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Selecting efficient 
support rnethods 
for tunnels 

Construction of a tunnel consists of many activities during the construction phase of 

the project, supporting is one of these activities. 
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I rnrnediate support elernents are 
provided to control ground rnove- 
rnent caused by Stress redistributi- 

on during tunnel drive. Certain support 
elernents are assernbled in the excava- 
ted areas of crown, side wall and addi- 
tionally on the tunnel face i f  necessa- 
ry. Typical support elernents are rock 
bolts, reinforced sprayed concrete, gir- 
ders, etc. Loose ground and weak rock 
within the following rounds can also be 
supported using rnethods such as pipe 
urnbrella, forepoling, earth wedge, etc. 
The Selection of efficient support rne- 
thods for tunnelling is very irnportant 
to  reduce problerns during construc- 
tion and rnaintain project cost and 
time within the project budget and the 
planned schedule. This paper introdu- 
Ces a rnodel that helps decision rnaker 
in selecting tunnel support rnethods in 
the conceptual phase of the project. 
The rnodel calculates efficiency per- 
centages of support rnethods based on 
project conditions. The rnodel provides 
the User with a report including sup- 
port rnethods and their efficiency per- 
centages ranked in  descending order. 

Support of tunnel side walls and 
crown as well as tunnel face is very es- 
sential when the tunnel is constructed 
in weak ground. Lauffer (1958) propo- 
sed that the stand-up t ime for an un- 
supported Span is related t o  the qua- 

lity of the ground in which the Span 
is excavated. I n  a tunnel, the unsup- 
ported Span is defined as the Span of 
the tunnel or  the distance between the 
face and the nearest support, i f  this is 
greater than the tunnel Span. When 
the excavated ground is hard rock 
the stand-up time can reach, in sorne 
cases, up to years. Weak ground which 
has a short stand-up t ime -rnight be 
less than 1 hour- needs to be sup- 
ported irnrnediately after excavation. 
There are several rnethods which can 
be used for tunnel side wall and crown 
support, these rnethods are rock bolts, 
dowels, steel arches, sprayed con- 
crete, and precast concrete segrnents. 
Forpoling, pipe urnbrella, doorfrarne 
slab, earth wedge, and sprayed con- 
crete can also be used for supporting 
the tunnel face. 

Selection of  an efficient support rne- 
thod is a key factor for the success of 
the tunnel project. Efficient rnethod is 
the rnethod which satisfies efficiently 
the controlling factors which are tech- 
nical and non-technical factors. 

Alrnost all the ernpirical rnodels that 
are used for deterrnining support rne- 
thods are related to the ground clas- 
sification systerns. Written rules for 
selecting ground support were first 
forrnulated in 1946 by Terzaghi. Deere 
et al (1970) presented ground support 
recornrnendations for tunnels excava- 
ted conventionally and by TBMs based 
on both of Terzaghi's classification and 



the Rock Quality Designation index 
(RQD). Wickharn et al (1972) sugge- 
sted also support rnethods for tunnels 
during construction based on the Rock 
Structure Rating (RSR) classification 
systern. The above rnentioned systerns 
are not widely used now but they were 
the nucleus for the newer systerns. 
The Geornechanics Classification or 
the Rock Mass Rating (RMR) systern, 
which first published by Bieniawski in 
1976, and its rnodifications in 1989 
(Bieniawski (1989)) suggest guidelines 
for the selection of support in tunnels 
in rock for which the value of RMR has 
been deterrnined. I n  1974, Barton et 
al proposed a Tunnelling Quality Index 
(Q) for the deterrnination of  rock rnass 
characteristics and tunnel support re- 
quirernents, this systern was updated 
by Grirnstad and Barton (1993) to re- 
flect the increasing use of steel fibre 
reinforced sprayed concrete in under- 
ground excavation support. The guide- 
line for geornechanical design of cyclic 
tunnelling (Austrian Society for Geo- 
rnechanic, 2001) considers decisive 
geornechanical factors. All the above 
rnentioned systerns suggest support 
rnethods based only on the ground 
conditions ignoring other factors that 
rnay have a significant weight in choo- 
sing the support rnethod. The introdu- 
ced rnodel takes into consideration the 
rnost irnportant factors that rnay have 
influence on the selection of the sup- 
port rnethods. 

,,Selecting efficient 
support rnethod model." 

The proposed rnodel represents a 
quantitative calculational preselection 
of an efficient tunnel support rnethod 
assisting decision rnakers in the con- 
ceptual phase of the project. 'rhe rnodel 

Table (1): Comparing betwe 

calculates efficiency percentages (EPs) 
of the support methods for controlling 
factors which represent project's tech- 
nical and non-technical conditions. Cal- 
culation of the EP for a support rnethod 
depends on two factors which are the 
efficiency degrees (EDs) of the rnethod 
for the particular controlling factors 
and the irnportance percentages (IPs) 
of  the controlling factors. 
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Controlling factors: Four technical 
factors are used to represent the rnain 
projects' technical conditions which 
control the selection of support rne- 
thods, these factors are ground con- 
ditions, tunnel depth, constructibility, 
and tunnel excavation rnethod (Torna, 
2005). Non-technical factors are cost 
and time. Three rnatrices - tables 
( I ) ,  (2) and (3) - were developed to 
cornbine the controlling factors and 
support rnethods. The rnatrices were 
sent to  tunnel experts working for 35 
construction cornpanies, 28 designers, 
and 12  clients. Tunnel experts of these 
organizations were asked to fill out the 
rnatrices by giving their evaluations for 
the EDs of the support rnethods rela- 
ted to the controlling factors using a 
scale ranging frorn 1 (the worst) to 4 
(the best). According to the scale a 
support rnethod will have "very good" 
ED for the controlling factor when the 
degree is "4" and when the degree is 
"1'; the rnethod will not have sufficient 
efficiency degree to work for the con- 
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Select one o ~ t i o n  for each factor 
Tunnel Span 
q 1.5rn or less 
q 2.0 - 4.0m 
q 5.0 - 6.0m 
o 7.0 - 10.0m 
o over 10m 
RMR value 
0 0 - 2 0  
0 2 1 - 4 0  
q 41  - 60 
q 61 - 80 
q over 80 
q ground is soil 
Select failure reasons (vou can select more than one reason) 
q failure due to weathering 
q failure due to moving water 
q failure due to support corrosion 
q failure due to squeezing and swelling 
q failure due to overstress 
Tunnel depth 
q 30m or less 
q 31 - 50m 
q 51 - lOOm 
q 101 - 500m 
q 501 - lOOOm 
q over lOOOm 
Tunnel cross section ~ r o f i l e  
q circular or mouth profile 
q oval or horseshoe 
q other profiles 
Tunnel excavation method 
q excavator / front shovel / backhoe 
q hand excavation 
q drill & blasting 
q roadheader 
q rnicro-tunnelling machine 
q shield machine 

TBM (open machine) 

Table (4): Technical data of the project 

trolling factor. "4" is the maximum effi- their notes. The ED values in the ave- 
ciency degree used in  the model. Four rage matrices are the average values 
construction companies, two designers of the experts' EDs, the model uses 
and two clients filled out  and returned these average EDs for the calculations 
back the matrices. After collecting the of the support methods' EPs. The user 
data, average rnatrices were developed of the model should feed i t  with tech- 
based on the experts' evaluations and nical data of the particular project to 

Table (5): Form used to assign IDs to the factors 

enable the rnodel in determining which 
ED values will be used for the calcula- 
tions. The form of table (4) is used to 
collect the project technical data which 
are needed for selecting the support 
method. When the user selects the va- 
lues which represent the project condi- 
tions, the model will use the EDs which 
correspond to the project conditions, 
for the calculations. 

Irnportance percentages (IPs) o f  the 
controlling factors: The IPs of the con- 
trolling factors which will be calculated 
in this section represent the relative 
importance of each controlling factor 
compared to the importance of the 
other factors which control the selec- 
tion of the support method. 

The criterion affecting the magni- 
tude of the controlling factor is "how 
much does the factor control the se- 
lection decision of support methods?" 
The user of the model has to answer 
this question when he/she determines 
the importance degree (ID) of each 
controlling factor. The IDs which will 
be determined by the user will be used 
to calculate the IPs of the controlling 
factors. 

The scale of the I D  is between Zero 
and ten where a Zero value indicates 
that the controlling factor is not impor- 
tant for selecting the support method. 
The most important controlling fac- 
tors should be assigned the highest I D  
which is ten. The higher the I D  value 
the higher the role of the controlling 
factor in the selection process. 

The rnodel uses equation (1) to cal- 
culate the IPs of the controlling factors 
using the I D  values which are assigned 
by the user. The user will assign the 
IDs of the controlling factors using the 
form shown in table (5). 

Where: IP, = irnportance percentage of 
factor "i"; 10, = irnportance degree of factor 
"i" which is given by the User of the rnodel; 

n = total nurnber of factors. 

A controlling factor named "Others" 
is added to  the controlling factors. 
This factor represents the factors that 
may have an influence on the selection 
decision of the support method, from 
user's point of view, and these fac- 
tors are not included among the con- 



Weighted efficiency of rnethod "A" t'or controlling factor "i'(W,,> = 
efficiency degree of rnethod "A" for controlling factor "i'(ED,,) * 
importance percentage of controlling factor "i'tIP;) / 100 

i > number of 

T 

Efficiency percentage of rnethod "A'CEP,,) 
= the surn of the weighted efficiencies of 

rnethod "A" for all controlling factors/ total 
efficiency degree(nG 100 

Figure (1): Calculations of support rnethods' efficiency percentages 

trolling factors. I f  the User assigns an 
I D  to this factor in the form of table 
(5) helshe should assign EDs for the 
support methods related to the factor 
"Others". The model will assign the IDs 
of the controlling factors to their sub- 
factors, for example the I D  for ground 
conditions "X I "  will be assigned to 
the "RMR-value" factor and the failure 
modes factors (see table (5)). 

Calculations of  the support methods' 
EPs: Calculation of the EP for any sup- 
port method has two steps. At first, the 
model calculates weighted efficiencies 
of the method for each controlling fac- 
tor by multiplying the IP of the con- 
trolling factor by the ED of the method 
for that controlling factor. Equation (2) 
illustrates how to calculate the weigh- 
ted efficiency of a support method "Au 
for a controlling factor "i", this calcula- 
tion will be repeated "n" times which 
is the number of controlling factors 
for support method "Au (See figure 1). 
The second step of the calculations in- 
cludes dividing the Summation of the 
weighted efficiencies by the rnaxirnurn 
efficiency degree to deterrnine the EP 
of the support rnethod. Equation (3) 
illustrates the second step of the cal- 
culations. When the calculated EP of 
a support rnethod is Zero, this means 
that this support rnethod could not sa- 
tisfy one or more of the project's con- 
trolling factors. The rnodel ranks the 

support methods with non-zero EPs in 
descending order. The following exam- 
ple illustrates the calculation steps. 

Where: " A  = a support rnethod such as 
"Rock bolts", "Shotcrete", or "Forepoling" 

etc.; = the weighted efficiency of support 
rnethod "A" for controlling factor "i"; = 

efficiency degree of support method "Au for 
controlling factor "in; = importance per- 

centage of the controlling factor "i" related 
to the other controlling factors; = the 

rnaxirnurn efficiency degree which is "4"; 

= efficiency percentage of support method 
"A;  i = controlling factors of support 

rnethods; and n = number of controlling 
factors for support rnethods. 

Example: I f  "Au and "B" are two 
support methods and they have the 
EDs shown in table (6) for controlling 
factors "X" and "Y". The maximum ef- 
ficiency degree is "4" and the IPs of 
factors "X" and "Y" are 70% and 30% 

respectively. Calculation of the weigh- 
ted efficiency of  method "A" for con- 
trolling factor "X" is as follows (appli- 
cation of  equation 2): 
- EDAx = 3 (thisvalueisshown in tab. 6), 

and IP, = 70% 
- W, = 3 * 0.7 = 2.1 (this value is the 

weighted efficiency of method 
"A" for factor "X") 

The weighted efficiency of method "Au 
for factor "Y" will be calculated as fol- 
lows: 
- ED„ = 2 (thisvalueisshownin tab. 6), 

and IP, = 30% 

- W„ = 2 * 0.3 = 0.6 (this value is the 
weighted efficiency of method 
" A  for factor "Y") 

The total weighted efficiency of method 
"Au = W„ + W„ = 2.1 + 0.6 = 2.7. The 
Same calculations will be done for me- 
thod "B" (See tab.7). The EP of  method 
"Au = 2.714 * 100 = 67.5O/0, where 
"4" is the maximum efficiency degree 
(application of equation 3). The EP of 
method "B" = 2.614 * 100 = 65%. The 
calculations show that method "An has 
marginally higher efficiency percen- 
tage (EP) than method "B". 

,,Application of the model." 

A computer program was developed 
to facilitate the use of the model. The 
program is written using Visual Ba- 
sic 6 programming language. Data of 
three real projects were used t o  check 
the model validity. Projects that were 
used are "Wienerwald tunnel (Aus- 
tria)", "U212 Taborstraße (Austria)" 
and "Gotthard tunnel - Amsteg section 
lot 252 (Switzerland)". Table (8) shows 
the results of the model compared with 
the support methods that are used re- 
ally in the projects. 

As shown in table (8) the support 
methods which have the highest EPs 
and they are suggested by the model 
for the "Wienerwald tunnel" project, 
and the "U212 Taborstraße" project are 
similar to  the methods that are used 
in the project. There is a difference 
between the results of the model and 
the real case in the "Gotthard tun- 
nel - Amsteg section lot 252"project. 
For this project, the model suggests 
the use of the "Precast concrete seg- 
ments" as the most efhcient rnethod 
for the prolect and the "Sprayed con- 
crete" Comes in the second rank. I n  the 
real project the "Sprayed concrete" is 
used. This difference in results is not 
signihcant taking into consideration 
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