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Three-dimensional probabilistic analysis of the surface settlement based on spatial variability of 

soil properties: case study Zarbalizadeh NATM tunnel 

 

1. Abstract 

Designing and the construction of a tunnel in urban areas has their own specific considerations. Usually, excessive 

settlement caused by tunneling during construction damages the adjacent infrastructures and utilities, especially if the 

tunnel is excavated by the new Austrian tunneling method (NATM). Thus, it’s important to make accurate predictions 

and effective control on tunneling-induced settlement. In this study, the soil’s Young’s modulus was modeled using a 

three-dimensional random field and coupled with a finite difference method (FDM) analysis to reveal the influence of 

scale of fluctuation (SOF) on the maximum surface settlement (Smax). To generate the field of soil’s Young’s modulus, 

the Fourier series method is employed and sensitivity studies are further performed via Monte-Carlo simulations 

(MCS). The results demonstrate both the mean value of Smax and its coefficient of variation (COV) increase from 28 

mm to 31 mm and from 0.02 to 0.35 respectively, with an increasing horizontal SOF but they stabilize at higher values 

of SOF. Furthermore, the probability of failure increases as COV increases for each allowable limit greater than the 

verification FDM of Smax. It is observed that ignoring the spatial variability of soil’s properties leads to an 

underestimate of the risk of excessive surface settlement. 

Keywords: Random field; Spatial variability; Scale of fluctuation; NATM tunnel; surface settlement 

2. Introduction 

The most destructive tunneling impact on the environment is the ground settlement which creates serious problems 

for the existing buildings and structures along the tunnel alignment (Moosavi et al. 2018). Surface settlement during 

tunnel excavation has been specially considered due to potential danger to the adjacent structures, infrastructures, 

establishments, etc. In this regard, the great assessment and real displacement distribution of soil that is the 

fundamental part in programming, designing and utilizing from the urban tunnels (Marinos et al. 2019). However, it 

is possible through considering the uncertainty of soil behavior. In the natural condition, soil is horizontally layered 

by spatial variability at its parameters (Fenton and Griffiths 2005). Soil properties show the severe spatial variations 

due to sedimentary and sedimentation processes (Dasaka and Zhang 2012). Recently, several researchers have 

examined the impact of soil variability on the surface settlement due to tunneling (Mollon et al. 2013). Inspected the 

soil behavior by using one probabilistic method based on three-dimensional limited difference analysis. Parameters 

related to soil properties and the retaining fluid pressures were modeled as random variables and six failure modes 

were presented and analyzed (Miro et al. 2015). All of the aforementioned work have led to improve the perception 

of the uncertainty effect of soil parameters on the ground movements for the sake of tunneling. The characteristic of 

soil variability in the wide range of geotechnical fields was scrutinized by (Cheng et al. 2019a; Griffiths et al. 2006; 

Gui and Chen 2013). The results demonstrate that the deterministic solutions for which soil parameters are set to fixed 

values may vary from the actual performance of geotechnical structures. Uncertainty is caused by different factors 

such as measurement errors, uncertainty in modeling the soil real behavior and intrinsic changes of soil properties in 



both horizontal and vertical directions (Nadim 2007). The studies conducted by different scientists such as (Sivakumar 

Babu and Mukesh 2004; Uzielli et al. 2005; Wei et al. 2005) revealed that the effect of uncertainty caused by intrinsic 

changes in soil properties in two directions of vertical and horizontal governs other factors making uncertainty. In 

1997, Vanmarcke (Vanmarcke 1977) measured three parameters including mean, standard deviation and SOF to 

observe the random behavior of soils in the geotechnical problems. The present research aims to analyze the effect of 

spatial variability of soil properties and its relation with the Smax in NATM tunneling. It is noteworthy that the effect 

of spatial variability of soil properties caused by NATM tunneling has not been remarkably mulled over. Young’s 

modulus have the greatest share in soil deformation among soil parameters (Li et al. 2015; Vanmarcke 2010), and 

therefore in this paper the spatial variability of E was only considered as three-dimensional random fields. As no 

information has been found about the horizontal SOF for its soil, a parametric analysis of SOF has been done to 

measure the surface settlement. The paper is structured as follows: first, the main parameters and functions required 

to generate the random field are explained; second, geological conditions, the excavation method and the support 

systems of the desired tunnel are described; third, the three-dimensional numerical model is created based on the 

project conditions and the model is validated. This is followed by applying a random field to the numerical model; 

Finally, the probability of failure and the reliability index are examined based on the results of the numerical model. 

3. Computational framework 

3.1. Spatial variability of soil properties  

Spatial variability of soil properties is regarded as one of the most significant sources of uncertainty in the geotechnical 

problems for the sake of sedimentary processes and after sedimentation (Zhou et al. 2019). The spatial variability of 

soil properties can be well described in the random field theory framework instead of conventional random variables 

or random processes (Vanmarcke 2010). The SOF is an indicator applied to measure the correlation of the parameter 

and it refers to the distance in which parameters related to soil show more correlation. Notably, out of this behavioral 

range, it reveals a completely random behavior (Jaksa et al. 1997) . In other words, if the distance between the two 

points is less than SOF, the soil properties are highly correlated at these points. If the distance is larger than SOF, the 

correlation is weak. On the other hand, a slight amount of a huge fluctuation displays that the soil properties in the 

large spatial scale are highly correlated with each other. Consequently, a smooth random field is obtained. When the 

SOF value is close to ∞, the randomly generated field becomes more unified. SOF estimation has been extensively 

studied in various papers (Bagińska et al. 2016; Bagińska et al. 2018). On the other hand, the value of the horizontal 

SOF is usually greater than the vertical mode (Cherubini 1997). Generally, some methods have been developed to 

estimate the vertical SOF (depth variability), whereas these methods have not been satisfactorily developed for 

horizontal SOF. Therefore, in the present study, different meaningful values are assumed from SOF in the vertical and 

horizontal directions. Another important point is that the parametric SOF that depends on the intended parameter 

measurement distances and its value should be selected according to the dimensions of the problem (Fenton and 

Griffiths 2002). Young’s modulus is considered as key parameter to make a random field because it has the greatest 

impact on ground settlement among other soil parameters (Phoon and Kulhawy 1999) also, in order to investigate the 

probabilities of a random field, it is necessary to define a statistical distribution corresponding to the geological 



conditions of the region to examine all possible states. Normal and log-normal distributions are the sample of statistical 

distributions that are more compatible with the soil physical sedimentary process. Among the two mentioned 

distributions, log-normal distribution spectrum (0, ∞) is more consistent with the statistical properties of soil 

parameters. Hence, log-normal distribution usually, rather than normal distribution is used in lack of the geological 

data. Therefore, in this study, in order to create spatial variability of Young’s modulus base on a log-normal 

distribution function is used (Huang et al. 2013). 

3.2. Generation of random fields 

A variety of approaches are statistically defined to simulate random fields such as average, variance and SOF, because 

of the lack of field measurements, the following correlation function was employed for the generation of random fields 

in this study (Griffiths and Fenton 2008) 

𝜌(𝜏𝑥 ‚𝜏𝑦 ‚𝜏𝑧) = exp(−2|𝜏𝑥|𝜃𝑥 + −2|𝜏𝑦|𝜃𝑦 + −2|𝜏𝑧|𝜃𝑧 ) (1) 

 

Where the correlation function ρ (τx, τy, τz) = (x2-x1, y2–y1, z2–z1). Parameters θx, θy and θz are SOF in the directions 

x, y and z, respectively. Here, based on one of the pioneering studies (Fenton and Griffiths 2003) random fields that 

model soil strength parameters are obtained by the appropriate transformation of normal random fields if the Young’s 

modulus is assumed to be a log-normal random field Y(x) (where x ∈ D, where D is a three-dimensional domain), the 

transformed field is obtained from a normal random field X(x) by applying the following transformation (Griffiths and 

Fenton 2001) Y(x) = exp(X(x)) (2) 

 

At a specified point x, the probability density function of Y(x) takes the following form (Fenton and Griffiths 2003) 

𝑓(𝑡) = { 1𝑡𝜎𝑙𝑛𝑌√2𝜋 exp {−12 (𝑙𝑛𝑡 − 𝜇𝑙𝑛𝑌𝜎𝑙𝑛𝑌 )2} ‚𝑡 > 00‚𝑡 ≤ 0} (3) 

Where parameters μlnY and σlnY are the mean value and the standard deviation of the underlying normal distribution 

X(x), respectively. The mean value μY and the standard deviation σY of on the log-normal distribution Y(x) are related 

to μlnY and σlnY by 

[Y] = μY = exp (μlnY + 12σlnY2 ) (4) 

σY2 = μY2(exp(σlnY2 ) − 1) (5) 



To consider the range of Young’s modulus, Fenton and Griffiths (Fenton and Griffiths 2003; Griffiths and Fenton 

2008) suggested the following transformation: 

Y(X) = a + 12 (b − a) ⌈1 + tanh(m + sX0(x)2π )⌉ (6) 

 

Where X0 (x) is the standard normal random variable, and m and s are the distribution’s parameters. The Probability 

density function of Y(x) takes the form: 

𝑓(𝑡) = { √𝜋(𝑏 − 𝑎)√2𝑠(𝑡 − 𝑎)(𝑏 − 𝑡) 𝑒𝑥𝑝 {− 12𝑠2 [𝜋 ln (𝑡 − 𝑎𝑏 − 𝑡) − 𝑚]2} ‚𝑡 > 00‚𝑡 ≤ 0} (7) 

 

By means of the third-order Taylor’s expansion, the following approximation can be obtained: 

𝜎𝑌2 ≈ 14 (𝑎 − 𝑏)2 𝑠24𝜋2 + 𝑠2 (8) 

4. Project Overview 

The Zarbalizadeh underpass project in Tehran has been considered to pass through the corridor subway- railway and 

join Zarabalizadeh street to Maddah street. Moreover, this underpass is located between the south terminal subway 

station and Khazaneh subway station. The purpose of executing this project in district 16 of Tehran is to connect the 

eastern- western parts between two urban areas. In fact, it reduces the traffic and time of commuting in this crowded 

district. The Zarbalizadeh underpass project is an urban tunnel located in the south of Tehran with an average over-

burden height of 3.5m, excavation width of 14.14m and height of 11.55m, respectively. This tunnel with a total length 

of 44m consists of a multi-arc section and was excavated by the NATM method. The analysis and design of this 

project was based on reliable references such as: FHWA-NHI-10-034, FHWA-NJ-2005-002, AASHTO, ACI 318-05 

and the international tunneling and underground space association (ITA) Guidelines for the design of Tunnels. It 

should be noted that the project was recognized in 2018 by ITA in China as the world's leading tunnel projects (in the 

section of tunnel projects with a credit of less than 50 million euros). Fig. 1 shows the situation of the project site and 

Fig. 2 illustrates the cross-section and longitudinal profile of Zarbalizadeh tunnel. 

 

Fig. 1  

Fig. 2  

 

4.1. The geological engineering conditions  

The soil layers of the tunnel route (Table 1) are divided into three main units of engineering geology (Karamniayi and 

Dehghan 2019) according to the studies (field works, laboratory and field experiments, borehole drilling, hand sumps). 



Fig. 3 features out the longitudinal geological profile of tunnel route. As indicated in Fig. 3, the dominant soil in the 

tunnel route is D2-1. Thus, the soil properties in this area are used for the numerical analysis. According to studies, 

the underground water is relatively deep, and the Zarbalizadeh underpass is located above it.  

Table 1  

 Fig. 3  

 

4.2. Excavation method 

Tunnel design and construction requires the use of appropriate techniques and technologies during all phases of a 

tunnel project. One of the popular methods for tunnel design and construction in urban areas is NATM (Taromi et al. 

2017). In this method, generally, the total cross-section area is divided into smaller parts and the construction activities 

are followed in different aspects with certain steps and distances in order to damage lower excavating space (He et al. 

2019). Experts have presented different patterns for excavating using such methods (Karamniayi and Dehghan 2019). 

The most common pattern of this type is a side drift method (which is known as goat horns in Iran). Zarbalizadeh 

tunnel has been excavated by side drift method. Fig. 4 shows the tunnel excavating sequence which has been applied 

to this tunnel. The excavation starts from gallery No.1 and when the excavation length reaches 4m, the excavation of 

gallery 2 begins. When the excavation of gallery 1 and 2 reached 8m and 4m, respectively, the excavation of gallery 

3 is initiated. The process of excavation of galleries in the eastern and western portals is simultaneously done so that 

the upper part of the tunnel (including galleries 1 to 3) is completely excavated. The excavation of the lower part of 

the tunnel (which includes galleries 4 to 6) is the same as the excavation trend of the upper part. The excavation of all 

galleries almost finishes in the middle of the tunnel axis. 

Fig. 4  

 

4.3. Support systems 

The support systems used in this tunnel include pre-support systems and main support systems. 

4.3.1. Pre-support system 

A. Progressive beam: The very small cross-section tunnels (micro tunnel) with a height of 140 cm, width of 75 

cm and length 44 m are performed before tunnel excavation and They are reinforced by concrete and steel 

reinforcement cage (Fig. 5a). 

B. Fore-poling: Manisman pipes with external diameter of 76 mm, thickness of 4 mm, length 8m and the angle 

of 8° to the tunnel axis with the transverse intervals of 0.5cm and the longitudinal interval of 2m have been 

considered. Forepooling is simultaneously performed with the excavation of the upper galleries (galleries 1 to 

3) with a transverse distance of 0.5m and a longitudinal distance of 2m from each other, and its angle to the 

tunnel axis is 8 degrees. (Fig. 5b). 

Fig. 5c shows the location of the progressive beams and fore-poling pre-support system in the tunnel cross-section. 



Fig. 5 a Dimension of progressive beam b Fore-poling properties c Location of the pre-support systems 

 

4.3.2. Main support system 

A. Composite support system: this system comprises a permanent and temporary support. The permanent 

support includes lattice girders 3 bars (steel type AIII (φ=20,28)), shotcrete and two layers of wire mesh. The 

longitudinal distance of the main supports from each other is 1m. The temporary support includes lattice girders 

3 bars (steel type AIII (φ=18,25)), shotcrete and two layers of wire mesh. Longitudinal distance of temporary 

supports from each other is 1m (Fig. 6a). 

B. Lining: The concrete with compressive strength equal 300 kg/cm and rebar AIII with yield Strength equal 

4000 kg/cm2 is considered for designing the lining structure. Moreover, the thickness of lining section is 50 

cm in the final designing (Fig. 6b). 

 

Fig. 6  

5. Numerical modeling 

For three-dimensional modeling of Zarbalizadeh tunnel, a model with appropriate grouping (according to the 

arrangement and sequence of tunnel excavation (Fig. 4)) and 407968 zones were created (Fig. 7a and Fig. 8a). The 

dimensions of the model 90 × 44 × 35 were selected to ensure that there are no obvious boundary effects. (Fig. 7b). A 

uniform load of 93.5Kpa (Karamniayi and Dehghan 2019) is applied along the direction of the railways on the model 

(the load caused by the train passing). The in-situ stresses are considered as gravity and the ratio of the horizontal 

stress of the vertical stress (K0) is based on Jaky’s formula (Jaky 1948). The failure criterion assumed in these analyses 

was the Mohr–Coulomb criterion. Pre-support systems of progressive beam and fore-poling are equalized by the pile 

element. The composite support system (wire mesh, shotcrete and lattice girder) is equalized like equivalent section 

and by the shell element. Lastly, the final lining and the impact range of fore-poling grout (soilcrete) are equalized by 

volumetric elements (Fig. 8b). 

 

Fig. 7  

Fig. 8  

The steps of modeling are the following: 1) Creating gravitational stresses and assigning constant soil properties to 

the model (Table 2), applying surface load caused by passing trains and then running the model until it reaches the 

equilibrium 2) installing pre-support systems (progressive beam, fore-poling and soilcrete zones) and applying their 

properties (Tables 2 and 3), excavation side wall drifts according to the pattern of Figure 4 from both sides of model 

(excavation steps are 1 m) and running the model until it reaches the equilibrium 3) excavating Side wall drifts 

according to pattern of Figure 4 from both sides of model, Installing composite support systems (permanent and 

temporary) and applying their properties (Table 4) one meter backward from the working face, the fore-poling is 

reinstalled when the distance between the working face of each drifts 1 to 3 from each portal is equal to the even 



number and running the model again until it reaches the equilibrium 4) repeating step 3 until a complete excavation 

by the model. Afterwards, the temporary support system is removed, and the final lining and its properties are installed 

and applied respectively (Table 2). The excavation of the tunnel is simulated by using a stress reduction method to 

account for the delayed installation of the tunnel lining and the load sharing between ground and lining (Möller 2006). 

Table 2. 

Table 3 

 

Table 4 

 

5.1. Verification of the numerical model 

Prior to the main analysis, the numerical model was developed and verified based on the data measured from the 

Zarbalizadeh underpass project. In this project, a monitoring system was designed and implemented to detect the 

ground behavior and the support system behavior. Surface settlement was monitored by settlement point using leveling 

instruments. Fig. 9 shows the schematic monitoring section of the Zarbalizadeh tunnel route. Moreover, Fig. 10 shows 

the results of the measured data at a distance of 16 m from the eastern portal. Also Fig. 11 shows the contour of the 

vertical displacement in the verified Three-dimensional FDM. According to Figures 12a and 12b, the Smax of numerical 

analysis and field measuring is 28.6 mm and 30.9 mm respectively. The result indicates a good compliance between 

the numerical results and the field measurement data (a difference of approximately 5% was identified). Therefore, it 

could be concluded that the numerical model is verified and simulations could be carried out on the developed model. 

 Fig. 9  
Fig. 10  

Fig. 11  

Fig. 12. 

 

The longitudinal profile of the Smax is also obtained by extracting the maximum Z_displacement values along the Y 

axis from the numerical model. The symmetry in the middle of the curve is due to the tunnel simultaneous excavation 

from eastern & western portal and completing the excavation of all side drifts in the middle part of the tunnel. 

5.2. Random finite difference analysis  

To generate a random field by the spatial variability of Young's modulus, the log-normal distribution (see Section 3-

2) is adopted to characterize the variability of the Young’s modulus with its mean Es = 27MPa, and COVE = 0. 2 in 

this research. Then, the coordinate center of all FDM zones is extracted to allocate the created random field in the 

numerical model. Consequently, the specifications of the center of all the zones of the model are extracted to allocate 

the created random field to the numerical model. Some hypotheses are considered to facilitate the process of creating 

a random field: 1) regarding the long calculation time, the vertical SOF is assumed to be one meter (ϴz). Since the 

value of the horizontal SOF hasn’t been considered, some typical values of horizontal SOF have been assumed as 

presumption; 2) During the analysis process, it is assumed that both horizontal SOFs (ϴX, ϴY) are equal (Kawa and 

Puła 2019); 3) All soil properties are considered constant and only the soil Young’s modulus has a log-normal 



distribution. As the value of the SOF and the type of statistical distribution of the Young’s modules are determined, it 

is necessary to change these two parameters within the permissible range of their domain. For this purpose, the MCS 

is used because it has the advantage of robustness and conceptual simplicity. It should be pointed out that if MCS 

methods and numerical methods (specially the three-dimensional numerical method) are used and integrated with one 

another, we will have a time-consuming and complex analysis. Seven different values are examined for horizontal 

SOFs (2, 5, 10, 20, 40, 60, 100 m) and the elastic module is changed as much as 1000 times by MCS for each horizontal 

SOF. In other words, 7000 simulations are performed and 7000 numerical models are executed. Due to the time 

duration of 7 to 10 min, it took two months to perform the numerical model for each simulation by laptop with 

specifications including 16 Giga byte memory, a CPU Intel Core i7 processor and the frequency of 3.8GHz in order 

to conduct this high volume of calculation. 

6. The Effects of random field 

As mentioned in the previous section, N=1000 of MCS are performed for each SOF. Based on the data collected in 

each MCS, mean and the COV of Smax were calculated along the tunnel axis. The variation of both the mean value 

and the COV of Smax consistently grows with increasing SOF but these soon stabilize for higher values of SOF (Figs. 

13a and 13b). On the other hand, the change in COV is quite significant. Its value increases from 0.01 to 0.34. Thus, 

it indicates that in case the spatial variability is ignored, the risk of the permissible excessive settlement will not be 

taken into account in the designing calculations. Fig. 13b also shows the COV of Smax will tend to a straight line when 

SOF becomes more than 2.8D (W is the width of the tunnel (the reason is that, the induced stresses caused by tunneling 

is rapidly reduced in the main effective area of the tunnel (Gong et al. 2014).  

  

 

Fig. 13 

. 

 

Fig. 14a illustrates the value of the vertical displacement along the tunnel axis with the horizontal SOF of 100 m for 

1000 MCS. As observed in Fig. 14b, the value of the surface settlement varies in the range of 6 mm to 83 mm. 

Fig. 14  

Another effect of the random field is the asymmetry of the surface settlement both in the cross- section and in the 

longitudinal profile of the tunnel. When a region with low strength takes place in the influenced zone (Fig. 15a), the 

surface settlement becomes asymmetric around the tunnel axis (Fig. 15b). In other words, the situation of the Smax is 

deviated from the tunnel axis (Figure 15c and 15d). Obviously, outside the range of influence due to tunnel 

excavation, the existence of a low strength region will not affect the distribution pattern of the surface deformation.  

Fig. 15  



7. Evaluation of the Probability of Failure 

For tunneling in urban areas, the allowable limit (Slim) of Smax as key parameter should be specified. The selection of 

the Slim is an important problem because it has a significant effect on the stability of the tunnel and detrimental 

influence on adjacent structures. Hence it is necessary to investigate the probability of failure for Smax exceeding the 

Slim. It should be noted that, for the sake of clarity, the term "probability of failure" is defined as (Pf). In this analysis, 

the probability of failure was defined as (Cheng et al. 2019a; Cheng et al. 2019b) 

𝑃𝑓 = 𝑁𝑓𝑁 × 100% (9) 

 

Where N = number of realizations; Nf = number of Smax exceeding the Slim in N realizations (in this study, the value 

of N was set to 1000). As shown in Fig. 16, the Slim of Smax increases for all levels of COV of soil Young’s modulus. 

Likewise, increases in COV leads to decreases in the probability of failure for the Slim smaller than the FDM 

verification results. However, the probability of failure increases as COV increases for each Slim greater than the FDM 

verification results. Therefore, the negligence of the variability of soil Young’s modulus in the probabilistic analysis 

of the surface settlement can lead to an underestimation of the probability of failure. 

 

Fig. 16  

8. The Evaluation of the reliability index 

The reliability index (β) of not exceeding the surface settlement can be computed as (Griffiths and Fenton 2008) 

𝛽 = 𝛷−1(1 − 𝑃𝑓) (10) 

Where Φ is the cumulative distribution function of one dimensional standard normal distribution and Pf is the 

probability of exceedance. If Slim = 40 mm, the obtained reliability index for all COV is in accordance with Table 5. 

Therefore, the lowest value of reliability index is related to the larger mean value and the highest Pf value. 

Table 5  

 
Conclusively, as the COV is increased, the reliability index will be decreased. 

9. Conclusions 

The present paper has scrutinized the effect of spatial variability of soil Young’s module on Smax caused by tunneling 

using the NATM. The research findings are summarized as below: 

For statistical analysis of the random field of NATM tunnels, it is better to use a three-dimensional modeling rather 

than a two-dimensional one. As shown in Section 5, the problem of asymmetry of the surface settlement is evident 



both in the cross-section and in the longitudinal profile of the tunnel. Therefore, the use of two-dimensional methods 

cannot provide a comprehensive analysis of the surface settlement conditions. 

The mean values of Smax in the random analysis are approximately equal to the Smax obtained from the numerical 

model in the deterministic mode (the correlation value of parameter E is increased and gets closer to the deterministic 

condition through enhancing the SOF). Nevertheless, the COV of Smax is significantly increased. Hence, ignoring the 

spatial variability can lead to the dangerous underestimation of the risk of excessive settlement. 

Regarding to the relationship between the probability of failure and the permitted surface settlement, there is the fact 

that ignoring the variability of the soil’s Young’s modulus causes to ignore the failure probability up to 50%. Indeed, 

it remarkably affects the design of the method implementation and the choice of the type of support systems. 
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Table 1 Geotechnical properties of soil layers. 

 

Table 2 Volumetric elements properties used in modelling. 

 

Table 3 Pre-support systems properties used in modelling. 

 

Table 4 Composite support systems properties used in modelling. 

 

Table 5 The reliability index for different values of Pf when Slim = 40 mm  

 

 

Consolidation 

(kg/cm2) 

Unit weight 

γ (g/cm3) 
Poisson’s 

Ratio 

Elastic modulus 

E (kg/cm2) 

Friction angle 

Φ (deg) 
Cohesion 

C (kg/cm2) 
Type 

Pc Cs Cc Sat Wet Dry   cuφ ’φ Ccu C’  

3-3.5 0.03-0.04 0.2-0.3 1.85+0.1 1.80+0.1 1.65±0.1 0.30 260±50 20±2 27±2 0.42±0.1 0.32±0.1 D2-2 

2-2.5 0.03-0.04 0.1-0.2 1.85+0.1 1.80+0.1 1.60±0.1 0.30 280±50 21±2 28±2 0.36±0.1 0.30±0.1 D2-1 

2.8-3.2 0.02-0.03 0.2-0.3 1.85+0.1 1.80+0.1 1.65±0.1 0.32 300±50 23±2 30±2 0.30±0.1 0.31±0.1 D1-2 

2.5-3.5 0.025-0.035 0.15-0.25 1.90±0.1 1.85±0.1 1.70±0.1 0.31 520±50 25±2 34±2 0.25±0.1 0.20±0.1 C1 

- - - 1.95±0.1 1.90±0.1 1.80±0.1 0.31 600±50 30±2 35±2 0.20±0.1 0.12±0.1 B 

Thickness 

d (cm) 

Young’s 
modulus 

E(GPa) 

Poisson’s 
ratio 

ν 

Unit 

weight 

(Kg/m3) 

Cohesion 

C (Kpa) 

Friction angel 

φ (0) 
volumetric 

element type 

- 0.275 0.3 1600 29.5 28 Soil 

- 2.6 0.25 2300 4200 35 Soilcrete 

50 20 0.2 2400 - - Lining 

Young’s 
modulus 

E(GPa) 

Poisson’s 
ratio 

ν 

cross-

sectional area 

A(m2) 

exposed 

perimeter 

P (m) 

Iy (m4) Iz (m4) polar 

moment of 

inertia 

 J (m4) 

Pre-support 

system type 

30 

200 

0.3 

0.3 

0.854 

0.0045 

3.532 

0.2388 

0.1052 

0.0190 

0.0331 

0.0190 

0.0421 

0.00 

Progressive beam 

Fore-poling 

Young’s modulus 

E(GPa) 

Poisson’s ratio 
ν 

Thickness 

d (cm) 

Composite support 

system type 

15 0.3 30 Permanent support 

10 0.25 25 Temporary support 

Mean (mm) SD (mm) Pf (%) β 

28.58 0.011 0.1 3.09 

29.31 0.145 9.4 1.31 

29.86 0.226 14.7 1.04 

30.12 0.275 20.5 0.82 

30.45 0.318 19.2 0.87 

30.81 0.337 21.7 0.78 

30.84 0.324 21.2 0.79 



 

Fig. 1 A plan of Zarbalizadeh tunnel project in urban area in Tehran, Iran. 

 

(a) 
 

(b) 

Fig. 2 a Longitudinal profile b Cross section of Zarbalizadeh tunnel. 

 

 
Fig. 3 Longitudinal geological profile of tunnel route 

 



 
Fig. 4 Arrangement and sequence of Zarbalizadeh tunnel by side drifts method 

 

 
(c) 

 

 

 
 

 

 

 

(b) 
 

(a) 

Fig. 5 a Dimension of progressive beam b Fore-poling properties c Location of the pre-support systems 

 

Fig. 6 a Composite support system b Lining 

 
(b)  

(a) 



 
 

(b) 

 

 
 

 
(a) 

Fig. 7 Finite difference model a Grouping and dimensions of tunnel in numerical model b The numerical model 

boundaries.  

 

 
(b) 

 
(a) 

Fig. 8 a The arrangement and sequence of tunnel excavation in numerical model b The composite and pre-support 

systems 

 

 
 Fig. 9 A typical instrumentation array for tunnel cross section. 

 



 
Fig. 10 Surface settlement trough obtained from field measuring in Zarbalizadeh tunnel. 

 

Fig. 11 The verification of numerical model (contour of Z_displacement) 
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Fig. 12 The verification of numerical model a The verification results of the settlement trough estimated by FDM 
results and measured data b The maximum surface settlement along the Y axis. 

 

(a) (b) 
 

 

Fig. 13 Variation of maximum surface settlement (Smax) statistics with SOF in  

random fields: a Mean of Smax; b COV of Smax . 
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Fig. 14 Effects of random field on surface vertical displacement when ϴX, ϴY=100 m a,b Surface settlements based on 

1000 runs of MCS c,d Maximum and mini values of surface settlements based on 1000 runs of MCS 

 

 
(b) 

 
(a)  

 
(d) 

 
(c) 

Fig. 15 The Effects of random field when 
𝜽𝑿 𝑫⁄ = 𝟎. 𝟕  a Spatial variability of young’s modulus  b Contour of 

z_displacement  c,d The surface settlement in cross section and longitudinal profile. 
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Fig. 16 Probability of failure of the maximal surface settlement exceeding the allowable limit (Slim) for various 

coefficients of variation 
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