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ABSTRACT:  The future trend of energy supplies is gradually moving from fossil fuels to renewable and 
sustainable energy sources. In this context, hydropower is one of the best options to supply the base load and 
meet the energy demand. For this reason, it has been given priority in most countries with potential for 
hydrogeneration. Such is the case in the Minas-San Francisco Hydropower Project (MSF HPP) in Ecuador where 
underground excavations required the use of both the drill and blast method and a tunnel boring machine (TBM). 
Here, data collected along 9 km of the headrace tunnel was analysed by estimating the curves of penetration 
index (PI) and specific energy (SE). Results of the analysis show that the rock mass parameters and cutting 
technology implemented in the TBM were determining factors for the advance of the excavation in rock masses 
of very good quality. PI and SE noticeably increased with the quality of the excavated rock masses. Potential 
applications of these findings are the planning of new tunnels bored in hard rocks; the evaluation and adjustment 
of TBM parameters during tunnel construction; the improvement of geotechnical monitoring especially for water 
tunnels subjected to hydropeaking during operation. Overall, these applications will result in cost savings during 
the lifetime of a hydropower project.  

 
RÉSUMÉ:  L‘approvisionnement futur en énergie évolue progressivement des combustibles fossiles vers les 
sources d'énergie renouvelables et durables. Dans ce contexte, l'hydroélectricité est l'une des meilleures options 
pour fournir la charge de base et répondre à la demande d‘énergie. C‘est pourquoi, celle-ci est devenue prioritaire 
parmis la plupart des pays présentant un potentiel d'hydrogénation. Tel est le cas du le projet hydroélectrique 
Minas-San Francisco (HPF MSF) en Équateur, où les excavations souterraines nécessitaient l'utilisation de la 
méthode de forage et de dynamitage et d'un tunnelier. Des données collectées le long de 9 km du tunnel ont été 
analysées en étudiant les courbes d'indice de pénétration (PI) et d'énergie spécifique (SE). Les résultats de 
l'analyse montrent que les paramètres de masse rocheuse et la technologie de coupe mises en œuvre dans le 
tunnelier étaient des facteurs déterminants pour l'avancement de l'excavation dans des masses rocheuses de très 
bonne qualité. Les indices PI et SE ont augmenté remarcablement avec la qualité des masses rocheuses excavées. 
Les applications potentielles de ces découvertes sont la planification de nouveaux tunnels creusés dans des roches 
dures; l'évaluation et l'ajustement des paramètres TBM pendant la construction du tunnel; l'amélioration de la 
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surveillance géotechnique, en particulier pour les tunnels d'eau soumis à l'hydropeaking pendant le 
fonctionnement. Dans l'ensemble, ces applications permettront d‘économiser des coûts pendant la durée de vie 
d'un projet hydroélectrique.  

 
Keywords: Hydropower; TBM boring; Penetration Index; Performance; Toughness 

1 INTRODUCTION 

The use of Tunnel Boring Machines (TBM) for 
the excavation of long hydropower tunnels has 
managed to reduced excavation time and costes 
during construction. Moreover, this technology 
produces a smooth contour compared to the drill 
and blast method (D&B), reducing the effect of 
head loss during tunnel operation. TMB 
excavation involves mechanical breaking of the 
rock as a result of the penetration and cracking by 
discs cutters. Penetration is achieved by high 
thrust that generates grooves of 1-15 mm as the 
cutter passes through the rock. During 
penetration, cracks are produced and propagated 
through adjacent grooves  in the form of rock 
spalling (chipping) (Nilsen & Thindemann, 
1993). Crack triggering (microscopic separation) 
and propagation depend on the toughness or 
stress intensity factor of the rock regardless the 
applied load (static or dynamic) (Whittaker et al. 
1992; Shen at al. 2014; Atkinson, 2015).  

Parameters that play an important role in the 
penetration rate of TBM can be clasified as 
geological and machine parameters. Geological 
parameters include fracture frequency and 
orientation, drilling rate index (DRI), and 
porosity; whereas machine parameters include: 
cutter thrust, spacing, shape and size of discs, 
cutter head frequency and installed power 
(Bruland, 2000). 

Rock conditions such as a high degree of 
jointing (contitnuous joints and not thin fissures) 
will have a noticeable impact on the net advance 
rate owing to the negligible or no shear strength 
present on joints (Nilsen &Thindemann 1993). 
For massive rocks, e.g. grabbro and quartzite, 

 
 
   

mean frequency of 0 – 4 fractures per petre is 
common (Bruland, 2000). The low frequency 
may result in low penetrations; however, a high 
fracture density may benefit the boreability 
(Macfarlane et al. 2008). In especific cases such 
as methamorphic rocks, the penetration may be 
insensitive of the fracture density (Yagiz 2008). 
As for fracture orientation, a small angle between 
tunnel axis and fracture planes represent a 
favorable boreability (Nilsen & Thindemann, 
1993).  

Moreover, abrasiveness of minerals such as 
quartz and epidote, compromise the life of disc 
curtters, affecting the advance rate. Efforts have 
been made to increase the cutter life, using large 
rings such as the 19-inch; however there is still a 
limitation to the the loads that can be applied 
(Dammyr & Nilsen 2012; Della Valle, 2015).  
When the rock has a high DRI and the thrust 
applied is significat, high penetratios are possible 
(Movinkel & Johansen 1986). This shows the 
dependancy of penetration on the mechanical 
strength of the rock. Cases where rocks exhibit a 
quality index (Q) larger than 100 can be 
interpreted as difficult ground for TBM 
excavation. Thus, the penetration will depend on 
the available power (Barton 2009). 
The penetration index (PI) that is the neccesary 
thrust to acheive a milimetre of penetration per 
revolution [kN/mm rev-1] is used to analyze the 
effect of machine parameters for varied ground 
conditions (Hassanpour et al. 2011). Generally, 
PI is correlated to uniaxial compressive strength 
(UCS) and DRI; the higher the strenght of the 
rock, the higher the thrust required to penetrate. 
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In the case of massive and strong rocks high 
thrusts are required to achieve a reasonable 
penetration (Bilgin et al. 2006, Zare Naghadehi 
& Ramezanzadeh 2017).  
 

 
Figure 1. Main features of the MSF HPP: a) plan 

view, amd b) transect view of the tunnel (reproduced 

from Torres et al. 2011, Bedoya 2018, Jimenez 2018) 

 
The specific energy (SE) (kW m-3) is another 

indicator of the equipment capability. Among the 
machine parameters, cutter spacing affects the 
optimum SE. Narrow spacings between cutters 
cause excesive abrassion; while wide spacings 
may result in low interaction between adjacent 
cutters and poor fracgmentation of the rock 
(Harrison & Hudson, 2000a).  

A particular combination of the above 
parameters was seen during the TBM excavation 
of 9 km of the headrace tunnel of the Minas San 
Francisco Hydropower Project (MSF HPP), 
Ecuador. The machine could not coup with the 
actual ground conditions, causing a delay of 
almost two years in the construction time. In this 
context, the present study aims to assess the 
impact of the rock mass conditions (quality) on 
the rate of penetration and the production 
throughout the excavation period that caused the 
delay of project. 

 

2 EXCAVATION WITH TBM FOR THE 
MSF HPP  

2.1 Study site 

The MSF HPP is located in the southeast of 
Ecuador, a region with a high potential for the 
development of hydropower systems. The 
construction of the project started in December 
2012 and lasted for around 6 years, two year more 
that expected (Torres et al. 2011), The MSF HPP 
has an installed capacity of 275 MW with an 
expected annual production of 1290 GWh 
(MEER 2018). Water regulation is provided by a 
Rolled Compacted Concrete Dam (RCC) and it is 
conveyed by a headrace tunnel of 14 km with a 
circular section of 5.76 m in diameter (see Fig. 1). 
Three Pelton turbines located in an underground 
power house convert water potential energy into 
electric power. 

For the excavation of the headrace tunnel a 
double shield TBM was used and throughout the 
excation, intrussive and sedimentary rocks were 
encountered, more frequently decribed as 
massive. 

2.2 Character of the rocks 

Rocks encountered during the excavation were 
andesite, diorite, grabbro, hornfels, volcanic 
breccia and alternated shale and tuff. 
Sporadically, andesitic dykes oriented N-E and 
dipping 70˚ NW were observed. Most of these 
rocks are abrassive, especially the andesite which 
can be extremely abrassive according to the 
Cerchar Abrassivity Index (CAI) tests resported 
by Suescún & Jiménez (2017). Unfortunaltely, 
there are no values of CAI for Hornfels as they 
appeared esporadically along the tunnel. The CAI 
and DRI indexes determined during the 
excavation are not different from those reported 
on feasbility studies (Torres et al. 2011). 
Additionally, other rock characteristics, such as 
porosity (0-5%) and quartz content, and amounts 
of epidote were also in agreement with values 
reported on feasibility studies. 
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2.3 Weakeness zones and discontinuities  

During the whole excavation, only a shearing 
zone of 20 cm thickness hydrothermally altered 
was observed at chainage 6k (Suescún & Jiménez 
2017). This finding is by far less than the number 
of structures expected that included thrust faults 
with altered bands of at least 3 m thickness. 
  Most of the joints observed had rough and wavy 
surfaces, closed to very closed apertures with 
quartz infilling. Only a minority of the joints is 
filled with sulphides or without infilling. In this 
regard, its is clear that the mechanical strenght of 
joints can not be neglected. Most important, 
weathering in joints was classified as W1 (freshly 
weathered) which is an indicative of high 
strength. This is important as higher degrees of 
weathering cause a significant reduction of the 

rock strength (Panthi, 2006). 
A fracture frequency plot for a complete log 
along the TBM tunnel (see Fig. 2) indicates that 
low mean fracture spacings prevail. However, 
this alone can not provide more information on 
the mechanical behavoir of the rock. Thus, a 
better indicative of strenght, the Rock Quality 
Designation (RQD), was obtained by an inverse 
realtion between the mean fracture spacing and 
the probability desity fuction (pdf) that preserves 
the natural arrangement of fractures (Deree, 
1963; Harrison & Hudson, 2000a).  Furthermore, 

the orientation of discontibuities in the bored 
segment is best represented by the joint sets  Jn 1, 
2, and 3 (see Fig. 2). In this way, discontinuities 
can be characterized as strongly dipping wich 
represent a challenging condition for the 
fragmentation of rock, unsing disc cutters. 

2.4 Compressive strength and quality 

As for compressive strenght, results of UCS for 
216 rock specimens (see figure 3) indicate a very 
high strength. Interestingly, hornfels exibited a 
strength superior to the other types of rock 
encountered. Note that hornfels and diorite only 
appeared at chainages 9.9 k, 10.1 k, in segments 
of 20 and 85 m respectively. 
 

 
Figure 3. Compressive strength for the rocks along the 

TBM tunnel (based on Suescún&Jiménez 2017). 

 
Here, sedimentary rocks do not have UCS 

records; however, the prcoduction achieved by 
the TBM in tuffs and shales is high, indicating a 
moderate strength compared to intrussive rocks. 
In fact, sedimentary rocks in the reservoir area, 
just at the intake, is of about 50 Mpa with a 
geological strength index (GSI) of 60-80 
(Riemmer et al. 2013; Suescún & Jiménez 2017).  
 

 The Rock Mass Rating (RMR) (Bieniawski, 
1989) mapped during construction shows an 
important advantage with respect to the predicted 
quality, especially for the rock types II and III 
(Fig. 4a). In fact, the optimization of support 
during construction almost eliminated the need of 
spot bolting and only concrete dowels were used 

Figure 2. Fracture frequency and orientation 

along the TBM tunnel (based on Torres et al. 2011, 

Suescún &Jiménez 2017) 
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in all the segments of the tunnel. For the 
optimazation, RMRTBM (Alber, 1996) was used, 
considering that RMR1989 is aplicable for D&B 
excavations.  

Here, it was observed that RMRTBM is in the 
range 75±7 for a 95% of confidence which is 
comparable with indexes Q (Grimstad and 
Barton, 1993) of 18-56 obtainned from empirical 
correlations (Bieniawski, 1989, cited in Barton 
2002) (see Fig. 4b). This equivalence has been 
corroborated by another correlation (RMR-Q) 
obtained for the MSF HPP for quality assessment 
of nearby drill and blast tunnels. 
 

 

 
Figure 4. (a) Actual and predicted RMR; (b) Q values 

calculated from RMR 

2.5 Cutter thrust 

The maximum thrust applied for each cutter was 
in average 300 kN, reaching the nominal capacity 
of steel as observed on rings disposed after 
maintenance operations. In general it was seen 

that frontal cutters presented more abrassion and 
damage than periferial cutters. In fact, this 
suggested that the total thrust on the cutter head 
could be distributed between frontal cutters only, 
without considering the effect of preriferial 
cutters (Della Valle, 2015). Here, for the analysis 
of the penetration rate, 35 from a total of 37 
cutters (29 single and 4 twin) were considered. 

2.6 Operational capability 

Performance of the machine was tested in the first 
1.1 km, along the adit TBM and part of the 
headrace tunnel. A frequency of 6-7 rpm and 
cutter thrust of 300 kN worked well until 
chainage 10 k where the penetration droped 
suddenly (Fig. 5). 

In about 17 weeks of excavation, starting in 
December 2014, there was a gradual drop in 
production, from  544 to 41 m3 per cutter. The 
low production occured in zones of dykes, 
hornfels and gabbro. In average, 54 rings per 
month were consumed due to abrassion and 
aplication of high thrust that caused steel failure 
(Della Valle 2015). The drop in production was 
also atributed to the failure of a twin cutter 
housing that was not repared in a lapse of 17 
weeks, August 2015 (ch. 6 k). 

2.7 Behaviour of penetration rate under 

varied geological conditions 

The penetration rate measured throughout the 
excavation shows oscilations, mainly because of 
inaccuracies in operation, data sampling and the 
variability of rock strength locally. The moving 
average of the penetration rate changing along the 
tunnel  allows a better appreciation of  the 
influence of the rock type (see Fig. 5). In  massive 
and fresly weathered gabbro (9.6 k) a low 
advance was reported; while, in sligtly 
weatherred sedimentary rocks (1.7 k) a relatively 
high production was possible.  
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The effect of the twin cutter failure is visible 
along the interval 10.1 k - 9.02 k; a very low 
penetraion rate is registered, but conclusions 
about the effect of geology can not be drawed.  
Contrary, reliable records allow to see three 
effects of the geological conditions. Firstly, there 
is a link with the overburden which is also related 
to the degree of fracturing. Second, the 
penetration responds to variations in the rock 
quality; here, a RMR of I (ch. 3 k) represents 
difficult ground compared to a RMR of III (ch. 
5.5 k). Third, the type of rock (sedimentary) 
represented favorable ground compared to 
intrusive rocks. 

Chips product of excavation evidenced a high 
toughness. Suescún & Jiménez (2017) reported 
planar fragments of angular shapes of 1-2 cm 
thickness, 5-10 cm wide, and 10-20 cm in length. 
This suggests that the cutting power was low 
compared with strength of the rocks. 

In regards to groundwater, relatively high 
inflow 25 - 125 ltr / min ocurred nearby zones of 
rock type III, chainage 5.5k. However, Lugeon 
tests performed along the tunnel suggests 
permebilities  between 1.6 × 10-7 and 4.2 × 10-8 
which are considered low. In fact, water leakage 
measured in Lugeon tests was very low, 1.2 
ltr/min/m. In the same way, the inflow registered 
in most sections of the tunnel was low. 

3 ANALYSIS AND DISCUSSION  

A quality number (UCS×RQD) for the entire 
tunnel was obtained as suggested by Harrison & 
Hudson (2000b) for both infered and measured 
UCS values. Then a plot of PI (kN / mm / rev) vs 
UCS×RQD showed a well defined realtioship; 
however, better results were obtained for 
measured values of UCS as it is shown in the 
figure 7. It can be seen how the PI increases as 
the rock quality increases. 

 
Figure 7. Penetration index in relation with the rock 

quality 

 
Figure 5. Penetration and rock mass conditions (based on Torres et al. 2011, Suescún&Jiménez 2017) 
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Figure 8. Curves of equal penetration index 

 
Furthermore, curves for discrete values of PI 

(different rock quality) show the behavoir of 
penetration for the change in thrust (Fig. 8). Here, 
a low  PI such as 18.90 can be compared with 
favorable ground. Contrary, a PI of 208.20 
represents difficult ground conditions, without 
any improvement for very high thrusts. 

The regression lines 1-6 in figure 8 are 
characterised by a power function with PI as a 
constant. The exponent of the fuction is called the 
“penetration parameter”. An exponent larger than 
2 indicates a good fragmentation of the rock for 
high thrusts (Bruland, 2000). Here, the exponent 
is very close to 1 which makes the curve almost 
linear, giving low penetrations for high thrusts. 
This situation was evidenced in the 
characteristics of chips as was previously 
discussed, suggesting a very high stress intesnity 
factor for the rocks excavated. 

Fig. 9 shows how difficult ground conditions 
required of a high utilization time of the machine, 
above theoric shifts of 47 hrs / week expected at 
the beginning of the project. Despite this, the 
expected advance of 140 m / week was barely 
achieved. Thus, the energy utilized by the cutter 
head to obtain such a low production is relatively 
high compared to the optimum SEs for  cutting 
tools found by Bilgin et al. (2006). 

Another issue that influenced on the 
penetration rate and consequently the gross 

advance rate was the effect of the TBM 
underpowered due to mechanical failure, as it is 
shown in figure 9 for the weeks 8-30. Similar 
drawbacks in production are also noticeable 
during the second change of disc cutters, weeks 
57-58 (ch. 6.8 k). 
 

 

Figure 9. Weekly utilization and gross advance rate 

(based on Suescún and Jiménez, 2017) 

4 CONCLUSIONS 

It was observed that the higher the mechanical 
strength of the rock the more thrust or power 
required to achieve a penetration rate, with the 
risk of mechanical failure with cuting tools 
working at limit capacities. 

The relation obtained between PI and 
UCS×RQD  can be used to characterize the rock 
mass, using penetration records when no UCS 
values are known. Another application is the 
planning of tunels in similar conditions as the 
MSF HPP. 

For the MSF HPP, the penetration was affected 
by the available cutter ring technology and cutter 
head power, highliting the need for enhanced 
technologies and better prognosis models that 
considers aspects of rock fracture mechancis. 
 Drops in penetration were not observed for 
rocks masses with the lowest quality. In this 
regard, it can be said that troubling weakness 
zones were absent along the excavation. 

Good and very good rock is present along the 
entire TBM tunnel, suggesting self supporting 
conditions in most cases wich can be beneficial 
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for the reduction of linning requirements (Benson 
1989; Buen and Palmstrom 1982; Broch, 1982). 
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