by Hoek and Diederichs 

[14]; 
 iii ) δo has been obtained by the equation proposed by Hoek et al. [15]. 
 

 

 
Fig. 3: Updated correlation between the radial deformation at the face (δo) and the Competency Index (IC). Note: uo,uf = radial 
displacement at tunnel face, final. 

 
In Fig. 3, the results of 2000 iterations by the Latin Hypercube sampling method, as well as the best interpolating curve 

are shown for the relationship IC-δo. 
Moreover, the combined state of the two parameters involved in the GDE classification (i.e. δo and Rp/Ro) has been 

analysed and the approximate correlation lines reported in the graph have been finally assessed.  
Given the related uncertainty, the correlation reported in the multiple graph reflects only the most probable conditions for 

the parametrical variability assumed in the probabilistic calculation.  

2.4 Graph IV: Estimation of excavation behaviour 

Graph IV (upper right quadrant in Fig.1) estimates the Excavation Behaviour based on Rock mass competency (IC) and 
Self-supporting capacity (RMR). 
 

In the last quadrant of the multiple graph, the integrated behavioural classification is applied in approximate form, by 
using the previous correlations with IC. 

Following the conceptual scheme presented in Fig. 4, the original GDE-classification system has been integrated [4,5] by 
the RMR classes (Fig. 5) considering also their well-known empirical relationship with the self-supporting capacity of the 
rock masses. 
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Fig. 4: Conceptual scheme for a general setting of the ground behaviour upon excavation 

With the same logic of Fig. 4, some of the main hazards for tunnelling are consequently delimited in the new graph 
reported in the Fig. 5.  
The term caving is here used to identify generic gravitational collapse of portions of highly fractured rock mass from the 
cavity and/or tunnel face. Therefore, given their very poor self-supporting capacity, the highest risk of caving is associated 
to the most unfavourable RMR classes. 

 Squeezing (s.s.) involves pronounced time-dependent deformations and is generally associated to rocks with low strength 
and high deformability such as, for example, phillytes, schists, serpentines, mudstones, tuffs, certain kinds of flysch, 
chemically weathered igneous rocks [17].  Otherwise, plastic deformations should prevail and caving is also probable. 
Further detailed analysis, based on a more accurate modelling of geomechanical properties, should be able to remark the just 
described distinction. 

The terms “severe” and “very severe” have been associated to GDE-classes “d” and “e”, respectively. By considering also 
the type of stabilisation measures applied, they may be roughly related to the correspondent δf–based classes of squeezing 
proposed by Hoek and Marinos [16], if one incorporates in the last term also the grade “extremely severe”. 

 
 

 

 

Fig. 5: GDE classification scheme of the excavation behaviour [28,29,32] 

 Notes: δo=radial deformation at the face; Rp/Ro=plastic radius/radius of cavity; σθ=max tangential stress; σcm=rock mass strength. 
The limits of shadow zones are approximated and represent the most typical condition; see also the notes to Fig. 1 and further 
explanations in the text. 

 
With respect to the original version, two lines have been added in the spalling/rockburst region to remark the potential 

intensity of the brittle phenomenon. This indication is based on the approximation that for very good rock the RMR rating 
could be assumed equal to the GSI. Consequently, either the GSI-based equation σc=σcm/sa (2) and the empirical 
relationship proposed by Martin et al. [23] between the ratio σθ/σc and the expected depth of failure (dof) have been 
considered (r=tunnel radius): 

 
dof/r =1.25(σθ/σc)-0.51 (8)  
 
In particular, the classification proposed by Diederichs et al. [11] has been implemented, reporting in the graph the 

equivalent lines for minor and severe intensity of the brittle failure: 



                                                                                                                                                                

•  “minor spalling” (σθ/σc <0.6 ↔ dof/r <0.25) 
 

•  “serious overbreak” (σθ/σc >0.8 ↔ dof/r >0.5) 
 

It is important to observe that the depth of failure (dof) does not necessarily imply (or not only) a violent phenomenon 
(“rockburst”), which mainly depends to the rock strength and its related capacity to store energy.  

 
The potential of rock wedge failure is mainly associated to good (/fair) rock masses subjected to relatively low stress 

condition, i.e. when the response at excavation is dominated by the shear strength of discontinuities and a “translational” 
failure should occur [3].  Further detailed analyses, for example by using limit equilibrium methods, should verify the 
effective possibility of kinematical instabilities.           

Two “improbable” zones have also been marked in the graph corresponding to unrealistic combinations between GSI and 
RMR: the first below the “spalling/rockburst” region and the other in the upper right part (“caving” zone), where RMR class 
V and elastic behaviour theoretically overlap. 

2.4.1 Some remarks on the RMR assessment 
 
In the case that the RMR [4,5] values are not available for the application of the multiple graph, it may be useful to 

consider the procedure described in the following. 
The RMR results by the sum of the following ratings: 
 
r1=uniaxial rock strength 
r2=RQD 
r3=spacing of discontinuities 
r4=condition of discontinuities 
r5=groundwater condition 
r6= adjustment for discontinuity orientation  
 
Accordingly to Tzamos and Sofianos [33], the parameters r2, r3 and r4 represent the geostructural component of RMR 

and their sum is therefore conceptually equivalent to the GSI (“fabric index”). Consequently, given that the possible ranges 
of variability are 8 to 70 and 5 to 100, respectively, the following approximate equation can be derived: 

 
(r2+r3+r4) ≈ 0.65GSI+5 (9) 
 
or, more in general 
 
RMR ≈ 0.65GSI+5+r1+r5+r6 (10) 

 
In the Fig. 6 the reliability of the equation (9) is checked by the data collected with n. (257+188) face mappings realized 

in two tunnels crossing volcanic/igneous rocks (Andean mountains), actually under construction. 
Consequently, as remarked by the equation (10), taking into account that either GSI and σc are known, the RMR can be 

reasonably assessed by estimating the two remaining parameters (r5 and r6), i.e. the expected groundwater condition (for 
tunnel below the water table, frequently related to the geostructural conditions and then to the GSI itself) and the correction 
for the orientations of the discontinuities with respect the tunnel advancement, respectively. 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
Fig. 6: Check of the proposed relationship between the GSI and the RMR geostructural component (r2+r3+r4) on the basis of n.(257+188) 
face mappings collected during the construction of two tunnels crossing volcanic/igneous rocks (Andean mountains). It is important to 
remember that the reference equation is based on the classification ratings of the involved parameters. 

 

0 10 20 30 40 50 60 70 80 90 100
0

10

20

30

40

50

60

70

(r
2+

r3
+

r4
) R

M
R

GSI

(r2+r3+r4)
RMR

=0.65GSI+5



Tunnelling and Underground Space Technology 41 (2014) 74–81 

                                                                                                                                                                   

3 PRACTICAL APPLICATION OF THE MULTIPLE GRAPH 

As remarked in the introduction, the multiple graph has two main field of application: 
 
1)  In the preliminary design phases to assess the expected excavation behaviour and related hazards, in order also to 

orient the successive detailed analysis; 
2) in the construction phase, to select at the tunnel face the support section type to be applied in function of the 

encountered geomechanical condition. Consequently in the fourth quadrant the pre-defined field of application of the 
support section types are remarked according the design criteria of reference. 
  

In the Figg. 7 and 9 some examples of application are reported with reference to these two practical options. 
In particular, the graph in the Fig. 7 refers to the preliminary analysis for a zone of tunnel of 740m crossing igneous rock 

masses with an overburden of about 1000m and in presence of anisotropic in situ stress (k=1.5). Consequently, according to 
the procedure previously described, a fictitious overburden of about 1700m is considered to simulate the max stress at the 
tunnel crown and invert.  

Taking into account the hypothesized variability of the main geomechanical parameters by adequate distributions, a 
probabilistic analysis (MonteCarlo method) has been performed and the results graphically presented (note that the GSI was 
already estimated and therefore the first quadrant is not compiled). 

Given the high variability of the rock mass quality (GSI∼20÷80) and generalized overstress conditions, the following 
main hazards should be expected: 

 
•  20% moderate/severe spalling/rockburst; 

 
•  50% severe/very severe squeezing   

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
Fig. 7: Example 1 of multiple graph application:  Probabilistic analysis for a tunnel zone of 740m in igneous rock mass (see details in the 
text). 

 Note: the red symbols remark the cases falling in the “Susceptible to spalling/rockburst region” in the II quadrant and therefore 
effectively subjected to such a hazard if in condition of overstressing. 

 
 
 
 
 



                                                                                                                                                                

It appears rational that in the development of the structural design some specific mitigation measures are associated to the 
different type of hazards and relative intensity. Therefore, the dimensioning of the stabilization measures and the consequent 
composition of the support section type derive by the selection of the most adequate design actions [28], either in advance 
and during the tunnel excavation. In the Fig. 8, as one example, some typical mitigation measures are listed and combined to 
guarantee the most adequate section types to each expected geomechanical hazards.    

Following the same logic, in the Fig.9 the different section types of support systems are localized in the multiple graph, 
covering the correspondent field of application in the 4th quadrant. 

 During the construction phase, the main geomechanical parameters are defined at the tunnel face and the support section 
type to apply is consequently identified (see the example in the figure). 

It is evident that diverse criteria can be analogously implemented, reflecting the defined combination of the main 
geomechanical parameters and therefore the specific approach of different designers. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 8: On the left, one example of typical mitigation (stabilization) measures for D&B rock tunnelling; on the right, the GDE general 
rational for associating the different Section Types of support to the expected geomechanical hazards and relative intensity. According 
to the hazard specificity, adequate calculation methods are consequently adopted for the structural design. 
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Fig. 9: Example 2 of multiple graph application, showing the GDE usual field of application of the support section types associated to the 
correspondent regions of hazards. One practical case is remarked on the basis of the estimations done at the tunnel face (proceeding from 
the I to the IV quadrant): 
 
I_[Vb≈20dm3 & jC=2 → GSI≈55]; II_[GSI≈55 & σc=100MPa → σcm≈8MPa]; III_[σcm≈8MPa & H(fictitious) =1750m → IC=0.09]; 
IV_[IC=0.09 & RMR=53 → (prevalent hazard: wedge instability/rockfall) → Application of the support section type C1].  

 
 

4 CONCLUSION 

An update of the “multiple graph” approach for the preliminary estimate of the rock masses excavation behaviour and, 
consequently, of the probable hazards for tunnelling has been illustrated.  

Such a prediction of the excavation response is obtained by means of the quantification, in a logical sequence, of (1) 
fabric, (2) strength, (3) competency and (4) self-supporting capacity of rock mass. 

 Despite the preliminary character of the prediction, which involves some simplified assumptions (for example, circular 
tunnel in homogeneous/isotropic rock mass, equivalent continuum modelling, k=1,..), the described method may be a useful 
tool, either in the first phases of design, for a quick identification of potential critical scenarios and for performing 
sensitivity analysis, and in the construction phase, for the selection of the adequate support section type at the tunnel face on 
the basis of the pre-defined design criteria.    

On the basis of such a preliminary analysis, the tunnel design can consequently focus on the detected potential problems, 
implementing with the required detail the most adequate methods of analysis and calculations.  
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Simplified assumptions:
γ=0.025MN/m3, k=1

III - Rock mass strength (σ
cm

)+in situ stress (2*γ*H)=Competency (IC)
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(**) depending also from the length of the potential proned zone: given a possible "silo effect", for short zones included in good quality rocks, a caving behaviour it is most likely

II  - Intact strength (σ
c
)+rock mass fabric (GSI)=Rock mass strength (σ

cm
)  

 

(*) only for the susceptible region, otherwise the development of plastic region and moderate radial convergences are more probable
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IV- Competency (IC)+self-supporting capacity (RMR)=Excavation behaviour

I - Rock block volume (Vb)+joints conditions (jC)=Rock mass fabric (GSI)
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