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ABSTRACT 
 

Load resistance factor design (LRFD) is a commonly probabilistic-based design approach 
for the structures. LRFD method is established concerning the reliability analysis using a 
rational target reliability index. Selection of the target reliability index is a changeable 
assignment which used as a metric parameter to issuer the safety level of the structures. 
One of the significant infrastructures which required a rational safety factor is tunnels. The 
pivotal contribution of this paper is to perform a reliability analysis to propose the target 
reliability index for the tunnels. To do so, several predesigned tunnels which were 
designed based on the tunnel manual report FHWA-NHI-10-034 (2009) are considered. In 
addition, the load and resistance distributions are collected using available statistical 
models and probability-based procedures. Accordingly, strength limit state is considered 
as the main design limit state. The resulting reliability indices were reviewed and the target 
reliability indices were determined for bending, shear and compression. The obtained 
target reliability indices are expected to be considered by American Association of 
Highway Transportation Officials (AASHTO) to calibrate the existence load resistance 
factors. 
 

Keyword: Target Reliability Index, Load Resistance Factor Design, Safety Factoe, 
probabilistic-Based Design. 

 
 

1. INTRODUCTION 

Probabilistic structural analysis is the sophisticated technique to optimize the structural 
cost and structural performance based on the required safety level. In order to formulate 
the probability structural analysis, we have to consider load and resistance uncertainties, it 
means, instead of using deterministic load and resistance value, it is necessary to utilize 
the statistical parameters of them. 
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The design criteria in the new generation of design codes are based on reliability 
analysis. The important question that has to be answered is “What should be the reliability 
level?” If the considered reliability level is too low, cracking, excessive deflection, or severe 
damage will be occurred. If the given reliability level is too high, structure is going to be too 
expensive, with too much materials and so on. Therefore, there is a need to provide a 
rational justification for selection of the optimum reliability. target reliability selection can be 
classified as follows 

 
A) Methods based on the engineering judgment  

1- Evaluation of the target reliability based on the previous experiences 
2- Estimation of the target reliability base on the other similar catastrophic (Hoshitani 

and Ishii (1986)) 
3- Method based on the deterministic design method (Nagao et al. (2005) and 

Enevoldsen I. and Sørensen (1994))  
 

B) Methods based on the optimization 
4- Method based on the figuring out the required cost to avoid the certain level of 

causalities. (Losada and Benedicto (2005) and Trbojevic (2009)) 
5- Method based on minimization of expected total lifetime cost (Enevoldsen I. and 

Sørensen (1994) and Suh et al. (2010)) 
6- Method based on benefit-cost analysis (Rackwitz (2000) and Rackwitz and Joanni 

(2009)) 
 
The report includes some parts. After the introduction, methodology provides to explain 

the calibration procedure. Modeling of the loads for each load modules in terms of two 
statistical parameters are measured: bias factor, λ, which represents the ratio of mean-to-

nominal and,  , coefficient of variation. Modelings of the resistance are given to assess the 
load carrying capacity in case of moment, shear and compression. Also, the reliability 

analysis is defined to presents a philosophy to how calculate the reliability index,  . 
Reliability indices were calculated for the considered tunnel sections and the results are 
presented in tables in Section 6. For each of the considered tunnel section, the nominal 
load values were taken from Nowak and Collins (2013). For all tunnel segments the 
reliability indices are computed. The reliability indices spectrum was delineated on a 

probability plot to deliberate the best selection for the target reliability index,   .  

2. Methodology 

 

Limit state function is an expression of the boundary between the safe and unsafe 
performance of the given structural elements. A basic form of a limit state function is 

 

      (1) 
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where   is the distribution of the structural resistance,   represents the load distribution. 
If     , is concluded that the loads is over than the structural resistance, which causes 
the failure. Otherwise, the member is safe. 

For tunnels the limit state function more load components should be applied such as the 
water pressure, the horizontal and the vertical earth pressure, the surcharge and etc. The 
limit state function can be established for each given design scenario. For or a circular 
section, the circular structure can be alienated into some slices and the limit state 
functions can be concerned for moment, shear compression. The statistical parameters 
will be determined for each load component and resistance. For each load components, 
we will need to know the cumulative distribution function (CDF). In practice, at least two 
parameters are required:  the mean value and standard deviation. It is convenient to 
actually use two non-dimensional parameters: the bias factor, λ, defined as the ratio of 

mean-to-nominal value and coefficient of variation,  , defined as the ratio of standard 
deviation and the mean. For dead load, live load and earth pressure related loads, the bias 
factors and coefficients of variation can be taken from previous studies (Nowak and Collins 
2013). In consideration of tunnel structures, the load components occur as a combination, 
or simultaneous occurrence. The probability of simultaneous occurrence of extreme load 
values is rather limited. To represent the actual situation, special load combination models 
were developed. These models take into account the fact that when considering load 
combination, some load components take average values. However, some of the load 
components can be correlated (this mean they are not independent of each other), for 
example a horizontal earth pressure on two sides of the tunnel can be almost the same 
(but opposite sign). These correlations require a special approach. Reliability analysis 
procedure will be selected and adjusted for application to the considered tunnel structures. 
Reliability will be calculated in terms of the reliability index (Nowak and Collins 2013 and 
Ghasemi and Nowak (2017)). The approach was developed by the research team in the 
previous studies. The reliability indices will be calculated for the selected representative 
tunnel structures provided by Parsons Brinckerhoff, for the considered design cases and 
limit states. The calculations will be performed for two sets of nominal resistance values. 
The resulting reliability indices will be treated as representative for the current design 
(before calibration). The results will be presented in Tables and graphs. The results will 
serve as a basis for the calibration of the code for tunnels, i.e. selection of the target 
reliability index and then selection of the load and resistance factors. 

  
The results of the reliability analysis will serve as a basis for the selection of the target 

reliability index,   . The next task involves the review of calculation results. It is expected 

that there will be a wide range of   values. Selection of the target depends on several 
considerations. The most important are consequences of failure. This means that if failure 

to satisfy the limit state function (i.e. have      ) is followed by serious consequences, 
then     should be high. For example, in the calibration of ACI 318 (2008),    for columns 
is 4.0, while for beams    is 3.5, because failure of columns is considered more serious 
than failure of beams. Another important consideration is the cost.  
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3. MODELING OF LOAD  

  

The load components for the given circular tunnels consist of the dead load of the tunnels 
known as self weight, the vertical earth pressure, the horizontal earth pressure, the water 
pressure including horizontal and uplift, and the live load for both static and dynamic ones. 
The required modelings for the live load are presented based on the accessible statistical 
data, assessments, test investigations, and the engineering judgment. The load 
components are treated as random variables. Their variations are illustrated by the 
cumulative distribution function (CDF), the mean value and the coefficient of variation. 
Table 1. tabulates the statistical parameters of the loads. 
 
 

Table 1. Statistical Parameters of Load Components (Ghasemi 2014) 

Load Component Bias Factor  COV 

Dead load 1.05 0.10 

Superimposed dead load  1.03 0.08 

Live load 1.25 0.18 

Hydrostatic pressure 0.90 0.15 

Vertical earth pressure 1.00 0.14 

Horizontal earth pressure 0.95 0.15 

Vertical building surcharge load 1.00 0.15 

Horizontal building surcharge load 0.95 0.15 

Horizontal rock load  1.00 0.12 
 

4. MODELING OF RESISTANCE  
  

The structural capacity depends on the resistance parameters of components and 

connections. The component resistance,  , is determined mostly by material strength and 
dimensions.   is a random variable and it can be considered as a product of the following 
parameters (Ellingwood et al. (1980) and Ghasemi et al. (2016a and 2016b)):  

 

             (2) 
                                                                                                           

where   = material factor representing properties such as strength, modulus of 
elasticity, cracking stress, and chemical composition;   = fabrication factor including 
geometry, dimensions, and section modulus;   = analysis factor such as approximate 
method of analysis, idealized stress and strain distribution model. 

 
The variation of resistance has been modeled by tests, simulations, observations of 

existing structures and by engineering judgment. The statistical parameters are developed 
for reinforced concrete slabs and beams (Nowak and Rakoczy (2010 and 2012)). Shear 
resistance is calculated using the modified compression field theory (Ghasemi and Nowak 
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(2016a and 2016b), Nowak and Rakoczy (2012b)). Bias factors and coefficients of 

variation are determined for material factor,  , fabrication factor, F, and analysis factor,  . 
Factors   and   are combined. The parameters of R are calculated as follows: 

 
                (3) 

 

where     = bias factor of R;     = bias factor of FM; and    = bias factor of P, and 
 

     √           (4) 

 

where    = coefficient of variation of  ; VFM = coefficient of variation of   ; and    = 
coefficient of variation of  . Validity of the procedure was checked by comparison of 
parameters (material properties and dimensions), and analytical models, and it was 
concluded that the results are applicable to tunnel structures. Statistical parameter for 
material and dimensions utilized in NCHRP Report 368 was updated using the available 
studies, such as (Nowak and Rakoczy (2012) as shown in Table 2. 

 
 

Table 2: Statistical parameters of resistance based on the Nowak and Rakoczy (2012) for moment and 
shear carrying capacity and Monte Carlo simulation for axial load carrying capacity 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

*
Statistical parameters of the compression were determined using the procedure in Nowak and Rakoczy (2012) 

 
 
 
 
 

Statistical Parameters of 
resistance 

λR VR 

Flexure 1.140 0.080 

Minimum practical shear reinforcement (2#3 bars) 

fc' = 20.7 MPa (3000 psi) 1.26 0.15 

fc' = 27.6 MPa (4000 psi) 1.24 0.145 

fc' = 34.5 MPa (5000 psi) 1.21 0.14 

fc' = 41.4 MPa (6000 psi) 1.19 0.135 

Shear, average shear reinforcement 

fc' = 20.7 MPa (3000 psi) 1.225 0.135 

fc' = 27.6 MPa (4000 psi) 1.225 0.13 

fc' = 34.5 MPa (5000 psi) 1.21 0.125 

fc' = 41.4 MPa (6000 psi) 1.19 0.135 

Axial compressive load* 

fc' = 27.6 MPa (4000 psi) 1.22 0.14 

fc' = 34.5 MPa (5000 psi) 1.18 0.12 

fc' = 41.4 MPa (6000 psi) 1.15 0.11 
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5. CALCULATION OF RELIABILITY INDEX 
 

Limit states are the boundaries between safety and failure. In the considered tunnel 
structures, failure can be defined as inability to carry traffic. Structures can fail in many 
ways, or modes of failure, by cracking, corrosion, excessive deformations, exceeding 
carrying capacity for shear or bending moment, local or overall buckling, and so on. Some 
members fail in a brittle manner, some are more ductile. In the traditional approach, each 
mode of failure is considered separately. There are two types of limit states. Ultimate limit 
states (ULS) are mostly related to the bending capacity, shear capacity and stability. 
Serviceability limit states (SLS) are related to gradual deterioration, user's comfort or 
maintenance costs. The serviceability limit states include fatigue, cracking, deflection or 
vibration. A traditional notion of the safety limit is associated with the ultimate limit states. 
For example, a beam fails if the moment due to loads exceeds the moment carrying 

capacity. Let   represent the resistance (moment carrying capacity) and   represent the 
load effect (total moment applied to the considered beam). Then the corresponding limit 

state function,  , can be written, (see Nowak and Collins (2013)) 
 

       (5) 

 

If      , the structure is safe, otherwise it fails. The probability of failure,   , is equal to, 
 

                                     (6) 
 

Let the probability density function (PDF) of R be    and PDF of   be   . Then let 
     . Z is also a random variable and it represents the safety margin, as shown in 
Fig. 2. In general, limit state function can be a function of many variables (load 
components, influence factors, resistance parameters, material properties, dimensions, 

analysis factors). A direct calculation of    may be very difficult, if not impossible. 
Therefore, it is convenient to measure structural safety in terms of a reliability index. The 

reliability index,  , is defined as a function of   , the calculation procedure of the reliability 
index was described by Nowak and Collins (2013) as follows: 

 

           (7) 

 

where     = inverse standard normal distribution function. Examples of  's and 
corresponding   's are shown in Table 3. 

There are several procedures available for calculation of  . These procedures vary with 
regard to accuracy, required input data and computing effort. The simplest case involves a 

linear limit state function (Eq. 8). If both   and   are independent (in the statistical sense), 
normal random variables, then the reliability index is, 
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√  
    

 
 

(8) 

                                                                                                              
where    = mean of  ,    = mean of  ,    = standard deviation of R and    = 

standard deviation of  . 
  
 

Table 3. Probability of Failure vs. . 

Reliability index β Reliability S ( = 1 - Pf ) Probability of Failure 

0.0 0.50 0.500×10+0 

0.5 0.691 0.309×10+0 

1.0 0.841 0.159×10+0 

1.5 0.933 2 0.668×10-1 

2.0 0.977 2 0.228×10-1 

2.5 0.993 79 0.621×10-2 

3.0 0.998 65 0.135×10-2 

3.5 0.999 767 0.233×10-3 

4.0 0.999 968 3 0.317×10-4 

4.5 0.999 996 60 0.340×10-5 

5.0 0.999 999 713 0.287×10-6 

5.5 0.999 999 981 0 0.190×10-7 

6.0 0.999 999 999 013 0.987×10-9 

6.5 0.999 999 999 959 8 0.402×10-10 

7.0 0.999 999 999 998 72 0.128×10-11 

7.5 0.999 999 999 999 9681 0.319×10-13 

8.0 0.999 999 999 999 999 389 0.611×10-15 

 
 

If both   and   are lognormal random variables, then   can be approximated by 
 

   

   (
  

  
)

√  
    

 

 

(9) 

 
where    is the coefficient of variation of the resistance and    is coefficient of variation 

of loads. A diverse formula is desired of coefficients of variation are higher than 0.2. 
Eq. 12 and 13 require the knowledge of only two parameters for each random variable, 

the mean and standard deviation (or coefficient of variation). Therefore, the formulas 

belong to the second moment methods. If the parameters   and   are not both normal and 
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lognormal, then the formulas give only an approximate value of  . In such a case, the 
reliability index can be calculated using the Rackwitz and Fiessler (1978) procedure, 
sampling techniques or by Monte Carlo simulations. 

 
Reliability Methods used in this Calibration 
The statistical parameters of load and resistance are determined on the basis of the 

available data, simulations and engineering judgment. The techniques used in this study 
include Monte Carlo and the procedure developed by Nowak and et.al (1987). The 
reliability is deliberate in expressions of the reliability index. It is deemed that the total load, 

 , is a normal random variable. The resistance is taken as a lognormal random variable. 
For the specified nominal (design) values of the resistance,   , the considered procedure 

to calculate the reliability index,  , is delineated below. 
 
1. Given:  

 resistance parameters:   ,   ,     
 load parameters:   ,     

 

2. Calculate the mean resistance,         . 
  

3. Assume the design point is             ,  where k is an unknown parameters. 
Take     (initial guess), and calculate              . 

 
4. Value of the cumulative distribution function of R (lognormal), and the probability 

density function of  , for   are, 
 

    
    [(             )   ] (10) 

 

    
    [(             )   ]     

   (11) 

 

Calculate the argument of function   and  , 
 

  (             )    (12) 

 
    5. Calculate the standard deviation and mean of the approximating normal distribution 

of  , at   ,  
 

  
  

 {      }

[
    

      
]

    
  

(13) 

 

  
       

    [    ]          (14) 
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The load,  , is normally distributed, therefore, the mean and standard deviation are    

and   . 

 

6. Calculate the reliability index,  , 
 

  
       

    

√          
 

 
(15) 

                                                                                                            
7. Calculate new design point, 
 

   
  

       
   

√          
 
 

(16) 

  
8. Check if a new design point is not the same as the considered one in step 3. If it was 

the equal value, the calculation of   is accomplished, otherwise, return to step 4 for the 
iteration. In practice, the reliability index can be achieved using a number of cycles of 
iterations. The formula for reliability index is developed in expressions of the known data 
(  ,   ,   ,   ,   ) and parameter  . So, the reliability index can be defined as follows 

 

  
           [           ]    

√[             ]    
 

 
(17) 

 

6. TUNNELS RELIABILITY INDICES  

The selected tunnels are based on the real case of the study which the dimension are 
given as follow 

 
 

Table 4. Dimensions of Selected Structures 

Station Radius 
(ft.) 

Depth to crown 
(ft) 

No. 1 11 60.3 

No. 2 11 60.3 

No. 3 11 71.0 

No. 4 11 54.0 

No. 5 11 68.5 

No. 6 11 65.9 

No. 7 11 65.9 

No. 8 11 68.7 
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Reliability Analysis Procedure for Tunnels 
 
The basic design requirement according to the Tunnel Manual for (2009) is given by 

formula in Eq. 1. The reliability indices are calculated for reinforced concrete slabs and the 
limit states (moment, shear, and compression) described by the representative load 
components and resistance.  

 
For the selected structures, moments, shears, and compression are calculated due to 

applied load. Nominal (design) values can be calculated using the current Tunnel Manual. 
The mean maximum 75 year values of loads are obtained using the statistical parameters 
presented in Table 1. Resistance is calculated in terms of the moment carrying capacity, 
shear capacity, and axial load carrying capacity. For each case, the minimum required 

resistance,     , is calculated as the minimum R which satisfies the design manual. For 
given loads,   , the minimum required resistance,     , according to design manual can 
be calculated as follows, (Nowak and Collins (2013)) 

 

        ∑         (18) 

 

where    are load factors. The load factors specified in the Tunnel Manual are listed in 
Table 5. 

 
 

Table 5. Load Factors Specified in Tunnel Manual 
Load 
Combination 

DC DW EH 
EV 

ES EL LL, 
IM 

WA TU, CR, SH TG 

Min/max Max Min Max Min Max Min Max Min    Max Min  

Strength I 1.25 0.90 1.5 0.65 1.35 0.90 1.5 075 1.00 1.75 1.00 1.20 0.5 0.00 

 
 

In the Tunnel Manual, resistance factor for reinforced concrete is                    
        for shear and                        . The reliability indices are calculated for 
moment, shear and compression. For each considered case, the listed parameters 
include: the mean total load,   , standard deviation of total load,   , nominal (design) 

value of resistance,   , and the reliability index,  . Bias factors for resistance for various 
cases are listed Table 2. 

 
 Reliability Indices for the Considered Tunnels 
 
In order to compute the reliability indices, the tunnels are divided into five segments 

(see Fig 1). It is assumed that each segment is designed to resist the maximum moment, 
shear, and axial load within the considered segment.  
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The nominal resistance is determined using the factored loads, with load factors from 
the Tunnel Manual. Then, using the statistical parameters of load and resistance, the 
reliability indices were calculated for all the cross sections and eight stations listed in Table 
4. For each case, the calculations were performed for three vales of resistance factor: one 
was a taken as specified in the Tunnel Manual, and two other values, one larger by 0.05 
and the other one smaller by 0.05. 

 

 
Fig. 1. Considered segments in the tunnel cross section 

 
The reliability indices for the moment carrying capacity, calculated using the current 

load factors specified in Tunnel Manual, are shown in Fig. 2. 
 

 
Fig. 2. The reliability indices for moment and different values of resistance factor, load 

factors from the Tunnel Manual (2009)  



 

 

-11- 

 

 The reliability indices for the shear carrying capacity, calculated using the current 
load factors specified in Tunnel Manual, are shown in Fig. 3. 

 

 
Fig. 3. The reliability indices for shear and different values of resistance factor, with load 

factors from the Tunnel Manual (2009) 
 
 

 
Fig. 4. The reliability indices for compression and different values of resistance factor, 

with load factors from the Tunnel Manual (2009).Based on the review of the obtained 
reliability indices, the target reliability indices can be selected. Since the considered tunnel 
sections perform adequately, it can be concluded that the acceptable reliability indices can 
be considered at the lower tail of the cumulative distribution function (CDF) in Fig. 2 to 4. 
Therefore, the proposed target reliability indices are as listed in Table 6.  

 



 

 

-12- 

 

Table 6. Proposed Target Reliability 

    

Moment 4.75 

Shear 3.50 

Compression 5.0 

 
 

7. CONCLUSIONS  
This researched was planned to determine the required safety level for the tunnels. In 

doing so, the probability based design approach was considered. One of the probabilities 
metric approaches is the reliability index.  derivation of the target reliability indices and 
corresponding load and resistance factors. In this study, the target reliability index was 
proposed based on the consistency of the obtained reliability indices. For all tunnel 
segments the reliability indices are computed. The reliability indices spectrum was 
delineated on a probability plot to deliberate the best selection for the target reliability 

index,   .  
The selected target reliability indices and corresponding   factors are listed in Table 7 
 

Table 7. Selected Target Reliability Indices and resistance factors 

      

Moment 0.90 4.75 

Shear 0.85 3.50 

Compressi
on 

0.75 5.00 
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