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load test at the location of the boreholes had been performed.  
 
Considering the field and laboratory test results, on the whole, 
the soil of the area is composed of dense sandy gravels and 
dense sand, which both contains silt and clay (GC, GM, SC 
and SM). Sometimes these materials contain 5 to 50 percent of 
fine-grained soils. Moreover, silty and clayey inter layers have 
been observed rarely. Figure 3 illustrates the variation of four 
different soil parameters visualizing in 3D and 2D diagrams. 
 
Excavation Methods 
 
Construction has been performed by different methods i.e., 
Underground excavation, Cut and Cover and Top/Down 
methods in different sections of the project depending on the 
soil overburden and mechanical properties of the soil.At the 
locations with minimum required soil overburden, 
underground excavation method (NATM) has been performed 
(Figure 4). Rest of project has been constructed by either Cut 
& Cover method (where there is no limitation for blocking the 
road; Figure 5) or Top/Down method (where there is 
limitation for blocking the road for some time and 
construction shall be performed with minimum blocking time 

of the road; Figure 6). 
 
 In Cut & cover method stabilization of the trenches has been 
performed by either Nailing (Figure 7) or Bored piling 
method.  Deformations and settlements have been monitored 
during and after construction in order to avoid unpredictable 
deformations and as a result any possiblefailure. 
 

 
 

Fig 4 NATM excavation method in T4 section 
 

 
 

 

 
  

a-1)Variation in Cohesion 
Value of Boreholes(x105Pa) 

b-1)Variation in Friction Angle of 
Boreholes 

c-1)Variation in Young Module of 
Boreholes(x105Pa) 

d-1)Variation in Wet Density Value 
of Boreholes(x103Kg/m3) 

  

a-2)3-D Model  Diagram of 
Cohesion Value(x105Pa) 

b-2) 3-D Model  Diagram of 
Friction Angle 

c-3) 3-D Model  Diagram of 
Young Module(x105Pa) 

d-3) 3-D Model  Diagram of Wet 
Density(x103Kg/m3) 

a-2)Cross Section through 
Tunnel Axis o indicating 

variation of Cohesion 
Value(x105Pa) 

b-2) Cross Section through 
Tunnel Axis indicating variation 

of  Friction Angle 

c-3) Cross Section through 
Tunnel Axis indicating variation 

of  Young Module(x105Pa) 

d-3) Cross Section through Tunnel 
Axis indicating variation of  Wet 

Density(x103Kg/m3) 

 Fig 3 Variation in soil characteristic of the site area 
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Fig 5 Cut & Cover method in T2 section 

 
 

Fig 6 Top/Down method inT4 section 
 

 
 

Fig 7 Nailing at TU Portal area 
 
Instrumentation 
 
Large numbers of surface settlement markers were installed to 
measureground settlements during excavation. Arrays of 
surfacesettlement markers were arranged approximately at 
intervals of30 m along the tunnel alignment. The Wild NA2 
Automatic Engineers’ Level was used for the measurement. It 
permits direct readings to 0.1 mm and estimated readings to 
0.01 mm. 
 
GENERAL APPROACH TO MANAGE UNCERTAINTIES 
OF THE TUNNEL: PART T4 OF THE PROJECT 
 
In this project, a probabilistic hypothetical elasticity modulus 
(PHEM) approach has been used to evaluate the uncertainty in 
the initial lining design of NATM tunnels in soft 
ground.Figure 1 shows the main elements and flow of the 
proposed approach, which used to reliable design of 
tunnels.The approach consists 4 principal elements (Fig 8): 
 

1. 3D modeling of tunnel using time dependent sprayed 

shotcrete 
2. 2D  modeling of tunnel using Time dependent 

hypothetical elasticity modulus    
3. Stochastic model of the system 
4. Monitoring 

 
The stress redistribution and the deformations occurring 
during tunnel face advance can be more properly simulated 
only if 3D numerical models are applied.However, in many 
cases, especially when reliability analysis is considered, 
performing of a 3D model in conjunction with a stochastic 
model to simulate the uncertainty of system is time consuming 
and often impracticable.   
 

 
Fig 8 Concept of PHEM approach 

 
3D tunneling effect can be derived from the comparison 
between 3D model with 2D model.According to (Chang 
1994), a modified empirical exponential model, appropriate 
for both of the 2D and 3D time-dependent finite element 
models, was proposed for this research to model the changing 
of elasticity modulus of the sprayed concrete during the 
construction phases:  
 

7.0,/446.0
28 /062.1 jiT

jij eCREE  (1) 

 
where ijE and ijT  (day) are the elasticity modulus and the 

average age of shotcrete of the parti of lining in phase j of 
excavation process, respectively and 

28E  is the 28-day 

elasticity modulus of concrete. In addition, jCR ,is the 

calibration ratio derived from the comparison between 3D 
model with 2D models(this averagely was equal to 1.25 for T4 
section). 
 
The PHEM approach is based on limit state function, the type 
of limit state (i.e. Service Limit State, Strength Limit State, 
Extreme Limit State, or Fatigue Limit State) should be defined 
to characterize the applied loads. With regard to the case in 
this paper, performance of the initial lining of the tunnel has 
been considered. Accordingly, the loads of the service 
condition have been defined stochastically (Table 1). 
A finite Element analysis was conducted using the ABAQUS 
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random variables. For the Service Limit State, f is 

characterized as(FHWA 2001, Hung et al. 2009): 
 

inXfy   )(     (3) 

 
where

i is the estimated displacement and
n is tolerable 

displacement established by designer. 
 
 

 

 
 

Fig 10 NATM Excavation Stages 
 

Latin Hyper Cube Simulation (LHCS) Results 
 
Performing 1000 LHCS for each model, a set of stratified 
probabilistic distribution function (PDFs) of maximum surface 
settlement was derived for each.  
 
The statistical results indicated that the settlements of the  

model A were in the range between 19mm and 51mm, with 
the mean-value and standard deviation(STD) of 31mm and 
5mm, respectively, whereas the mean-value and STD of the 
outputs of model B were 41mm and 5mm, respectively.  
 
Meanwhile, the maximum of settlements reached a pick-value 
of 58mm; and its minimum value was 31mm. 
 
Stochastic Results 
 
As the results of Monte Carlo simulation (MCS), Figure 11 
shows the surface plots of 5 principle variables of the system 
which were compared two by two versus maximum 
transversal settlement (MINDIS) of two different models. 
 
Regarding the changing trends of variables versus the output, 
it can be seen that the model is more sensitive to the variable 
of the soil as well as active loading, excepting the load of 
building, than the factors depending to the structure. 
 
More investigation in Monte Carlo simulation, not included in 
this paper, shows that the proposed sequential excavation 
method is numerically certain enough throughout the length of 
the tunnel in order to limit the surface settlements induced. 
 
Monitoring Feedbacks 
 
Based on the measurement of settlement pins installed on the 
pavement of road above the tunnel, the monitored transversal 
settlements of surface road during the construction phase are 
illustrated in Figure 13. 
 
Regarding the measured settlement, it is crucial to import that 
none of the cases surveyed have indicated serviceability 
failure. This emphasizes the fact that the construction method 
was safe enough, having adopted by the MCS results. 

 
 
 

2

Table 3 Probabilistic parameters of the system 
Parameter Symbol Mean STD Lower Bound Upper Bound Distribution Unit Variable' s Name 

Soil Parameters Distribution 
Cohesion Csoil 3.12E4 6.21E3 2.7e4 1.19E5 logN Pa CSOIL 
Friction angle φsoil 32.45 1.72 29 35.3 N Degree PHISOIL 
Young’s  
modulus Esoil 8.41E+7 2.90E+7 1.68e7 9.66e7 N 

Pa ESOIL 

Poisson ratio υsoil 0.3 0.03 0.285 0.315 Beta - POSOIL 
Density γsoil 1960 120 1720 2090 N Kg/m3 DENSOIL 

Lining Parameters Distribution 
Density γcon 2400 240   N Kg/m3 DENCON 

Young’s modulus E28= cfE 67.4      Pa ELBEAM 

28-day Compressive 
Strength cf   2.5E7 4E+6 1.4E7  N Pa COMPST 

Poisson ratio υcon
 0.2 0.02 0.18 0.22 Beta - POIBEAM 

Thickness t 0.27 0.03 0.24 0.30 U m TBEAM 
Loading Parameters Distribution 

Road Load LL 30000 7500   N Pa ROADLOAD 
Building Load DL 20000 5000   N Pa BUILLOAD 
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CONCLUSION 
 
The work reported in this paper specifically dealt with 
Amirkabir highway tunnel which is one of the important 
projects excavating below one of the highest traffic region of 
Tehran, including the difficulty of excavating through a 
heterogeneous sedimentary basin mainly composed of recent 
alluvial.  
 
Construction has been performed by different methods i.e., 
Underground excavation, Cut and Cover and Top/Down 
methods in different sections of the project. Deformations and 
settlements have been monitored during and after construction 
in order to avoid unpredictable deformations and as a result 
any possible failure. Using different methods of excavation to 
avoid worse case settlement in different part, a probabilistic 
approach, Monte Carlo simulation algorithm (Latin Hyper 
Cube sampling), has been employed to evaluate the 
uncertainty in lining design of the part T4 of the project.  
 
The MCS results of section T4 showed that regarding 
uncertainties related to the system, the model was more 
sensitive to the variable of the soil as well as active loading 
than the factors depending to the structure and also advance 
rate. 
 

  Model A Model B 
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Figure 11 Surface plots of 5 principle variables of the 

system based on Monte Carlo simulation output 
 

Comparing monitoring data with stochastic outcomes of the 
model demonstrated that the method used in this research to 
simulate the uncertainty of the system gave real judgment on 
the consequences of the excavation phase of the project. On 
the whole, turning to a probabilistic method in design could 
help in predicting the excavation-induced transversal 
settlement, having treated uncertainties related to the 
excavation rate and soil properties. 
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Figure 13 North tunnel longitudinal profile (numbers marked by red circles and blue rectangulars indicate the monitored transversal 

settlements of surface road and the values of overburden in each station, respectively) 
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