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ABSTRACT: In design of a subway tunnel, there is required to have geotechnical data, 
underground water level, etc. It could not determine continues spectrum of soil 
properties align tunnel path and designers should consider properties of some 
geotechnical borehole results to the entire path. To reduce the uncertainties of design of 
tunnel retaining structure, it is required to install an instrumentation system, perform 
field measurements during construction and update the design model. It could also 
optimize the model by back analysis base on field measurement results. 

In this paper, an instrumentation system for a case study of subway NATM tunnel 
located in Tehran, Iran will propose and design model results compare with 
instrumentation field measurement results. Design basic assumptions will update and 
the model will be optimizing by back analysis. Technical and cost effect difference 
between detail design model and optimized model base on field measurement results 
will be discussed. 
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ABSTRACT: In design of a subway tunnel, there is required to have geotechnical data, 
underground water level, etc. It could not determine continues spectrum of soil 
properties align tunnel path and designers should consider properties of some 
geotechnical borehole results to the entire path. To reduce the uncertainties of design of 
tunnel retaining structure, it is required to install an instrumentation system, perform 
field measurements during construction and update the design model. It could also 
optimize the model by back analysis base on field measurement results. 

In this paper, an instrumentation system for a case study of subway NATM tunnel 
located in Tehran, Iran will propose and design model results compare with 
instrumentation field measurement results. Design basic assumptions will update and 
the model will be optimizing by back analysis. Technical and cost effect difference 
between detail design model and optimized model base on field measurement results 
will be discussed. 

1 INTRODUCTION 

The New Austrian Tunneling method (NATM), integrates the principles of the behavior 
of rock masses under load and monitoring the performance of underground construction 
during construction. The NATM is not a set of specific excavation and support 
techniques and has often been referred to as a "design as you go" approach to tunneling 
providing an optimized support based on observed ground conditions but more correctly 
it is a "design as you monitor" approach based on observed convergence and divergence 
in the lining as well as mapping of prevailing rock conditions. 

Detail design and under construction design are two phases of engineering during a 
project. Lots of geotechnical parameters should be considered in detail design of NATM 
tunnel. It is necessary to consider some simplified assumptions in design computer 
models of these tunnels. This will cause some uncertainties such as weakness of tunnel 
initial supports or over designing of the tunnel structural elements.  

To avoid this fact, it is required to update construction drawings based on monitored 
geotechnical properties during construction. These drawings will be updated base on the 
monitoring of tunnel convergence and divergence in under construction design stage. 
The convergences of the tunnels are monitoring by convergence meter and pins which 
installed on initial supports during excavation. The results could support engineers to 
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update detail design models by engineering judgment and back analysis, optimize the 
model and revise construction drawings and executive procedures. 

In this paper a case study of subway NATM tunnel located in Tehran, Iran is presented, 
the field measurement results will be discussed and it will be shown how the engineers 
optimizing and modifying construction drawings. 

2 TUNNEL GENERAL SPECIFICATIONS 

The case study of NATM tunnel which is monitored in this paper is located between 
two subway stations. As could be seen in Fig. 1, maximum depth of this tunnel is about 
9 m from tunnel crest to ground elevation. 

 
Figure 1. NATM tunnel profile between two subway station. 

Tunnel section has 9.6 m width and 8.6 m height. Formwork and Lining of tunnel has 
almost 50 cm thickness. Tunnel was excavated in two parts entitled top and bottom. For 
preventing collapse of initial support after excavation of top part of tunnel, two soil 
berms were remained and excavated with bottom part of tunnel. Fig. 2 shows a typical 
section of NATM tunnel in this case study. 

 

Figure 2. Typical section of NATM tunnel. 

3 INSTRUMENTATION ARRANGEMENT AND READING PROCEDURE 

There are lots of instrumentation systems which could be used for NATM tunnels such 
as borehole extensometers, settlement cells, convergence meters, etc. One of the most 
significant current discussions in instrument selection is to have maximum required data 
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with minimum cost and interface with other contractors. For instance, if one wants to 
select borehole extensometer, he should have exact location of urban utilities for 
avoiding any clash. In many cases As-Is layout of urban utilities are not available. Also, 
since lots of tunnels are located below the streets, he should install and measure these 
instruments in low traffic time like midnights. Therefore, usage of this instrument is not 
applicable in many cases of NATM tunnel. 

One of the most important parameters in tunnel design is to know the settlement at the 
crest of initial supports. Designers compare settlements which extracted from computer 
model with allowable settlements as per guideline instructions. If the field 
measurements show something different from design model, the models will updated by 
real data. The results will cause to propose adjustment of the distance between each two 
initial support (lattice). Therefore, one of the aims of the monitoring is to get in tunnel 
crest settlements.  

Monitoring of tunnel convergence by simple instruments like convergence meters and 
pins is the most practical method in NATM tunneling. This method has minimum cost 
impact and interfaces with excavation execution. Arrangement of convergence pins in a 
typical NATM tunnel section is shown in Fig. 3.  

 
Figure 3. Pins installation arrangement on tunnel section. 

As could be seen in this figure, three pins are installed during tunnel top excavation and 
two pins will be added after excavation of the bottom part. The pins install every 20 to 
60 meters and this is based on filed geotechnical condition. In this case study, the pins 
installed in every 20 and 40 meters. The monitoring of tunnel convergence is an 
alternative process. Table 1 shows measurement procedure of the convergences pins 
during excavation. 

 

Table 1. Measurement procedure of the convergences pins during excavation. 

 

Excavation 
Stage 

Measuring Chord Distance to the Excavation Border (m) 

Top T-L,  T-R,  R-L 0 1 2 3 4 6 8 10 12 16 20 24 

Bottom 
T-L,  T-R,  R-L - 24 16 8 4 2 0 -2 -4 -8 -

24 
- 

T-L1,  T-R1,  R1-
L1 - 24 16 8 4 2 0 - - - - - 
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4 COMPARISON OF DESIGN MODEL AND INSTRUMENTATION 
RESULTS 

The analysis and design of initial supporting of NATM tunnel performed in PLAXIS 
and SAP2000 software respectively. As could be seen from Fig. 1, there is about 9 
meters between crest of the tunnel and ground elevation. As per geotechnical 
investigation, clay soil type was considered in computer model. Initial support elements 
is 31 cm thickness shotcrete and I-section lattice support (IPE180) every 80 centimiters 
as per shown in Fig. 4.  

 

 
Figure 4. Initial support of NATM tunnel (lattice and shotcrete). 

Considering above assumptions, maximum settlement of the tunnel crest is equal to 5 
cm as per computer modeling. This is due to soil gravitational loads which resist by 
initial support. Since the soil characteristics are not constant and varying align tunnel 
profile, it is necessary to control structural deflections during construction by 
monitoring system. If the deflections become more than design model results, it is 
necessary to reduce lattice distance for more safety but if deflections are less than model 
results, lattice distance could increase. This reduces construction cost impact and 
increase construction speed.  

Since lots of collapses occur during top excavation of tunnel s, settlements during top 
excavation is more important than the bottom for analyzing of the tunnel behavior based 
on field measurements. Also, lattices distances determined during top excavation. 
Appendix A1 to A4 shows field measurement results of four monitored sections of the 
tunnel in km 0+557 m., 0+599 m., 2+940 m., 2+960 m. 

As could be seen in table 1, every section of convergence pins should be measured in 
twelve steps. But, some execution problems such as interfaces with construction 
contractors and workers cause these steps could not be done completely. In this case 
study, every section were monitored in about eight steps. Therefore, an interpolation 
line is shown in the appendix A1 to A4 to show tunnel behavior during excavation. 
Interpolation line could be introduced by cbxaxy ++-= 2 . 

This shows that the pin convergence increase just after excavation. Since the most 
effects of convergences should be near excavation border, it is logical to say that by 
increasing of the distance between excavation border and convergence section, the pin 
convergences decrease. This could be seen in the presented field measurement results 
too.   
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As mentioned before, the most important aims of the monitoring of the tunnel structural 
system during construction is to update design model and drawings. From the results of 
field measurement, it could be seen that the maximum convergence of the tunnel initial 
support is about 0.8 cm and 1.1 cm in km 2+960 m. and 0+599 m. respectively. 
Comparing these values with design model result which is 5 cm settlement at tunnel 
crest, it could conclude that actual soil cohesive and friction is more than those 
considered in design model and the actual settlements are considerably less than model 
results. In this case, the distance between lattices increased from 80 cm to maximum 
allowable distance, 110 cm. in conclusion, field measurements deflections changed 
from 0.8 cm in km 2+960 m. to 1.1 cm in km 2+940 m. (see App. A3) and from 1.1 cm 
in km 0+599 m. to 1.6 cm in km 0+557 m. (see App. A1). 

There is semi-strut element on the bottom part of initial support to keep structural 
stability against soil lateral loads. This element could be seen in Fig. 5-a. In some cases, 
soil cohesive and friction is so that the soil is stable without executing semi-strut 
elements (see Fig. 5-b). Under same safety condition, because of the cost and time 
impacts on the project, it is better for contractors to execute as per detail shows in Fig. 
5-b instead of detail presented in Fig. 5-a. Proposing of this change is based on the field 
measurement instrumentation by convergence pins. In this regard, if convergence of the 
R1-L1 pins are negligible, it could be proposed to execute bottom part of the tunnel as 
per Fig. 5-b.  

 
  a-with semi-strut element       b-without semi-strut element 

Figure 5. Lateral support details of NATM tunnel initial support at foundation. 

As could be seen in the appendix A1 to A4, the R1-L1 chord absolute convergence is 
almost negligible in all sections except km 2+960 m. Therefore, the contractor removed 
semi-strut elements in these three sections in about 120 meter length (3×40=120 m) 
until next station of convergence pins. 

5 CONCLUSION 

The aim of the instrumentation in NATM tunnel construction is to ensure about safety 
and also updating of the construction drawings to keep time and cost impacts of the 
project. In this paper a case study of NATM instrumentation system discussed. This 
system was based on installation of convergences pins on tunnel initial supports. The 
length and absolute convergences of the chords were measured as per defined 
procedure. The results show that in some cases it could propose some changes in 
construction drawings. Increasing of the distance between lattices and also removing of 
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the semi-strut elements in some regions was acquired by analysis of instrumentation 
results.  

6 REFERENCES 
Monthly monitoring report of NATM tunnel, 2011. 
Amiri M.M. ,"Proposeing the structural health monitoring system for heritage holly 

golden dome of Iran", 3rd International Workshop on Conservation of Heritage 
Structures Using FRM and SHM (CSHM-3), Ottawa-Gatineau, Canada, 2010.  

http://en.wikipedia.org/wiki/New_Austrian_Tunnelling_method 



����������	�
��	��
�������������
��������	����	�������
���
������������
���������	�� �����������������������
���������������������
	�� ����!"
���
 
 

- 8 - 

Appendix A1.  
Chord length and chord absolute convergence of the pins at km. 0+599 m. of tunnel 

 
T-R1 Chord length   T-R1 Chord Absolute 

convergence 

 

 
T-L1 Chord length               T-L1 Chord Chord Absolute 

convergence 
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R1-L1 Pins distance                     R1-L1 Chord Absolute 
convergence 

Appendix A2.  
Chord length and chord absolute convergence of the pins at km. 0+599 m. of tunnel 

 
T-R1 Chord length   T-R1 Chord Absolute 

convergence 

 
T-L1 Chord length   T-L1 Chord Absolute 

convergence 
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R1-L1 Pins distance               R1-L1 Chord Absolute 
convergence 
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Appendix A3.  
Chord length and chord absolute convergence of the pins at km. 2+940 m. of tunnel 

 
T-R1 Chord length   T-R1 Chord Absolute 

convergence 

 
T-L1 Chord length   T-L1 Chord Absolute 

convergence 

 
R1-L1 Pins distance               R1-L1 Chord Absolute 

convergence 
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Appendix A4.  
Chord length and chord absolute convergence of the pins at km. 2+960 m. of tunnel  

 
T-R1 Chord length   T-R1 Chord Absolute 

convergence 

 
T-L1 Chord length   T-L1 Chord Absolute 

convergence 

 
R1-L1 Pins distance               R1-L1 Chord Absolute 

convergence 
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