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ABSTRACT 
 

     The Directional Core Drilling technique (DCD) allows the core drilling along a 
predefined trajectory being especially recommendable for the characterization of rock 
mass in tunnelling. In this work, a back-analysis of a real tunnel excavated through 
granitic rocks with zones of extremely weak degraded granite is carried out. In these 
zones, both the advancing rate and support cost vary highly with this reduction of the 
granite strength. Some horizontal boreholes were drilled successfully during the tunnel 
excavation which means that the use of the technique DCD would have had clear 
advantages during the Project phase. The DCD technique would have allowed to 
determine the position and extent of these complex zones reducing the risks and 
uncertainties respecting the support to employ and the duration of the works which is 
economically evaluated. 
 
1. INTRODUCTION 
 
     Directional Core Drilling (DCD) is a technique that combines two pre-existing well 
known techniques: core drilling and directional drilling. The first is the oldest and 
consists of drilling a borehole with a diamond bit that allows cutting a rock cylinder (the 
core) that is subsequently extracted. This rock core can then be tested in the laboratory, 
making it highly applicable in the field of geotechnics and prospecting orebodies. These 
boreholes can be horizontal that we call as HDC technique. 
     Directional drilling is a borehole drilling technique developed in the petroleum field 
that has been used successfully in the laying of pipelines in recent decades. It basically 
consists of carrying out a conventional drilling using a tricone or down-the-hole hammer, 
but with a special tool that is capable of steer the front of the drill string, allowing it to 
turn and change direction. In principle, this technique is destructive, that is, both the 
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tricone and the down-the-hole (DTH) hammer crush the rock that is extracted as a 
mass of crushed rock (detritus) from which any information can be taken. 
     The HDC technique has been used successfully in tunnel studies. However, this 
technique requires the machinery to be at the level of the tunnel grade. It can be by 
drilling from the same front of the tunnel or a parallel gallery, as described in Castells 
(2008). And it can also be from the openings or portals as described for example in 
Tsang et al (2015) or more recently in Boden et al (2018). 
     The newness is that the DCD technique also allows core extraction in the case of 
directional borehole. This technique has been used successfully in the field of 
prospecting for mining orebodies. In the present work, the application of the technique 
to the geomechanical characterization of the rock mass in the case of tunnels is 
analyzed where it seems especially indicated. Indeed, when it is intended to excavate a 
tunnel, or microtunnel, it is necessary to carry out an exhaustive investigation of the 
rock mass that is going to be traversed. This investigation should clearly identify 
problematic areas to ensure that work is carried out efficiently and with minimal risk 
(Figure 1). Where traditional core recovery drilling (drillings DHH-1 and DHH-2) 
provides very poor information because it only obtains samples from two specific zones, 
a directional core recovery drill (DCD-1) goes through the geological formation in the 
same tunnel layout. 

 

 
Fig. 1: Comparison between traditional (DHH) and DCD techniques   

 
     As shown in early works such as Kaplin's (1998), the DCD system is a very effective 
research method since it allows taking cores along the planned trajectory, guaranteeing 
that the geological information obtained will be on the same trace that the planned 
underground work. In this way, information is available on the geology and 
geomechanical properties of the ground to go through, useful to estimate water inflow, 
define the support to be used or estimate construction costs and execution time of the 
works... etc. More recent works of the DCD technique are Lam et al (2008), or Lindhjem 
and Tai (2008), Cunningham et al (2012a) or Cunningham et al (2012b). 
     The survey will start from an accessible location closest to the planned tunnel (or 
microtunnel) and will be steered until reaching the area of interest. When the borehole 
is in position, according to the drilling plan, the drilling turbine is removed and drilling 
continues with the traditional wireline core recovery system. This allows a core to be 
removed again with the conventional diameter of the standard drill bit. Once we have to 
re-bend the hole or regain the direction of the drilling plan, we will go back to using the 
DEVICO turbine. The steering can go from perfectly straight up to turning radius of 200 
meters. 
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     Due to its characteristics, the DCD system is especially suitable for the recognition 
of the trace of the entire tunnel in the case of shallow tunnels, such as those carried out 
in the high-speed train recently built in the NW of Spain. 
     This article takes as a reference one of these tunnels, the 4 km long Burata tunnel, 
excavated and a comparative economic analysis is made between the traditional 
technique used for geotechnical characterization and the DCD technique that shows 
the utility and possible advantages of the latter compared to traditional boreholes. First, 
an economic comparison is made between traditional really drilled boreholes and DCD 
directional boreholes by determining the cost with both systems and the recognized 
tunnel length with each. Afterwards, an economic valuation of the uncertainty that 
exists with both systems is made, estimating the extra costs incurred in two aspects 
that are influenced by the better knowledge of the ground conditions:  a) the duration of 
the work and b) the support used. 
     It must be taken into account that, due to the type of work that a tunnel is, 
uncertainty is always a very negative factor that directly or indirectly which adversely 
affect at the society. A poor geotechnical characterization can lead a company to offer 
a lower price than the real cost of the tunnel and can even lead to a very difficult 
economic situation with the detriment to generation wealth and employment 
opportunities. If the responsibility lies with the public administration that offers the work, 
it may lead it to assume significant unforeseen extra costs with the damage that this 
entails to the public budget. 
 
2. THE BURATA TUNNEL (SPAIN) 
 
     The tunnel taken as reference for the analysis is the Burata tunnel, described in 
Castells et al (2006), Castells (2018) and López et al (2013). The Burata tunnel is a 
part of a high-speed railway line in Spain between Madrid and Santiago. It consists of a 
pilot gallery and a 3996 m long main tunnel with 13.2 and 85 m2 of final cross section 
respectively. The tunnel was planned for an average Depth of 93 m, with a maximum 
overburden of 141 m, and was excavated by the New Austrian Tunnelling Method 
(NTAM). The pilot tunnel advanced ahead of the main one by an average of 180 m. 
The support consisted in combination of bolts, shotcrete and steel ribs according to the 
rockmass strength. It was necessary to use micropilot umbrellas in the tunnel portal 
and in areas with special problems. 
     The tunnel was excavated between June 2006 and May 2010. When the geological 
and geotechnical study was carried out, the DCD was never used for tunnelling in 
Spain, and it was not frequent in the world. For this reason, a conventional campaign of 
boreholes drilled from the surface was carried out. Nevertheless, and due to the 
geological problems in the tunnel, several horizontal boreholes were drilled successfully 
from the pilot gallery and tunnel faces, Castells (2008). 
     As it is described in López-Fernández et al (2013), the tunnel runs beneath an area 
where granites outcrop on the surface. Among the granites there is an abundance of 
metasediments, veins, and quartz dikes. On top of the granite substrate, an important 
alteration developed with a dissimilar grade of evolution at depths that reach several 
tens of meters, reaching a maximum in the topographic lows. The preparatory 
geotechnical study for the Burata tunnel project consisted of a prospection of the land 
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that included a detailed geological mapping of at a scale of 1:2000, the description of 
31 geomechanical stations, and the drilling of 27 boreholes (Figure 2). In addition, a 
geomechanical, petrographic and mineralogical study was also performed on 30 
samples taken from the boreholes. Thin-section samples were prepared and analyzed 
with electron probe. The results led to the definition of the following three geological 
units: (1) fresh granite (FG), consisting of peraluminium granite of two unweathered 
micas of medium-to-fine grain; (2) metasediment (MS) consisting of mica schist, quartz 
schist and paragneiss; and (3) granite residual soil (GR) generated by the destruction 
of certain minerals consequence of the oxidation and hydration processes derived from 
the groundwater action. 
    As it can be in the Figure 2, there are up to six zones in which the tunnel crosses the 
weathered granite residual soil (GR) with very important problems for the excavation 
and the support. Nevertheless, the original boreholes campaign only detected two of 
these complex areas. 

 

 

 
Fig. 2: Layout of the Burata tunnel with the location of borholes 

 
     From the initial study it could be deduced that about 90% of the of the tunnel (3600 
m) should be excavated through a strong soil granite (FG) with an average RMR= 70 
and only about 10% of the length (400 m) should be excavated through the very weak 
granite residual soil (GR) with an average value of RMR= 20.  
    After finishing the tunnel, the reality was quite different. The length excavated 
through strong granite was of approximately 70% of the length (2800 m) while the 
length through weak granite residual soil was of about 30% of the length (1200 m). This 
is the length through the most complex rock mass for the tunnel excavation and support 
was 3 times bigger than it was supposed initially. 
    When the tunnel was being excavated, very serious problems related to granite 
residual soil and water inrush happened (Figure 3). Two horizontal boreholes were 
carried out from the pilot gallery (Figure 4) to investigate ahead of the tunnel face, 
Castells (2008). 
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Fig. 3: Mud due to a water inrush 
 

 

Fig. 4: Horizontal brorehole drilling from pilot gallery 
 

3. THE DCD FOR A BETTER ROCKMASS CHARACTERIZATION 
 
     3.1 Problems arising during excavation and support 
     As previously described, a good characterization of the rock mass is essential when 
carrying out underground work because it allows the project’s execution to be designed 
with greater precision. 
     That is, by learning more closely about the geology, its structure, its discontinuities, 
and the existence of water in the land on which the underground work will take place, 
the behaviour of the rock mass during excavation will be able to be predicted and 
according to this, the types of adequate support in the different stages of the project to 
be carried out can be designed prior to the execution of the work. This will allow us to 
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make a forecast of the materials and personnel that will be needed. But this preliminary 
study involves time and a high cost, often incompatible with the budget assigned to the 
project for its draft. 
     For this reason, with the data obtained, empirical models and mathematical models 
are used to roughly define the type of excavation section to be carried out and the 
means that will be used to carry it out, such as the use of a tunnel boring machine, or 
other conventional methods, and also to define the type of support, normally organizing 
it into standard sections where each of its component parts are defined and which will 
generally depend on the RMR of the land. Various types of excavation and supports 
are usually defined by RMR sections from lighter to heavier. 
     Once the work has begun, during the execution of the tunnel, horizontal bore holes 
will be made during the advance, the RMR will be carried out on each face and 
convergence measurements will be taken to verify that the work being done conforms 
to the project. But what happens when unforeseen events that have not been detected 
in the geotechnical study of the project appear? We are going to pose different 
scenarios which can happen during the excavation. 
Stockpiling materials. It may happen that the project in the geotechnical study defines 
certain areas of the rock mass with low RMR, which must be crossed by excavating 
with mechanical means and with support by steel ribs, or micropile or bolt umbrellas. 
     Steel ribs or steel sets are a type of expensive support material which are difficult to 
obtain. Since they fit the designated section of our tunnel a custom design is required. It 
is likely that the rib defined for that tunnel, if not placed, cannot be reused for another 
tunnel and at the end of the project it will have to be treated as scrap. The factory has 
to change the manufacturing parameters depending on each tunnel. For this reason, it 
is necessary for the Site Manager to make a forecast of materials in the project as if the 
geotechnical study was perfect. 
     As many steel sets as meters of support could be ordered with the section indicated 
in the project, but the project is not exact, so a sufficient forecast of materials is made 
to be able to work without stopping and so that the factory has the capacity to respond 
to the supply of material. 
Explosive settings. In large tunnels, it is usual to work with powder kegs (explosive 
storage) which facilitate their collection and disposal at any time during the cycle. They 
are used when the RMR is high, allowing significant advances in the excavation face 
and shorter cycle times. But, if an area of low RMR is advanced, we can stop using 
explosives. This requires redesigning the blasts and above all adjusting the orders for 
the explosives. If this were not done, we could find that after making a change in the 
tunnel section without blasting, we would receive the order for explosives, causing a 
serious problem for the safety of people by having to destroy it if it did not fit in the 
powder keg and adding a cost to the project. 
     The same happens if you change to a section with more RMR, since the blasting 
could start with the explosive stored in the keg but not having enough to continue the 
cycle the following days would cause a stoppage resulting in economic loss. 
Water inflow. Water is an important element when it comes to constructing a tunnel. Its 
presence will determine the type of explosive to be used on the advancing face, the 
extraction of water through ditches if the tunnel is executed upward or by pumps if the 
tunnel is executed downward, and it will also dictate the wastewater treatment plant. 
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     The sort of explosive to be used can be a very important part of the cost during 
excavation phase. ANFO must be used without water, on the contrary watergels or 
dynamite can be used with water but the cost is already much higher. The appearance 
of water once the explosives contract has been closed can make it difficult to 
renegotiate a competitive price after the fact. On the other hand, the sizing of the 
extraction water pumps is important when we are carrying out a downward tunnel. 
     Proper pump sizing is the difference between a face being flooded, paralyzing the 
work for several hours until the situation is solved, and working comfortably. The pumps 
are usually rented for the security that if one breaks down a replacement is provided 
while the other is being repaired. Its final cost depends on the size and duration of time 
in the facilities. 
     If we foresee, based on the geotechnical study, that there will be almost no water 
during the execution of the work and the opposite situation occurs, the project will 
deviate from its initial budget. The water treatment plant is an important point because if 
it is improperly sized, it will not perform its function, adding an extra cost to be able to 
refit it for correct operation. 
Rock blocks and wedges. An incomplete characterization of the rock mass may not 
predict areas of blocks or wedges which need to be joined with bolts of greater length 
than the ones being used. The inability to predict these blocks or wedges may lead to 
delays due to the lack of material as well as additional costs due to not being foreseen 
in the original project. In all of these cases, by increasing the type of support and 
decreasing the excavation round, the execution time of the work is increased, thus 
directly increasing the cost of the work that is being executed. 
Technical assistance and construction management. All of these problems become in 
undesirable delays, because in a tunnel time is directly linked to the cost of the work 
and for this reason the reaction times for solving these problems must be as short as 
possible. Some of them due to, for example, those related to the adjustment of 
personnel and means of production such as pumps or explosives depend on the 
project manager and his technical team, but in others such as, for example, changes in 
the support section due to the appearance of unforeseen geological faults or lithologies 
in the project, technical assistance and construction management also come into play. 
     Decision-making in these cases must be quick. Engineers have to find the best 
solution that allows the work to be carried out safely and that can be undertaken quickly 
enough so that it does not affect the project budget significantly. 
 
     3.2 Use of DCD system to characterize the rock mass in Burata tunnel 
     Due the special physical features of the Burata tunnel, with low depth, small 
inclination and wide radius of curves, it can be completely tested with only few 
geotechnical boreholes. Indeed, taking into account that reaching the length of 1,500 m 
in a borehole with this technique is perfectly acceptable, by drilling 3 boreholes the 
entire length of the tunnel could be recognized (Figures 5 to 7). 
     We will start from each of the tunnel portals, under normal conditions we could drill 
up to 1,500 meters in length. That is, we will have DCD1 and DCD2, working 
simultaneously from both portals. DCD1 borehole would be drilled from lower portal 
with a length L= 1,500 m (Figure 5), and DCD2 borehole, from the upper portal with 
also L= 1,500 m (Figure 6). The DCD3 borehole would be drilled from the surface and 
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its length should be L= 1,368 m (within which 300 m by curve until get the level line of 
the tunnel. The rest, approximately 1,068 m, over the tunnel line, (Figure 7). 
     This method gives us information about the tunnel trace itself; there is no possibility 
of any mistake in the geomechanical characterization. In other words, we will know in 
advance the terrain to be drilled and, also, any geological problems (faults, aquifers, 
phreatic level, rock with very high abrasiveness ... etc.) that could make it difficult for us 
to carry out normal advance work through drilling and blasting. The borehole itself can 
serve to drain the aquifers to be traversed, without forgetting that we are taking a core 
on the same route as the tunnel. 
 

 
Fig. 5: Layout of DCD borehole DCD1 from the lower portal 

 

 
Fig. 6: Layout of DCD borehole DCD2 from the upper portal 
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Fig. 7: Layout of DCD borehole DCD3 from the surface 

 
4. METHODOLOGY FOR THE COMPARATIVE ANALYSIS 
 
     As mentioned above, the objective is to compare the geotechnical characterization 
by conventional boreholes with the DCD technique. To do this, both techniques are first 
compared from an economical point of view, estimating the cost of the traditional 
boreholes actually drilled and the directional DCD boreholes taking into account the 
tunnel length recognized with each one according to the following criterion: 
a) the length of tunnel fully characterized for the same cost and 
b) the cost necessary to characterize the complete tunnel or the part of the tunnel 
studied. 
     Nevertheless, the simple comparison of boreholes cost is neither the unique nor the 
most relevant aspect to be taken into consideration. The different quantity of 
information given by DCD technique reduces drastically the uncertainties related to the 
tunnel construction which have a very important effect in tunnel costs. The factors to 
analyse for the economic evaluation of the uncertainties have been chosen according 
to the following criteria: 
a) the costs associated to these factors have to be easily estimated, 
b) they must have a relevant weight in total costs and 
c) the geotechnics has to have a great influence on them. 
     It is obvious that the geotechnics influences almost all in tunnelling. Nevertheless, 
there are some aspects or factors, i.e. the support, which are more influenced than 
others, i.e. ventilation or muck removing. 
     In general terms, the evaluation of uncertainties always requires the study the fixed 
cost related to woks duration. Moreover, other costs can be evaluated as for example 
those related to tunnel support or cutter tools consumption. 



The 2021 World Congress on 
Advances in Structural Engineering and Mechanics (ASEM21)
GECE, Seoul, Korea, August 23-26, 2021

     In this work, the comparative analysis is completed by making an economical 
assessment of the uncertainty that exists when making the geotechnical 
characterization of the terrain with one or another system. 
     To do this, it is necessary to estimate the cost overruns incurred in two aspects 
which are greatly influenced by better knowledge of the rock mass: 
a) The costs related to the steel and concrete used for tunnel support and 
b) The fixed costs related to the duration of the work. 

 
     4.1 Cost of the boreholes 
     The cost of a borehole Cb can be estimated in a simplified way as follows: 

 
𝐶𝑏 = 𝐶𝑏0 + 𝑐𝑏  𝑙𝑏             (1) 

 
     Where Cb is the total cost (€), Cb0 is the translation and implantation cost of the 
drilling machine (€), cb is the linear drilling cost (€/m), and lb is the length of the 
borehole (m).  
     In civil works, the prices depend a lot on the moment and the place. In the case of 
boreholes with core recovery and HQ diameter, the cost of installing the machine does 
not vary from one technique to another, with an average market price in Spain being cb0 
= € 3,000. The cost per meter drilled would be cb = € 100 / m in conventional boreholes 
and cb = € 200 / m in DCD boreholes. The difference is due to the rental price of the 
device that allows drilling targeting and has been deducted assuming a rental price of € 
100,000 / month with drilling yields of 1,000 m / month, this could be preliminary 
estimation. 
     The price depends on the circumstances and the place and can change a lot from 
one country to another. For this reason, what is proposed here is a methodology that 
can be individualized to the specific case in question. 

 
     4.2 Cost overruns associated with uncertainties 
     The cost overruns due to bad ground conditions are classified in a) extra cost in 
support steel/concrete and extra cost in delays. 
Extra cost in support steel/concrete due bad ground conditions. When the quality of the 
rock mass decreases, it is necessary to use a more robust support which, by using 
more support elements (bolts, trusses, shotcrete) is more expensive. For simplicity, 
only the extra cost in materials is evaluated. 
     The cost of the support materials Cs could be estimated in a simplified way as 
follows: 

 
𝐶𝑠 = 𝑐𝑠𝑡  𝑀𝑠𝑡 +  𝑐𝑐  𝑀𝑐    

         (2) 
 

     Where Cs is the total cost (€), cst and cc are respectively the prices of steel and 
concrete (€/t) and Mst and Mc are the total weight of steel and concrete used in the 
support (t) respectively. 
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     As a typical price of the steel used in bolts and trusses, cst= 1750 €/t is taken while 
for concrete cc= 85 €/t can be taken according to Rodríguez et al (2019) and Rodríguez 
and Pérez (2021). 
     As it is described in Rodríguez et al (2019), the typical support advancing by drilling 
and blasting method is formed mainly by the combination of three elements: bolting, 
steel sets and shotcrete (sprayed concrete). The quantity and quality of these elements 
define their maximum load capacity. 
     There are a lot of different combinations of these elements, and in order to simplify 
the problem, the guidelines proposed by Romana (2014), based on those by 
Bieniawski (1989), will be taken as a reference (Figure 8). These guidelines are based 
on Spanish tunnelling experience and consequently the support designs proposed for 
different rockmasses are representative. 
     The properties of the materials of the support elements are necessary for the 
calculation of the support. In this case, the parameters given by Cornejo (2007), also 
based on Spanish experience, are taken as a reference. 
     For example, the more standard bolt material is threaded steel bar 25 – 36 mm in 
diameter (adherence is achieved with resin or, preferably, cements mortar) with a 
maximum tensile capacity of 482 – 844 kN, the characteristic compressive strength of 
the concrete varies typically between 25 and 45 MPa and the steel sets used are TH 
profile made with a steel of yield strength of 240 MPa. 
 

 
Fig. 8: Support design guidelines after Romana (2014) 

 
     The mass of steel and concrete used can be estimated as described in Rodríguez 
and Pérez (2021). In this case, a simplified procedure is proposed. 
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     Let us assume a tunnel that has advanced from an initial length L0 to a final length 
Lf. The total mass of steel and sprayed concrete used for support Mst and Mc are (in t): 

 
𝑀𝑠𝑡 = 𝑚𝑠𝑡    𝐿𝑓 − 𝐿0   

         (3) 
 

𝑀𝑐 = 𝑚𝑐    𝐿𝑓 − 𝐿0   
          (4) 

 
where mst and mc are respectively specific consumption of steel and sprayed concrete 
(t/m) for the tunnel support. 
     In general terms, in Spain the thickness of the lining (which varies between 35 cm 
and 45 cm) does not depend on the rockmass quality and consequently it is not 
considered in this analysis. 
Extra cost in delays due bad ground conditions. On the other hand, when the quality of 
the rock mass decreases, the advance performance decreases and consequently the 
duration of the work increases. 
     Effectively, assuming a tunnel excavated by drilling and blasting through a rock 
mass characterized by its RMR, the advancing per round or advancing per blast ab 
(m/round), can be estimated approximately as follows: 
 

𝑎𝑏 =  
𝑅𝑀𝑅−20

10
   

          (5) 
 

     All work entails fixed costs that depend on time, regardless of whether the work 
progresses or not. Within this chapter are the salaries of the contracted personnel, the 
civil liability insurance policies, the rental of the machinery, the fees and tax required by 
the administration (for example, for discharges to the river), office rentals, quality 
control services, newspapers... etc. 
     The most important part is the one corresponding to staff salaries. The value of 
these fixed costs is taken as the uncertainty associated with a longer duration of the 
work. 
     If the number of rounds or number of blasts a day is nb (rounds/day), the total time T 
(days) to excavate the tunnel from Lo to Lf (m) is, in days: 
 

𝑇 =  
𝐿𝑓−𝐿𝑜

𝑛𝑏   𝑎𝑏
   

          (6) 
 

     If the daily fixed cost is cf (€/day), the total fix cost during the period Cf is, in €: 
 

𝐶𝑓 =  𝑐𝑓   𝑇            (7) 
 

     A typical value of daily fix costs in tunnels advanced by drilling and blasting method 
is in the order of cf= 12,000 €/day. 

     The unit prices considered in the calculations are summarized below in Table 1. 
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Table 1: Unit costs considered in the calculations 
Borehole unit costs  
Drilling machinery set up (€) 3,000 

HQ-Borehole drilling, conventional (€/m) 100 

HQ-Borehole drilling, DCD system (€/m) 200 

Support materials unit costs 

Steel (€/t) 1,750 

Concrete (€/t) 85 

Fixed costs  
Daily fixed cost (€/day) 12,000 

 
5. RESULTS 
 
     As previously mentioned, the conventional drilling campaign consisted of 27 vertical 
boreholes from the surface and 2 horizontal boreholes from inside the tunnel. The 
Table 2 summarizes the data necessary to estimate the cost of the campaign. The cost 
of drilling the 29 wells is estimated at € 442,500. 
     Assuming each vertical borehole obtains information on a tunnel length of 10 m and 
that the horizontal boreholes recognize a tunnel length equal to the length of the 
borehole, the total recognized length is 270 + 250 = 520 m.  
     Therefore, the result of the conventional campaign was a cost of about € 850 per m 
of recognized tunnel, or seen in another way, € 442,500 was spent to recognize 13% of 
the entire tunnel. Results are also summarized in Table 2. 

 

Table 2: Total cost of conventional borehole drilling campaign 
 

Range 
Num. 

Boreholes 

Total 
length (m) 

Average 
length (m) 

Set up cost 
(€) 

Drilling cost 
(€) 

Total cost 
(m) 

Vertical boreholes             

L ≤ 50 m 3 140 46.7 9,000 14,000 23,000 

50 m < L ≤ 100 m 4 310 77.5 12,000 31,000 43,000 

100 m < L ≤ 150 m 12 1,525 127.1 36,000 152,500 188,500 

L ≥ 150 m 8 1,330 166.3 24,000 133,000 157,000 

Horizontal boreholes 2 250 125.0 6,000 25,000 31,000 

              

TOTAL 29 3,555       442,500 

 
     The application of the DCD technique would make to drill 3 boreholes, one from the 
surface and another two from the tunnel portals. The Table 3 summarizes the data to 
estimate the cost of the campaign. 
     The cost of drilling the 3 boreholes is estimated at € 882,600. However, although the 
campaign is more expensive, it is clear that, in relative terms, it is better since in this 
case 100% of the tunnel length is recognized (with continuous core) and the unit cost is 
€ 220 per m of recognized tunnel. 
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Table 3: Total cost of DCD borehole drilling campaign 

 

Range 
Num. 

Boreholes 

Total length 
(m) 

Average length 
(m) 

Set up 
cost (€) 

Drilling cost 
(€) 

Total 
cost (m) 

From portal  2 3,000 1,500 6,000 600,000 606,000 

From surface 1 1,368 1,368 3,000 273,600 276,600 

              

TOTAL 3 4,368       882,600 

 
     To economically assess the uncertainty related to support, the cost of the materials 
used in said support must be estimated. The design thickness of the sprayed concrete 
can be estimated with the recommendations by Romana (2014) for RMR= 30 and 
RMR=60. It has to be taken in mind that there is significant quantity that has to be used 
to fill the void due to over-excavation. 
     It can be assumed that the thickness of the over-excavation toe plus the proportion 
of shotcrete which is lost because the rebound when it is applied is about twice the 
theoretical thickness of the support. It is a conservative value based on our own 
experience and other authors as Innaurato et al (1998), Mohammadi et al. (2015) or 
Mottahedi et al (2018). A typical density 2.3 t/m3 is assumed for the sprayed concrete. 
     The following Table 4 summarizes the calculation of the cost of the support 
materials from the data of the lengths of granite and weathered granite contemplated in 
the original project. Based on these data, the cost of support would be estimated at € 
12,361,020. 

 
Table 4: Total cost of support materials (estimated from original project) 

 

  
Lentgh 

Lf- Lo (m) RMR mst (t/m) mc (t/m) 
Mass of 
steel (t) 

Mass of 
concrete (t) Total cost (€) 

Granite 3,600 60 0.28 21.1 997 75,960 8,201,700 

Residual soil 400 30 3.15 57.5 1,260 22,992 4,159,320 

Total 4,000           12,361,020 

 
     The following Table 5 summarizes the calculation of the cost of the support 
materials from the actual data. As can be seen, using the same unit prices, said cost is 
higher, reaching € 18,857,060.  
     Therefore, better knowledge of the terrain thanks to the DCD technique would 
eliminate the uncertainty regarding the support to be used, which can be estimated at € 
6,496,040. 
     Let us now make the economic valuation of the uncertainty regarding the longest 
duration of the jobsite. 
     The following Table 6 summarizes the calculation of the duration of the work from 
the data of the original project. The excavation of the tunnel would take about 650 days 
and the fixed costs would be in the order of € 7,800.000. 
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Table 5: Total cost of support materials (estimated from actual data) 
 

  
Lentgh 

Lf- Lo (m) RMR mst (t/m) mc (t/m) 
Mass of 
steel (t) 

Mass of 
concrete (t) Total cost (€) 

Granite 2,800 60 0.28 21.1 776 59,080 6,379,100 

Residual soil 1,200 30 3.15 57.5 3,780 68,976 12,477,960 

Total 4,000           18,857,060 

 
Table 6: Total fixed costs (estimated from original project) 

 

  
Length 

Lf- Lo (m) 
Section 

(m2) RMR 
ab 

(m/round) 
nb 

(round/day) T (days) 
Total cost 

(€) 

Granite 3,600 90 60 4 2 450 5,400,000 

Residual soil 400 90 30 1 2 200 2,400,000 

Total 4,000         650 7,800,000 

 
     However, as seen in the following Table 7, using the length data in real strong 
granite and weathered granite, the tunnel excavation would take about 950 days and 
the fixed costs would be in the order of € 11,400.00. Therefore, the better knowledge of 
the terrain thanks to the DCD technique would eliminate the uncertainty regarding the 
duration of the work (300 days more with the real data than with the project data) which 
could be estimated at € 3,600,000. 

 
Table 7: Total fixed costs (estimated from actual data) 

 

  
Length 

Lf- Lo (m) 
Section 

(m2) RMR 
ab 

(m/round) 
nb 

(round/day) T (days) 
Total cost 

(€) 

Granite 2,800 90 60 4 2 350 4,200,000 

Residual soil 1,200 90 30 1 2 600 7,200,000 

Total 4,000         950 11,400,000 

 
     Therefore, with the use of the DCD technique for the characterization of the rock 
mass, an uncertainty that can be economically valued at € 10,096,040 would be 
eliminated. 
     When only 13% of the tunnel length is recognized, unexpected situations can arise 
more frequently. According to the calculations in the project, it was estimated that the 
support would be about € 12.4 million when in reality it reached € 18.8 million. In 
addition, in the project phase it would have been estimated that fixed costs would reach 
€ 7.8 million when in reality they reached € 11.4 million. In other words, the application 
of the DCD technique would imply an extra cost of € 442,100 compared to a 
conventional survey campaign and would eliminate an uncertainty equivalent to € 
10,096,040. 
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     In summary, with a DCD campaign whose cost would be € 882,600, 100% of the 
tunnel length would be geotechnically characterized. If we assume that the total cost of 
the tunnel is about € 40 million (approximately € 10 million per tunnel km), it turns out 
that the investment in this research represents 2.2% of the budget, which is a 
reasonable value for projects in complex conditions, Ayhan et al (2018). 
     In addition, sufficient information would be available to eliminate an uncertainty of € 
10,721,162, that is, we would know in advance that the total cost of the tunnel would be 
€ 10 M more than what could be expected with a conventional campaign. For every € 1 
that research with DCD we would reduce the uncertainty by € 12.68, a value that is in 
line with USNCTT (1984). 

 
1. CONCLUSIONS 

     The advantages of directional core drilling can be summarized as follows: 
• Recognition of 100% of the tunnel. 
• A continuous core and geological information in the same tunnel layout, which will 
allow us to have designed the different types of support, according to the type of 
material in which we are working. 
• Detects the cut-off points of the tunnel's water leakages. 
• Minimizes geological interpretation mistakes.. 
• Provides reliable information on the mechanical properties of the ground to be go 
through. 
• Facilitates the design of the support for each section with different geomechanical 
characteristics. 
• Drastically reduces downtime due to “uncertainty”. 
     Other advantages that we have assessed are those related to the savings in 
material execution times of the tunnel. And they are of the order of 233 days. 
     With the DCD borehole, we have a geological sample in the same tunnel layout, that 
is, we have limited the "uncertainty" that always exists during tunnel work. 
     Before starting the tunnel, we would have a very approximate calculation of the cost 
of the tunnel. Knowing what type of material, we are going to find, we would not find 
surprises like the one that was presented during the execution of the first intermediate 
gallery, which caused a stop of about one month to determine the type of support that 
should be used to avoid the instabilities and fluencies of the materials (very similar to 
the beach sand saturated in water). At this point, we would have saved a month of 
downtime. 
     After a very simple comparison of the geotechnical investigation carried out for the 
execution of the 4,065 m long the Burata tunnel, it is found that: 
• The investigation of the area actually carried out with 1.1% conventional borehole 
amounted to € 442,500, recognizing 790 m of tunnel, that is, less than 20% of its length. 
• The use of the DCD technique would cost € 845,000, that is, twice the cost of the real 
campaign, but it would be able to recognize 100% of the tunnel length (4,065 m). 
     It is clear that it pays off economically because with a 2 times greater expense it is 
possible to recognize 5 times more tunnel length. 
     Boring density generally ranges from 0.2 to 1.5 depending on the general properties 
of the project and the risk situation, Ayhan et al (2018). Attention is paid to ensure that 
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this value is at least about 1 in large projects. In the analysed case, the ratio was 0.19 
in the reality being in the lower range while it would be at 1.0 being a more adequate 
value for this project. 
     Assuming a typical average value of 10 M€ per km., the total cost of the tunnel 
would be about 40 M€. The ratio of the cost of geotechnical investigations in the project 
budget is around 1.1% on average. If DCD technique is used, this cost would be 
approximately the 2% of the total cost which is an assumable value. 
     If the uncertainty that is avoided when using the DCD technique is quantified, it is 
verified that the extra cost that the use of the DCD technique entails, € 402,500, avoids 
a risk equivalent to € 10,096,040. 
     This is, for each 1 € spent in geotechnical research investment avoid the uncertainty 
estimated in 11.95 €, which is not excessive according with USNCTT, (1984). 
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