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ABSTRACT 

DEVELOPMENT OF CUSTOM LOAD AND RESISTANCE FACTORS 

FOR DESIGN OF REINFORCED CONCRETE STRUCTURES 

 

ELOSTA, Ibrahim 

M.S., Civil Engineering Department 

Supervisor: Asst. Prof. Dr. Halit Cenan MERTOL 

July 2021, 83 pages 

 

The load and resistance factors used nowadays in the design of reinforced concrete 

structures were developed before this century. Using these factors from the past 

significantly penalizes the design of reinforced concrete structures constructed using 

materials having better quality control and loads having better predictions of 

occurrences today. The purpose of this study was to develop a tool that determined the 

load and resistance factors depending on the statistical data (bias and covariance) 

related to current materials (concrete and steel) and current prediction of loads (dead, 

live, etc.) and the target reliability index. The First Order Second Moment (FOSM) 

and Monte Carlo Simulation (MSC) were the methods used as the structural reliability 

models. The first method was used to determine the resistance parameters for different 

failure modes. These resistance parameters (biases and covariances) were calculated 

using 20 million random variables using MCS Method to determine reliability index 

values. Finally, a program using Microsoft Excel Software was developed to determine 

custom load and resistance factors to design reinforced concrete members. Based on 

the input date for biases and covariances of resistance, dead, and live loads; failure 

modes of the beams and column members; and the target reliability index, the 

produced program selects custom load factors for your project.     

 

Keywords: Reliability, Load and Resistance Factors, Reliability Index, Safety Level, 

Monte Carlo Simulation, First Order Second Moment. 
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ÖZ 

BETONARME YAPILARIN TASARIMI İÇİN ÖZEL YÜK VE DİRENÇ 

KATSAYILARININ GELİŞTİRİLMESİ 

 

ELOSTA, Ibrahim 

Yüksek Lisans, İnşaat Mühendisliği Bölümü 

Danışman: Dr. Öğr. Üyesi Halit Cenan MERTOL 

Temmuz 2021, 83 pages 

 

Betonarme yapıların tasarımında kullanılan mevcut yük ve direnç (dayanım) 

katsayıları bu yüzyıldan önce geliştirilmiştir. Geçmişten gelen bu katsayıların 

kullanılması, daha iyi kalite kontrolüne sahip malzemeler ve daha iyi tahminlere sahip 

yükler kullanılarak inşa edilen betonarme yapıların tasarımını günümüzde önemli 

ölçüde cezalandırmaktadır. Bu çalışmanın amacı, mevcut malzemeler (beton ve çelik) 

ile ilgili istatistiksel verileri (bias ve kovaryans) ve yük tahminlerini (ölü, canlı vb.) 

kullanarak istenilen hedef güvenilirlik endeksine göre yük ve dayanım (direnç) 

katsayılarını belirleyen bir araç geliştirmektir. Birinci Derece İkinci Moment Moment 

(BDİM) ve Monte Carlo Simülasyonu (MSC) yapısal güvenilirlik modelleri olarak 

kullanılan yöntemlerdir. Farklı göçme modları için direnç (dayanım) parametrelerini 

belirlemek için ilk yöntem kullanılmıştır. Bu direnç parametreleri güvenilirlik indeksi 

değerlerini belirlemek için MCS Metodu kullanılarak 20 milyon rastgele değişken 

kullanılarak hesaplanmıştır. Son olarak, betonarme elemanlar tasarlamak için özel yük 

ve direnç katsayılarını belirlemek için Microsoft Excel Yazılımı kullanılarak bir 

program geliştirilmiştir. Bu programı kullanılarak, direnç (dayanım), zati ve hareketli 

yük verileri kullanılarak  kiriş ve kolon elemanlarının göçme modlarına ve hedef 

güvenilirlik indekslerine göre, kendi projeniz için özel yük katsayıları 

seçilebilmektedir. 

 

Anahtar Kelimeler: Güvenilirlik, Yük ve Direnç (Dayanım) Katsayıları, Güvenilirlik 

İndeksi, Güvenlik Seviyesi, Monte Carlo Simülasyonu, Birinci Dereceden İkinci 

Moment. 
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CHAPTER 1 

1 INTRODUCTION 

1.1 Background Information 

The main priority in the design of civil engineering structures is to provide a structure 

that is safe, serviceable, and economical. These features are the main foundation for a 

structural engineer when it comes to the design of any structure. To achieve safe, 

serviceable and economical designs, a safety requirement shall be integrated in 

engineering designs based on the risks associated against failure.  

 

Limit State Design (LSD), may also be named as Load and Resistance Factor Design 

(LRFD), is a method used in design of structures. When this stage is reached, the 

structure is on the limit of becoming unsuitable for the use and it is the condition 

immediately before the collapse. During the LSD approach, all loads that are expected 

to occur during the life time of a structure are evaluated. 

 

By using a combination of the LSD and a probabilistic approach, the LRFD considers 

the uncertainty of the parameters related to load and resistance. Serviceability Limit 

State (SLS) and Ultimate Limit State (ULS) are the two types of limit state design [1]. 

The SLS is concerned with functional use of the structure under normal service loads, 

while the ULS is related to the design for the safety of the structure which may include 

the failure or collapse of a structural system [1]. This occurs when the load effects on 

the structure are equal to or greater than the resistance of structure. Therefore, the ULS 

must be identified and prevented. 

 

For safety measures, LRFD tries to keep the probability of failure from exceeding the 

allowable safety level (i.e., at target reliability). The LSD framework is used to explain 

LRFD, by analyzing the ULS using some partial factors on resistance and load. The 

partial factors for the load and the resistance are computed based on their uncertainties. 
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Design codes provide safe and economical guidance in engineering designs. They 

provide a probabilistic approach in design, due to the shortcomings of the deterministic 

approach in solving structural safety issues. Since the design of structures needs to be 

performed in the presence of some uncertainties, a probabilistic approach is used to 

identify these uncertainties for safety purposes. 

 

The reliability of the structure is determined by comparing the impact of the load with 

the effect of the resistance for structural elements such as beams, columns, etc. In a 

probabilistic approach the load and resistance parameters are considered as random 

variables and safety is determined using an acceptable reliability index. The reliability 

index is an indicator for the probability of safety of the structure. The higher the 

reliability index, the lower the probability of failure. The reliability of the entire 

structure is calculated by adding the reliability of all the individual structural members.  

 

 To calibrate and develop new load and resistance factors, different potential failure 

modes shall be taken into consideration for each of the failure mode. Ratio of mean to 

nominal value, called as bias, and total uncertainties (covariance) are considered to 

calculate the reliability index. The amount by which the prediction (adjusted for all 

data sets) varies from the anticipated regression function is indicated by bias. 

Covariance is a measure of how much specific data sets diverge from the average. Low 

bias and low covariance results in the best estimate whereas high bias and high 

covariance results in the worst estimate. A graphical definition of bias and covariance 

is shown in Figure 1-1.    

 

 

 

 

 

 

 

 

Figure 1-1 – Definition of Bias and Covariance  
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1.2 Problem Statement 

The safe and economical design of buildings require an understanding of the factors 

applied for loads (dead, live, etc.) and resistance and their uncertainties. As a result, 

this goal may be achieved by defining the most effective design factors and using risk-

based design methodologies. It is critical to reduce or increase the level of design safety 

(reliability index). For instance, the safety level of a nuclear power plant must be 

greater than that of a regular structure since the effect of failure of each will produce 

different levels of hazards.  

 

The design codes such as ACI 318 (2019) [2] and Turkish Building Code, TS 500 

(2000) [3] are using the probabilistic data related to the reliability index based on the 

material strength such as compressive strength of concrete and yield/ultimate strength 

of steel. Various sources of uncertainties associated with load and resistance 

parameters were investigated and quantified using reliability method in Turkey and 

worldwide. The proposed criteria and the resulting load and resistance factors 

produced a rational basis that reflected the effects of uncertainties directly on designs. 

 

1.3 Purpose of Study 

The strength of material for concrete can vary through the years due to the 

development of technology and adequacy of production of the machines from 

industries and yield strength of steel can vary from different factories which will be 

used in reinforced concrete buildings.  

 

The load and resistance factors used nowadays in the design of reinforced concrete 

structures were developed before this century. The quality control on the materials 

nowadays is much better compared to that of 50 years ago. Furthermore, the loads on 

the structures can be predicted much better than the predictions performed 50 years 

ago. Using these factors from the past significantly penalizes the design of reinforced 

concrete structures constructed using materials having better quality control and loads 

having better predictions of occurrences today.    
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The purpose of this study was to develop a tool that determined the load and resistance 

factors depending on the statistical data (bias and covariance) related to current 

materials (concrete and steel) and current prediction of loads (dead, live, etc.) and the 

target reliability index. Initially for a reinforced concrete structure, beams and columns 

having various dimensions and reinforcement configurations were analyzed for 

various resistance factors and for different failure modes. These results were compared 

to the load effects resulting from various factors and combinations of dead and live 

loads. The reliability index for each comparison was calculated to evaluate the effects 

of load and resistance factors on the variation of safety (reliability index).  

 

A program was developed to automatically calculate these parameters using Visual 

Basic for Applications. In addition, this program could calculate a set of load and 

resistance factors for the design of reinforced concrete structural elements such as 

beams and columns under different failure mode using probabilistic approaches and 

by taking the effects of uncertainty which are related to material properties for beams 

and columns. The Turkish Design Code (TS 500, 2000) [3] and American Design Code  

[2] were used as the guides in this study.  

 

The First Order Second Moment (FOSM) Method and Monte Carlo Simulation (MCS) 

were the methods used as the structural reliability models. The first method was used 

to determine the resistance parameters for different failure modes. These resistance 

parameters (biases and covariances) were calculated using 20 million random variables 

for MCS Method to determine reliability index values and to develop the load and 

resistance factors. 

 

1.4 Scope of Study  

The scope of custom determination of load and resistance factors for reinforced 

concrete design using reliability approaches is a great work which includes every 

member of reinforced concrete structures, every type of load applied on the members, 

various methods in finding the factors, etc. To limit the scope of this research, 

reinforced concrete rectangular beams and columns were analyzed for flexural, 

combined flexure and axial, and shear failure modes subjected to dead and live loads. 
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The material and geometrical properties were limited to the configurations explained 

in this study.  

 

1.5 Outline of Study 

This thesis is organized into 6 chapters: 

 

Chapter 1 provides brief information on LRFD based design procedure and reliability 

analysis. In addition, this chapter includes the problem statement, purpose, and scope 

of the study.  

 

Chapter 2 provides a literature review of the studies which have been conducted on 

reliability analysis of the reinforcement concrete elements. This chapter also 

introduces the concept of structure reliability, probability theory, and different 

methods used to compute the reliability index. Furthermore, load and material 

parameters are explained.  

 

The failure modes used in this study are presented in Chapter 3. 

 

In Chapter 4, the procedures to determine the biases and covariances of resistance, 

dead, and live loads are explained in detail. Conversions of these biases and 

covariances to normally distributed functions and establishment of limit state functions 

are presented. Calculation of reliability index is described also in this chapter.  

   

Detailed analytical study is given in Chapter 5. Sensitivity analyses of reliability index 

are explained for resistance, dead and live load parameters and load and resistance 

factors are deeply discussed. The program is presented to calculate the custom load 

and resistance factors.   

 

Conclusions and future studies are presented in Chapter 6. 
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CHAPTER 2 

2 LITERATURE REVIEW  

2.1 Calibration of Design Codes 

At the beginning of the twentieth century, the concept of probability estimation of 

structural safety was first implemented. The American Concrete Institute (ACI) 

Building Code, ACI 318 (2019) [2] adopted an ultimate limit condition design 

approach in the early 1960s, which used load factors to maximize the load effects and 

strength factors to minimize the resistance. This design approach became known as 

the Ultimate Strengths Design (USD). These factors were developed using elementary 

statistical analysis resulting from incomplete data and insufficient information. 

Remarkable research in this area started in the late 1960s, and there has been a growing 

interest in structural reliability since then. 

 

Extensive studies were carried out in the 1970s to calculate load and resistance 

parameters for steel buildings. During that time, it was recognized that the use of 

multiple load and resistance variables in the design of steel and reinforced concrete 

structures might cause design confusion.  In 1976, the ACI Building Code Committee 

passed a motion endorsing the concept of nearly identical load factors for all materials 

in a manner that all committee members agreed on. To suggest a comprehensive set of 

load and resistance factors for use in building design, the Building Technology Center 

at the National Bureau of Standards brought in Drs. Cornell, Ellingwood, Galambos, 

and MacGregor together in 1979.  

 

Rackwitz (2000) examined the process of code generation by minimizing the overall 

cost based on reliability. This research examined Rosenblueth and Hasofer's [4, 5] 

contributions in detail and applied their principles to a variety of failure modes, 

including ultimate limit state failure under ordinary and severe conditions, 

serviceability failure, fatigue and other deterioration, and obsolescence. This study 

also considered the maintenance and reconstruction costs. Rackwitz (2000) argued that 

comprehensive rebuilding or repair was the only reasonable reconstruction policy for 
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virtually all civil engineering facilities. The failure rate (failure intensity, renewal 

density) was discovered to be the most important criteria for establishing 

safety/reliability goals for high reliability systems [6].  

 

Aktas (2001) examined the calibrations of the structural design code using cost 

optimization based on reliability, where predefined target reliability levels were not 

used [7]. In his study, Aktas (2001) concluded that to achieve an optimum code, 

increasing the failure cost factor (when the effects of failure are raised) affected both 

the safety index and the load factors, requiring higher values for both. Due to the fact 

that as the cost of failure have risen, higher reliability levels were required [7]. 

 

The Building Code Requirement for Structural Concrete ACI 318 (2019) [2] was 

calibrated based on the study conducted by Nowak & Szerszen (2007) [8, 9]. The aim 

of this research was to find resistance factors that were compatible with the load and 

load combination factors defined in the ASCE 7-98 Standard [10]. The study was 

performed in two parts. The first part (2003a) discussed the topic of statistical model 

for the resistance parameters, which created the basis of the selection of the resistance 

factors (strength reduction factors). In their analysis, the parameters of the resistance 

“R” have been calculated for ordinary concrete, high-strength concrete, and light-

weight concrete, cast-in-place and plant-cast, and a wide range of reinforcing steel bars, 

from 9.5 mm to 34.5 mm. The determination of the parameters of the resistance such 

as bias and covariance was performed according to material properties, fabrication 

factor and professional factor [9].   

 

The second paper Szerszen and Nowak (2003) discussed reliability analysis and 

methods of selecting a resistance factor for reinforced and prestressed concrete 

elements. The researchers in this study stated that there was no need to minimize the 

resistance factor in ACI 318 (2019) [2] . However, the combination factors for dead 

and live loads were recommended to be increased since the reliability indices for load 

combinations with a dead load of about 80-90 percent of the total load and a live load 

of 10-20 percent were determined to be low [8]. 
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The probabilistic modelling approach is not well recognized in Turkey. As a result, 

there was no literature on probabilistic design. Moreover, Turkish Design Code (TS 

500, 2000) [3] was using a deterministic approach, and reliability-based design was 

not included in its calibration. In Turkey, Yücemen and Gülkan (1989) were the first 

to conduct substantial research on the reliability-based design subject. Their research 

focused on proposing a series of load and resistance factors depending on the reliability 

for the design of reinforced concrete beams by using FOSM method [11]. 

 

Later, Kömürcü and Yücemen (1996) established a reliability-based design criterion 

to be used in the design practice in Turkey for singly reinforced concrete beams in 

flexural failure mode. Many sources of uncertainties related to loads, material 

properties, dimensions, workmanship, and design methods were considered in their 

analysis. Moreover, the FOSM method was used as the reliability model. In this study, 

it was stated that the optimal load factors which minimize the deviations from selected 

target reliabilities were found to yield to low resistance factor for D+L combination 

and to resistance factors that are greater than 1 for D+L+E combination. Hence in order 

to overcome this issue, the dead load factor was set to 1.3 and resistance factor to 0.9 

or 1.0 in all of the load combinations [12]. 

 

Fırat (2007) established a reliability-based design for T-shaped reinforced concrete 

beams and rectangular columns. The purpose of this study was to develop a set of load 

and resistance factor for reinforced concrete beams and columns using the local 

condition in Turkey. The FOSM was used as the reliability method. The data gathered 

from various concrete production plants in Turkey between 1998 and 2004 combined 

with the data published in the international literature was used in the analysis. The 

resulting data from Turkey consisted of the 28-day concrete compressive strength tests 

of approximately 11000 cubic specimens. The mean value of cubic compressive 

strength was determined to be 29.87 N/mm2 and the covariance was equal to 0.105. 

The cubic compressive strength of concrete data was converted to the standard cylinder 

strength value resulting in a mean value of 24.87 N/mm2, a bias and a covariance of 

1.25 and 0.18, respectively. The parameters related to steel were calculated using the 

yield strength data obtained from various steel manufacturing plants in Turkey. The 

mean value was estimated as 501.37 N/mm2, the bias and covariance were 1.24 and 
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0.09, respectively. The author performed reliability analyses on singly reinforced 

flanged concrete beams and columns considering various failure modes specified by 

Turkish codes and design practices. The author stated that the reliability indices ranged 

from 2.41 to 2.90 for dead and live (D+L) combination. In this analysis, the optimum 

load and resistance factors for flexural failure mode of beams were estimated as 

1.2D+1.74L and 0.90R, for shear failure mode as 1.2D+1.38L and 0.70R. Furthermore, 

for columns in the combined flexure and axial load failure mode, the factors were 

determined as 1.2D+1.8L and 0.8R, in the shear failure mode as 1.2D+1.39L and 0.7R 

[13]. 

 

When the latest and previous researches on reliability analysis of reinforcement 

concrete elements were examined, it was discovered that all reliability analyses and 

estimation of resistance and load factor were conducted on beams and columns having 

single reinforcement. Moreover, the reliability analysis of the previous studies used 

direct reliability method in determination of the reliability index which might result in 

approximate values of reliability index. As previously explained, the current Turkish 

Building Code (TS 500, 2000) [3] was established using directly the old data from 

various sources of uncertainty. 

  

2.2 Reliability Theory 

Structural engineers mainly focus on some characteristics of designed structures such 

as safety, stability, cost, etc. However, the uncertainties in the properties of the 

materials that are used in structures may result and increase in construction costs. 

Structural components must meet the criteria related to the acceptable and reliable 

standards. All designs must ensure that the structure is reliable. The reliability of the 

structure is the ability of the building to perform the required functions to which it was 

designed for under various conditions. These structures shall not require any 

significant maintenance, essential repairs and reconstructions during its lifetime. 

 

Design codes provides simple, economical, and safe methods for the design of civil 

engineering structures. Design codes optimize the resources such as the materials, 

equipment, and workmanship. Design codes use design equations as the basis, and the 
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reliability of a given design can be checked by comparing the resistances to load effects. 

Since the loads and resistances are subjected to uncertainties, structural design must 

be performed considering the presence of these uncertainties.  

 

Many sources of uncertainty are inherent in structural design. The parameters of 

loading and the load carrying capacities of structural members are not deterministic 

quantities. They are random variables and thus absolute safety cannot be achieved. 

Consequently, structures must be designed to serve their functions with a finite 

probability of failure. Safety is required if the hazard is intended to be kept under 

control and the risk is limited to an acceptable level. Reliability is defined as the 

probability a member or the structure to perform its intended function for a specific 

period, under specific conditions. The probability of failure is the inverse of reliability. 

If the reliability is defined as Ps and the probability of failure is defined as Pf, the 

relation between these two concepts can be expressed as Ps = 1 - Pf. In contrast to 

safety, reliability can be measured by means of probability. 

 

2.2.1 The Concept of Structural Reliability 

Structural reliability concept is concerned with the rationalistic treatment of 

uncertainties which is related to design of safe and serviceable civil engineering 

structures. Structural reliability is related to the calculation of the probability of a 

structure to exceed the limit states used in design under its specific period. 

 

The limit state in reliability theory is defined as the boundary between desired and 

undesired structural performance and it is represented by the limit state function. The 

limit states of a structure can be classified into three groups namely collapse, 

serviceability and fatigue limit states. 

 

The determination of the reliability of the load carrying capacity of a column can be 

given as an example of structural reliability and limit state condition. In this case, 

reliability is a function of the maximum applied load on the column and the strength 

of the column. The risk can be expressed as the probability that a column subjected to 

a maximum applied load that exceeds the capacity of that column. The structure will 
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be safe when the capacity is greater than the applied loads as expressed in the equation 

below: 

 

Safety → Resistance (Capacity) > Load Effects (Applied Loads) (2-1) 

 

The safety examination and risk evaluation can be classified into three groups: 

• The partial safety factor based on the approach of basic design variables. 

• Checking safety and economy  at some selected locations on the failure boundaries 

and limit states considering uncertainties. 

• Exact estimation of safety based on the details related to probabilistic analysis of 

the structural systems. 

 

2.2.2 Theory of Probability 

The theory of the probability can be defined as an outcome A which occurs T times in 

N mutually exclusive, equally likely, and exhaustive trials. The probability of 

occurrence of A can be expressed as: 

 

P[A] =
T

N
  (2-2) 

 

For mathematicians, probabilities are numbers in the range between 0 and +1 that 

determine the probability of a certain random event or uncertain. 

 

0 ≤ P[A] ≤ 1 (2-3) 

 

In civil engineering, the probability can be considered as the design of a structure. 

After design and construction, only two outcomes are possible either safety or failure. 

Both are mutually exclusive; they are also called exhaustive. 

 

P[safety] + P[failure] = 1 (2-4) 

 

The probability of the safety of the structure (P[safety] = 𝑅) is defined as  
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R = 1 − Pf  (2-5) 

 

2.2.3 Random Variable and Probability Distributions 

Random variables (X) are variables which always connected with a probability of 

occurrence, and it is expressed using various probability distributions according to 

statistical theory. Also, the numerical values of the random variables cannot be 

determined or expected with certainty without performing experiments.   

 

The basic identifiers of a random variable are defined by the probability density 

function parameters such as mean value, standard deviation, and coefficient of 

variation. For example, the probability of an X random variable with a known 

probability density function to take a value in the interval (a, b). It can be expressed in 

the following equation. The graph of a that probability density function is shown in 

Figure 2-1. 

 

P(a ≤ X ≤ b) = ∫ fx(x)dx
b

a
  (2-6) 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1 – Probability Density Function of Random Variable X 

 

Examples of probability distributions are normal, lognormal, exponential, gamma, etc. 

In this study, normal distribution is used in the analyses 
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The random numbers were produced using the function (=RAND()) readily available 

in Microsoft Excel Software in this study. These random numbers were 

homogeneously distributed between 0 and 1.0. The bar chart produced from 4000 

random variable created using the above function is shown in Figure 2-2. 

 

 

Figure 2-2 – Bar chart of 4000 Random Numbers Produced using Microsoft Excel 

Software 

 

2.2.3.1 Normal Distribution 

Normal distribution of random variables (also called as Gaussian Distribution) is 

widely used in civil engineering for variables such as loads that do not change with 

time, material strengths, and structural element sizes. 

  

The Probability Distribution Function (PDF) of the random variable X can be defined 

as [14]:  

 

fx(X) = (
1

σ√2π
) exp [−

(x−μ)2

2σ2
] = Φ(

x−μ

σ
)  (2-7) 
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where μ and σ are the mean and standard deviation of X, respectively. It can be defined 

as the standard normal distribution PDF (Φ) and the function above ranges form −∞ to 

∞. The value of 𝑓𝑥(𝑋) ranges from −∞ to ∞. 

 

Cumulative Distribution Function (CDF) can be derived using the equation below [14]: 

 

Φ(x) =
1

√2π
∫ e

−X2

2
x

−∞
dx =

1

2
[1 + erf (

x

√2
)]  (2-8) 

 

Figure 2-3 can be drawn using the PDF above. 

 

 

Figure 2-3 – Probability Density Function for Normal Distribution 

 

The coefficient of variation is a measure of dispersal. The value of dispersion is 

calculated by dividing the standard deviation (σ) into mean (μ) , and it is used as a 

measure for comparison of change or variance and does not depend on the units used 

for the measurement of the data. 

 

2.2.4 The Estimation of Structural Reliability 

Reliability of a structural system is defined as the probability of any member of the 

structure not exceeding the limit state. In other words, the intended design and desired 

performance will be obtained during the lifetime of structure. The risk associated with 
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the concept of reliability is the opposite of this condition. The more reliable a system 

is, the more risk-free it is.  

 

The limit state function of the overall load effects acting on a structural system may 

be denoted by the random variable “Q” and the composition of all the elements 

forming the strength (capacity) of the structural system may be denoted using the 

random variable “R”. The purpose of the reliability analysis is to ensure that the 

resistance (R) is greater than the applied load effects (Q) during the lifetime of the 

structural system or during its specified duration. This may be expressed as R > Q.  

 

The mathematical expression of reliability and risk of this expression can be written 

as the probability P (R > Q) and P (R < Q), respectively. A function (Z) can be obtained 

related to the capacity-demand (Z = R - Q) using these expressions. Note that, this 

function is also a random variable. In addition, the actual state of a structure depends 

on more than two random variables. These random variables can be a value such as 

compressive strength, length, bending moment, earthquake force, demand functions, 

etc. 

 

The condition of resistance smaller than the load effects (R < Q) occurs in the 

following cases:  

• When the load carrying capacity is less than the applied loads. 

• When the allowable deflection of the member is exceeded. 

• For columns, when the columns buckle due to the applied loads which are greater 

than the buckling strength. 

• For concrete elements, the failure occurs when concrete crushes.  

 

The boundaries between safe behavior and failure can be defined as the limit sate 

function g(X) which contains all random variables and is a mathematical expression 

of the system's performance. The limit state function can be written as [15]: 

 

Z = g(X) = g(X1, X2, … , Xn)        (2-9) 
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When Z is greater than 0, the structural system is in the safe state; when Z is equal to 

0, the structural system is in equilibrium; and when it is less than 0, the structural 

system collapses.  

 

Figure 2-4 shows the PDF of the load effects, resistance, and limit sate function. In 

addition, it also shows the safe state when the limit state is greater than zero and the 

failure zone when limit state function is less than zero. 

 

Figure 2-4 – Determination of Probability of Failure using PDF 

 

The function below shows the probability of failure when both load effects and 

resistance are normally distributed [15]. 

 

pf = Φ(
0−μg

σg
) = Φ [−

μg

σg
]        (2-10) 

 

where,  μg = μR − μQ and σg = √σR
2 + σQ

2 . 
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where mean (μ) is a measure of central tendency and standard deviation (σ) is a 

measure of amount of variation over range of data.  

 

When the both load and resistance are lognormally distributed the function below is 

used to determine the probability of failure. 

 

𝑝𝑓 = Φ(
ln(

µln𝑅
µln𝑄

)

√𝜎ln𝑅
2 +𝜎ln𝑄

2
)  (2-11) 

 

Two methods, namely First Order Second Moment (FOSM) and Monte Carlo 

Simulation (MCS), were used to estimate the structural reliability in this thesis. FOSM 

was used to determine the reliability of resistance parameters in different failure modes. 

MCS was used to determine the reliability index for various combinations. 

 

2.2.5 Methods for Determining Reliability 

2.2.5.1 Monte Carlo Simulation (MCS) 

MCS method is an alternative for the integration of a common probability equation 

relevant to the domain of random variables corresponding to failure. MCS method can 

be considered as one of the exact probabilistic approach methods. In the first step of 

this simulation, pseudo numbers between 0 to 1 for each of the components in the limit 

state are generated. The generation of such numbers may be performed by using build-

in functions provided by most of the programming languages. In the second step, the 

outcomes of the pseudo random numbers are transformed to standard normal random 

numbers which can be performed by the help of the inverse of cumulative distribution 

function. Later, the standard normal random numbers can be transformed to real 

distributions of random variables according to mean and standard deviation.   
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In MCS, each of the random variables in the limit state function is generated several 

times to represent its actual distribution based on its probabilistic characteristics and 

its parameters such as bias (ratio of mean to nominal) and covariance. Solving these 

problems for each random value deterministically is known as simulation cycles. In 

addition, each of the results of the limit state function is checked whether or not it 

produces a positive value. The total number of simulations are counted (nf) and after 

N simulations, the probability of failure, Pf, is estimated through Pf = [g (X) > 0] / N. 

 

Let the variables of a performance function Z = g (X) of a structural system have 

elements such as X1, X2, ..., Xn. If the probability distributions of variables can be 

defined and their parameters can be determined, random numbers specific to their 

distributions can be generated for all of them. Consequently, independent sets of 

random numbers can be generated as (X11, X21, ..., Xm1), (X12, X22, ..., Xm2), and (X1n, 

X2n, ..., Xmn)n  [16]. 

 

In this study, 20 million random numbers were used to converge the variation of 

reliability index. Less random numbers (e.g. 100000, 500000, 1000000, etc.) were 

used initially in the reliability index analyses however, the results did not converge to 

a single value with a sufficient variation (the value of the sufficient variation was 

selected as 0.001). As an example, when 100 thousand random numbers were used, 

the resulting reliability indexes were ranging from 3.43 to 3.48 for each run. However, 

for 20 million sample, the reliability index was exactly equal to 3.54 with variation of 

0.001 for each performed analyses. 

 

2.2.5.1.1 Pseudo-Random Numbers 

The pseudo-random numbers are the numbers that are actually nondeterministic and 

produced using various methods. Methods such middle square, additive and 

multiplicative methods are used to produce these numbers. Note that, the randomness 

of these generated numbers shall be checked using randomness tests to determine 

whether they are truly random. Excel random number generator function (=RAND()) 

was used to avoid the repetition of random numbers.  
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2.2.5.2 Advanced First Order Second Moment (AFOSM) 

AFOSM reliability method is also known as “Hsofer Lind” method. In this method, all 

the variables and limit state function are transferred to a standard normal space. The 

design point is determined by specifying a minimization method that results in a mark 

on the limit state surface and the shortest distance from the origin. The reliability index 

in this method which is referred as βHL is also called as Hasofer Lind reliability index 

[5]. 

 

As seen below, the basic variables Xi's are first translated into the uniform variables 

Zi's, which have zero means and unit variances: 

 

𝑍𝑖 =
𝑋𝑖−𝑋̅𝑖

𝜎𝑋𝑖
 , 𝑖 = 1,2, … , n  (2-12) 

 

The failure surface of x-coordinate system is converted to a failure surface of z-

coordinate system. In the z-coordinate system, the failure surface separates the z space 

into a failure zone and a safe region. The reliability index β2 in the z-coordinate system 

is defined as the shortest distance from the origin to the failure surface. On the failure 

surface, the design point is known as the point with the shortest distance to the origin. 

In Figure 2-5, the reliability index, β2, and the design point are illustrated for the two 

basic variables cases. 

 

 

Figure 2-5 – Reliability Index β  
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This reliability index, β2, can be formulated as follows [17]: 

 

β2 = 𝑚𝑖𝑛(∑ 𝑧𝑖
2𝑛

𝑖=1 )1/2  (2-13) 

 

The iterative algorithm can be used to find the design point and calculate the reliability 

index when the failure surface is nonlinear. According to the iterative procedure, the 

design point on the failure surface is determined by solving the following system of 

equations given from 3.21 to 3.23 : 

 

αi =
−
∂g

∂zi

(∑(
∂g

∂zi
)
2

)

1/2  , i=1, 2, …, n (2-14) 

𝑍𝑖
∗ = 𝛼𝑖β2     (2-15) 

𝑔(𝑧𝑖
∗, … , 𝑧𝑛

∗) = 0 (2-16) 

 

where αi’s are the directional cosines that minimize β2 and at the design point the 

derivatives are evaluated since the design point is related to the standardized 

coordinate system. Hence, the basic variables on the design point must be converted 

to original variable space and it can be carried out by using the expression below [17]: 

 

Xi
∗ = X̅i(1 − αiβ Ωi) (2-17) 

 

where Ωi is the coefficient of variance which represents the total amount of uncertainty 

in Xi. 

 

2.2.5.3 First Order Second Moment Reliability Method (FOSM)  

This method is also called as the partial safety coefficients approach. The value of the 

partial safety coefficients can be determined by a probabilistic approach as a function 

of the coefficients of variation for material strengths and applied loads for a given risk 

of failure. From the expression for Pf (probability of failure), when the load and 

resistance are independent and normally distributed, the following expression can be 

derived [18]:  
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𝑃𝑓 = Φ[−
𝜇𝑔

𝜎𝑔
] = Φ[−β]  (2-18) 

Where,  μg = μR − μQ and σg = √σR
2 + σQ

2  

 

In the formula above, β is the reliability index for limit state function, g (X), which 

was proposed by Ang and Cornell (1974) [19]  when the limit state function is linear. 

Also, it is known as Cornell’s Reliability Index and a typical graph is shown in Figure 

2-6. 

 

 

 

Figure 2-6 – Cornell’s Reliability Index 

 

The random variables are defined by their first two moments which are 𝜇g and 𝜎g. This 

is achieved by first order approximation of the nonlinear function g (X) and hence, this 

method is called as FOSM reliability method. In Equation 3.25, the limit state is 

considered as linear combination of random variables. 
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When the limit state function is nonlinear, the Taylor’s series expression shall be used 

to estimate the first two moment by series of expression of limit state function g (X) 

about any point of X= (X1, X2,…..Xn) as shown in the equations 3.26 to 3.29 [19]: 

 

𝐿𝑆 = 𝑔(𝑋1
∗, 𝑋2

∗, … . . 𝑋𝑛
∗) + ∑ (

𝜕𝑔

𝜕𝑋𝑖

𝑛
𝑖  = 1 ) (𝑋𝑖 − 𝑋𝑖

∗) + ∑ (
𝜕2𝑔

𝜕𝑥𝑖
2)

(𝑋𝑖−𝑋𝑖
∗)2

2
+. .𝑛

𝑖=1   (2-19) 

𝜇𝑔 = 𝐸[𝑔(𝑋)] ≅ 𝑔(𝜇1, 𝜇2, … , 𝜇𝑛) + 0  (2-20) 

𝑉𝑎𝑟(𝑔) = 𝜎𝑔  
2 ≅ ∑  ∑ (

𝜕𝑔

𝜕𝑋𝑖
) (

𝜕𝑔

𝜕𝑋𝑗
) 𝑐𝑜𝑣(𝑛

𝑖=1
𝑛
𝑖=1 𝑋𝑖, 𝑋𝑗)  (2-21) 

𝑝𝑓 = Φ [−
𝜇𝑔

𝜎𝑔
] = Φ[−β] (2-22) 

 

2.3 Load Parameters 

A reliability-based design cannot be entirely computed without identifying the 

implications of loads on structural elements. Loads acting on a structure can take 

several various forms. Typically, they are classified as primary or secondary loads 

(Lemaire, 2009). Primary loads are loads that related to the structure's internal weight, 

the occupants' and furniture's weight, varying weather conditions, loading conditions 

experienced by the structure during construction. Secondary loads are the loads result 

from the change in temperature, material shrinkage, foundation settlement, etc. For the 

scope of this study, only two loads are considered, dead load and live load. 

 

Dead load is defined as the weight of elements and dead load is assumed to be constant 

during the life time of structure. As a result, in order to evaluate the uncertainties in 

dead load, the dimensions of the components and the type materials used to construct 

the member must be considered. 

 

Live loads, which also known as variable actions, are related to other components 

which are not elements that make up the structure such as people, furniture and 

machines. 

 



 

23 

 

2.3.1 Dead Loads 

The weights of structure elements such as beams, columns, slabs, shear walls and roof 

covers, all kinds of materials in the building constitute the dead load. Compared to 

other loads, the amount of uncertainty in dead loads is very small. However, there will 

be uncertainties arising from the errors and variations in the dimensions of the building 

elements, the differences between the actual and predicted weights of the materials 

used. The main characteristics of dead loads can be explained as follows [20]: 

• Dead load remains unchanged over the life of the structure, and the probability of 

existence of dead load at arbitrary point of time is one. 

• The variation of dead load throughout time is usually insignificant. 

 

Taking the previous statements into account, the following factors lead to the 

variability of the dead loads:  

• Estimation of lengths, defects, and tolerances,  

• Actual and nominal unit weights of construction materials, 

• Weight variation due to non-structural products such as roofing and partitions, 

• Approaches such as tributary area, which is a rough approximation of the actual 

situation, etc. 

 

The weight of these non-structural elements causes the most difference in dead loads. 

As a result, Ellingwood et al. (1980) concluded that the materials which made up the 

structural system had only a minor impact on the dead load variability [21].  

 

Many studies have been carried on dead load to determine the type of the probability 

distribution and it was stated that the dead loads followed a normal distribution.  

Kömürcü (1995) determined the value of mean to nominal ratio of the dead loads as 

1.05 and the total uncertainty as 0.10 [22]. In another study, Szerszen and Nowak 

(2003) used a value of 1.05 as bias and 0.10 as covariance in their calculations [9]. 

Fırat (2007) used the same values offered by Kömürcü (1995) [13]. Therefore, the bias 

and covariance was used as 1.05 and 0.10, in this study respectively. Values for bias 

and covariance of dead loads suggested by various researchers are shown in Table 2-1.  
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Table 2-1 – Bias and Covariance for Dead Load in Different Studies 

References Bias (λ) Covariance (Ω) 

Galambos & Ravindra (1973) 1 0.08 

Allen (1976) 1 0.1 

Ellingwood (1978) 1 0.1 

Lind et al. (1978) 1 0.05 

Ellingwood et al. (1980) 1.03 0.1 

Kömürcü (1995) 1.05 0.1 

Fırat (2007) 1.05 0.1 

Abdulhamid (2014) 1.05 0.1 

 

2.3.2 Live Load 

The moving load, storage materials, light partition walls that do not carry loads, cranes, 

machinery, tools, equipment, people, furniture weights, etc. are generally expressed in 

the structure as live loads. Live loads can exhibit different characteristics in different 

structures such as hospitals, hotels, shopping malls, factories, places of worship, 

residences, office areas, etc. In some of these structures, the human concentration in 

certain areas is the main source of the variation in live load. 

 

Most of the live load studies were conducted an average of 30 years ago, and due to 

the lack of data and inadequacies in statistical analyses in these studies, this load could 

not be revealed more scientifically despite this time. It is natural that the moving load 

varies according to the countries, the traditions in the countries, the regions, and 

geographical regions within the country. However, it is known that this amount of 

change is insignificant compared to loads such as snow, wind, and earthquake loads. 

In a study by Kumar (2002), it was stated that the general characteristics and variability 

of the statistical analysis of live load performed in England, USA, Austria, and India 

were very similar [23]. 

 

The variation of the live loads during the life of a structure may be huge. It may not be 

predicted correctly for some conditions while designing the structures. Also, the live 

load may change randomly with respect to time and areas within the structure. 

 

Live load was computed based on history data. A maximum of 50 years live load 

survey data was considered by Szerszen and Nowak (2003). They determined a value 

of 1 as bias and the covariance of 0.18 [8]. Kömürcü (1995) suggested the value of 
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mean to nominal ratio as 1.0 and the total uncertainty as 0.27 [22]. This selection was 

performed based on the research carried out on live loads for a span of 50 years. Fırat 

(2007) used the same value that was offered by Kömürcü (1995) [13]. In this study, a 

value of 1.00 is used as the value of the ratio of mean to nominal and the total 

uncertainty related to live load was considered as 0.27. Values for bias and covariance 

of dead loads suggested by various researchers are shown in Table 2-2.  

 

Table 2-2 – Bias and Covariance for Live Load in Different Studies 

References Bias (λ) Covariance (Ω) 

Ellingwood (1978) 1 0.27 

Kömürcü (1995) 1 0.27 

Fırat (2007) 1 0.27 

Abdulhamid (2014) 1 0.27 

 

2.3.3 Combination of Dead and Live Loads 

When determining the resistance of a system, the mode of combining these loads is 

essential. To evaluate load combinations, there are three major approaches [7]: 

• Turkstra’s Rule, 

• Ferry-Borges Model, and 

• Wen’s Load Coincide Method. 

 

Turkstra's Rule is used in this study since it is mostly used in code calibration 

procedures of most of the modern codes due to its simplicity in implementation. 

Furthermore, this load combination rule is based on observations that errors are often 

triggered by only one load exceeding its maximum value. In other words, when one 

load is at arbitrary point in time and other load is at its maximum value. 

 

The total load effect of this rule is denoted as U(t) which is calculated using the 

equations below. The maximum load is selected using Equation (2-24) which includes 

all the load combinations available for the analyses.  

 

𝑈(𝑡) = 𝑋1(𝑡) + 𝑋2(𝑡)+,… ,+𝑋𝑛(𝑡) (2-23) 
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max𝑈 = 𝑚𝑎𝑥

{
  
 

  
 
𝑋1 𝑚𝑎𝑥 + 𝑋2+,… ,+𝑋𝑛
𝑋1 + 𝑋2 𝑚𝑎𝑥+,… ,+𝑋𝑛

.

.

.

.
𝑋1 + 𝑋2 +,… ,+𝑋𝑛 𝑚𝑎𝑥}

  
 

  
 

 (2-24) 

 

where Xi is the arbitrary point-in-time load, Ximax is the maximum load of the ith level. 

 

To apply the calibration process, it is essential to consider the safety criteria for the 

dead and live load. The safety of reinforced concrete structural members can be 

ensured using following equation: 

 

ϕR ≥ γ𝐷D + γ𝐿L (2-25) 

 

where γD and γL are the load factors for dead and live loads,  is the resistance factor, 

D is the dead load, and R is the resistance. 

 

2.4 Material Parameters 

This section addresses the determination of uncertainties of resistance parameters at 

materials level. The considered materials include: 

• Concrete, 

• Reinforcing Steel Bars. 

 

The mean to nominal ratio (bias) and total uncertainties (covariance) for each 

resistance variable were calculated for calibration purposes. 

 

2.4.1 Concrete 

Concrete is made of aggregates and cement paste. The cement paste is composed of 

cement and water and the aggregates are composed of sand, gravel, and crushed stones. 

The quality of concrete is critical for the safety of reinforced concrete buildings and it 
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can be determined by examining its characteristics such as serviceability, compressive 

strength, durability, performance, creep, shrinkage, etc. 

 

The data obtained from characteristics tests of concrete such as compressive strength 

must be analyzed statistically to evaluate the quality of concrete. The mean (μ) and 

coefficient of variation (c.o.v.) shall be determined. A high mean value and a low 

coefficient of variation result in a better quality concrete. The characteristics of the 

materials used during the mixing stage play an essential role in the variations of 

concrete quality. Also, the temperature, mixing methods, and proportions of mixing 

have vital roles in altering the concrete quality in concrete mixing stage. 

 

A variety of factors influence concrete consistency and these factors have a significant 

impact on the mixture. The following measures can be taken to produce high-quality 

concrete: 

• Using well graded, hard, and durable aggregates,  

• Using required amounts of water and cement for the aimed strength,  

• Mixing concrete thoroughly for improved uniformity, 

• Curing concrete properly (at least for 28 days). 

 

Compressive strength of concrete is the most significant property that determines the 

production quality. As a result, the compressive strength evaluations using cylindrical 

and cubic specimens based on the related standards are used to determine the quality 

of concrete. 

 

The variations in concrete strength may be caused by a variety of factors, such as: 

• Changes in the testing process, 

• Variation in the mixing, 

• Concrete mixture ratios, 

• Method of construction, and curing, etc. 

 

Additional uncertainties apart from the inherent variability may be caused by some 

other factors.  These factors will be considered according to the international literature 
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since there is not much local information to quantify these factors. An example of such 

factors is that the consideration of in-situ concrete strength in a structure is lower than 

that of a cylinder specimen of the same concrete tested in the laboratory environment. 

Other factors may be explained as follows:  

• Curing and placing processes, 

• Segregation of concrete in deep member, 

• Strain effect in concrete caused by micro cracking and creep, 

• Flaw due to the absence of a standard testing process and poor timing, as well as 

inadequate machine and human accuracy, 

• Size and shape, and 

• Stress conditions. 

 

For the design of a structural member, the concrete compressive strength must be 

obtained for all the concrete classes using many specimens (cubical or cylindrical) 

which will be used in the construction. For this purpose, numerous concrete specimens 

are tested in the laboratory environment. For each specimen, the maximum load 

achieved in testing is divided by the area of the specimen under load to determine the 

strength of each specimen. As a result of numerous tests, the data is analyzed 

statistically to obtain the mean and coefficient of variation. The resulting data is 

normally distributed. As an example, the normally distributed concrete compressive 

strength laboratory test results having a mean value of 30 MPa and a coefficient of 

variation of 0.1 (a standard deviation of 3 MPa) is shown in Figure 2-7. 

 

Figure 2-7 – Normally Distributed Concrete Compressive Strength Laboratory Test 

Data 
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The in-situ concrete compressive strength is different than that of laboratory strength. 

Therefore, the laboratory test data shall be converted to in-situ strength data used in 

the construction. For this purpose, the normally distributed concrete compressive 

strength laboratory test results shall be converted to normally distributed in-situ 

concrete compressive strength values. This is performed by converting the mean (𝑓𝑐̇) 

and coefficient of variation (Ω̇𝑐) of the laboratory results into mean (𝑓𝑐̅) and coefficient 

of variation (Ω̅𝑐) of in-situ data.      

 

The magnitude of in-situ strength differences within structural members varies 

randomly from one member to another due to the factors which has been mentioned 

above. For these reasons, the strength of the concrete tested in the laboratory 

environment is greater than the in-situ-strength. To account for this strength variation, 

a correction factor (Nc1) having a coefficient of variation (∆c1) shall be applied to the 

concrete compressive strength. Ellingwood and Ang (1972) performed tests to 

evaluate the magnitude of the difference between the in-situ concrete compressive 

strength and the cylindrical strength. The correction factor (𝑁c1) was determined as in 

range from 0.83 to 0.92 and coefficient of variation (∆c1) as 0.16 [24]. Mirza and 

MacGregor (1979) suggested the correction factor (𝑁c1) between 0.74 and 0.94 and 

coefficient of variation (∆c1) as 0.1 [25]. Fırat (2007) recommended the correction 

factor (𝑁c1) and coefficient of variation (∆c1) as 0.86 and 0.13, respectively [13].  

 

Another factor that causes the observed in-situ concrete compressive strength to vary 

is the strain effect in concrete caused by micro cracking and creep. As the rate of 

loading increases, the apparent strength of concrete increases. Because of micro cracks 

and creep, the strain in concrete increases over time, resulting in a decrease in observed 

strength. This can be considered using the correction factor for strain effect (Nc2) and 

a coefficient of variation (∆c2). The value of Nc2 was offered by Mirza and MacGregor 

(1979) as shown in Equation 5.1 [25]: 

 

Nc2 = 0.89 × (1 + 0.08 log(R)) (2-26) 
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where R is the rate of loading. In the study performed by (Mirza and MacGregor, 1979), 

the correction factor for the strain effect was assumed as 0 [25]. Kömürcü (1995) 

suggested the value of this correction factor for strain effect as 0.88 without any 

coefficient of variation [22]. However, in the study performed by Fırat (2007), the 

correction factor and coefficient of variation were assumed as 0.87 and 0, respectively 

[13]. The values of 𝑁c2 and ∆c2 were calculated as 0.89 and 0 by Mahmud (2017), 

respectively [26]. 

 

Errors due to the absence of a standard testing procedure and poor timing, as well as 

inadequate machine and human accuracy are other factors that shall be considered. 

The factor for the correction of these issues is defined as 𝑁3 and the coefficient of 

variation of this factor is denoted as ∆c3. Kömürcü (1995) suggested the value of 𝑁3 

and ∆c3 as 0.95 and 0.05, respectively [22].  

 

To convert the mean concrete compressive strength (𝑓̇𝑐) of the laboratory to that of the 

in-situ strength (𝑓𝑐̅), the following equation is used: 

 

fc̅ = 𝑁fc × ḟc (2-27) 

 

where Nfc is the total correction factor. The total correction factor is calculated by 

multiplying the three explained correction factors as shown below: 

 

Nfc = Nc1 × Nc2 × Nc3 (2-28) 

  

There are two types of uncertainties that are used in the calculation of coefficient of 

variation (Ω̅𝑐) of in-situ data. The first one is the inherent uncertainty which is the 

coefficient of variation ( Ω̇𝑐 ) of the laboratory tests. The inherent uncertainty is 

uncontrollable and unpredictable. The second uncertainty results from the prediction 

errors (∆fc ) of the concrete compressive strength. To convert the coefficient of 

variation (Ω̇𝑐) of the laboratory results into the coefficient of variation (Ω̅𝑐) of in-situ 

data, the following equation is used: 
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Ω̅𝑐 = √(Ω̇𝑐)
2
+ (∆fc)2 (2-29) 

 

where the prediction errors (∆fc) may be calculated by taking the square root of the 

sum of the squares of the coefficient of variations of the correction factors as shown 

below: 

 

∆fc= √∆c1
2 + ∆c2

2 + ∆c3
2   (2-30) 

 

As an example, the total correction factor for concrete compressive strength (Nfc) shall 

be determined first. Using the data in the literature, if N1, N2, and N3 are selected as 

0.85, 0.87, and 0.90, respectively, the total correction factor will be calculated using 

Equation 5.3 as: 

   

Nfc = 0.85 × 0.87 × 0.90 = 0.665 (2-31) 

 

If numerous concrete cylinders are tested under compression and the resulting mean 

cylindrical concrete compressive strength obtained from the laboratory tests (𝑓𝑐̇) is 

equal to 30 MPa and a coefficient of variation (Ω̇𝑐) of 0.1 (standard deviation of 3 

MPa), the mean value of in-situ concrete compressive strength ( 𝑓𝑐̅ ) can be calculated 

using Equation 5.5 as:  

 

fc̅ = 𝑁fc × ḟc = 0.665 × 30 = 19.95 MPa (2-32) 

 

Later the coefficient of variation (Ω̅𝑐) of in-situ data shall be calculated. Using the data 

in the literature, if ∆c1, ∆c2, and ∆c3 are selected as 0.13, 0, and 0.05, respectively, the 

coefficient of variation (Ω̅𝑐) of in-situ data will be calculated using Equation 5.3 as: 

   

Ω̅𝑐 = √(Ω̇𝑐)
2
+ (∆fc)2 = √(0.1)2 + (√0.132 + 02 + 0.052)

2

= 0.1715 (2-33) 
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As a result, the concrete compressive strength obtained from the laboratory tests 

(having a mean (𝑓𝑐̇) equal to 30 MPa and a coefficient of variation (Ω̇𝑐) equal to 0.1 

(standard deviation of 3 MPa)) is converted to that of in-situ data (having a mean (𝑓𝑐̅) 

equal to 19.95 MPa and a coefficient of variation (Ω̅𝑐 ) equal to 0.1715 (standard 

deviation of 3.42 MPa)) as shown in Figure 2-8.   

 

 

Figure 2-8 – Concrete Compressive Strength Laboratory Test Data Converted to In-

Situ Data 

 

The design concrete compressive strength (nominal) can be calculated by dividing the 

average cylindrical concrete compressive strength obtained from the laboratory tests 

(𝑓𝑐̇) by the material factor for concrete (mc=1.5) specified by TS 500 (2000) [3] as 

follows: 

 

fcd =
𝑓𝑐̇
1.5

=
30

1.5
= 20 𝑀𝑃𝑎 (2-34) 

 

The ratio (bias, ) of the in-situ concrete compressive strength ( 𝑓𝑐̅  ) to the design 

concrete compressive strength (fcd) can be calculated as:  

 

λc =
fc̅
fcd

=
19.95

20
= 0.9975 (2-35) 
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Values for bias and covariance for concrete suggested by various researchers are 

shown in Table 2-3.  

 

Table 2-3 – Bias and Covariance for Concrete in Different Studies 

Bias (λc) Covariance (Ωc) References 

1.12-1.38 0.1 Nowak & Szerszen (2003a) 

1.25 0.18 Fırat (2007) 

1.41 0.24 Mahmud (2014) 

 

2.4.2 Reinforcing Steel 

The main characteristics which are used to identify reinforcing steel bars are their 

mechanical properties, such as their strength and deformation parameters. The 

variations in properties can be seen as a source of the uncertainty for the strength 

parameters (i.e., yield and ultimate strength). The below are the sources of variation in 

yield and ultimate strength of reinforcing steel bar: 

• The variation of rate of loading and the strength of material itself. 

• The use of different cross-sectional area of the bars and their effects on mechanical 

properties of bars. 

• Effect of the strain at which yield is defined. 

• The effect of usage steel bars from different steel industries. 

 

For the design of a structural member, yield strength of the steel reinforcement must 

be obtained for all the steel types which will be used in the construction. For this 

purpose, numerous steel reinforcement bars with different dimensions are tested in the 

laboratory environment. This is usually performed in the steel manufacturing plants. 

For each specimen, the maximum load achieved in testing is divided by the area of the 

specimen under tension to determine the yield strength of each specimen. As a result 

of numerous tests, the data is analyzed statistically to obtain the mean and coefficient 

of variation. The resulting data is normally distributed. As an example, the normally 

distributed yield strength of the steel in laboratory test results having a mean value of 

620 MPa and a coefficient of variation of 0.03 (a standard deviation of 18.6 MPa) is 

shown in Figure 2-7. 
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Figure 2-9 – Normally Distributed Yield Strength of Reinforcing Bars for Laboratory 

Test Data 

 

To apply the uncertainties which have been mentioned above, firstly, the data related 

to yield and ultimate strengths of various steel types for different bar diameters used 

in design shall be obtained from the industry. These data include the number of 

samples, mean and standard deviation of yield strength, etc. The overall mean and 

standard deviation can be computed using these data.  

 

The observed yield strength of a test specimen is affected considerably by the strain 

rate and the rate of application of the load. The strain values used in tests on reinforcing 

steel bars are usually significantly higher than those used in structures subjected to 

static loads. For this reason, tests on reinforcing steel bars are expected to overestimate 

the yield strength. These test results shall be corrected using the correction factor (Ns1) 

and the prediction error (Δs1) shall be taken into consideration to avoid overestimation. 

Mirza and MacGregor (1979) and Kömürcü (1995) determined the value of the 

correction factor (Ns1) as 0.9 and the prediction error (Δs1) as ranging from 0.01 to 0.08 

[22, 25]. In the study performed by Fırat (2007), the correction factor (Ns1) was 

assumed the same whereas the prediction error (Δs1) was neglected [13]. 

 

Another factor which must be taken into consideration is the upper or lower yielding 

points and specific strain values may affect the yield strength. For this reason, the 
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correction factor (Ns2) and prediction error (Δs2) shall be introduced. This effect was 

not included in the study conducted by Mirza and Macgregor (1979) [25]. However, 

Kömürcü and Yücemen (1995) introduced the correction factor (Ns2) and prediction 

error (Δs2) as 1.0 and 0.09, respectively [22]. Fırat (2007) suggested the correction 

factor (Ns2) as 1.0 and the prediction error (Δs2) as 0.05 [13]. 

 

Furthermore, the differences of the manufacturing plants of the steel reinforcing bars 

may introduce some variability. The correction factor (Ns3) and prediction error (Δs3) 

shall be used to account for this variability. In the study conducted by Ellingwood and 

Ang (1972), the correction factor (Ns3) was predicted as 1.0 and prediction error (Δs3) 

was suggested as 0.05 [24]. In another study by Fırat (2014), the correction factor (Ns3) 

and prediction error (Δs3) were assumed as 1 and 0.06, respectively [13]. 

 

To convert the mean laboratory yield strength (ḟy) data into the mean yield strength 

(fy̅) of steel used in construction, the following equation is used: 

 

fy̅ = Nfy × ḟy (2-36) 

 

where Nfy is the total correction factor. The total correction factor is calculated by 

multiplying the three explained correction factors as shown below: 

 

Nfy = Ns1 × Ns2 × Ns3 (2-37) 

  

There are two types of uncertainties that are used in the calculation of coefficient of 

variation ( Ω̅𝑠 ) data of steel used in construction. The first one is the inherent 

uncertainty which is the coefficient of variation ( Ω̇𝑠 ) of the laboratory tests or 

statistically data analysis. The inherent uncertainty is uncontrollable and unpredictable. 

The second uncertainty results from the prediction errors (∆fy) of the yield strength of 

the steel bars. To convert the coefficient of variation (Ω̇𝑠) of the laboratory results into 

the coefficient of variation (Ω̅𝑠 ) data of steel used in construction, the following 

equation is used: 
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Ω̅𝑠 = √(Ω̇𝑠)
2
+ (∆fy)

2
 (2-38) 

 

where the prediction errors (∆fc) may be calculated by taking the square root of the 

sum of the squares of the coefficient of variations of the correction factors as shown 

below: 

 

∆fy= √∆s1
2 + ∆s2

2 + ∆s3
2   (2-39) 

 

As an example, the total correction factor for yield strength of steel (Nfy) shall be 

determined first. Using the data in the literature, if Ns1, Ns2, and Ns3 are selected as 

0.80, 0.81, and 0.93, respectively, the total correction factor will be calculated using 

Equation 5.3 as: 

   

Nfy = 0.80 × 0.81 × 0.93 = 0.602 (2-40) 

 

 

If numerous steel bars are tested for yield strength and the resulting mean yield strength 

obtained from the laboratory tests (ḟy)  is equal to 500 MPa and a coefficient of 

variation (Ω̇𝑠) of 0.03 (standard deviation of 15 MPa), the mean value of yield strength 

of steel used in construction ( 𝑓𝑦̅ ) can be calculated using Equation 5.5 as:  

 

fy̅ = Nfy × ḟy = 0.602 × 500 = 301 MPa (2-41) 

 

Later the coefficient of variation of steel used in construction (Ω̅𝑠) shall be calculated. 

Using the data in the literature, if ∆s1, ∆s2, and ∆s3 are selected as 0, 0.05, and 0.06, 

respectively. The coefficient of variation of steel used in construction (Ω̅𝑠) will be 

calculated using Equation 5.3 as: 

 

Ω̅s = √(Ω̇𝑠)
2
+ (∆fy)

2
= √(0.03)2 + (√02 + 0.052 + 0.062)

2

= 0.0836 

(2-42) 
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As a result, the yield strength of the steel obtained from the laboratory tests (having a 

mean (𝑓𝑦̇) equal to 620 MPa and a coefficient of variation (Ω̇𝑠) equal to 0.03 (standard 

deviation of 18.6 MPa)) is converted to that of steel used in construction (having a 

mean (𝑓𝑦̅) equal to 373.24 MPa and a coefficient of variation (Ω̅𝑠) equal to 0.0836 

(standard deviation of 31.20 MPa)) as shown in Figure 2-10.   

 

Figure 2-10 – Yield Strength of Steel Bars of Laboratory Test Data and Yield 

Strength of Steel Bars used in Construction  

 

The design yield strength of the steel (nominal) can be calculated by dividing the 

average yield strength of steel obtained from the laboratory tests (ḟy) by the material 

factor for concrete (ms=1.15) specified by TS 500 (2000) [3] as follows: 

 

fyd =
ḟy

1.15
=
420

1.15
= 365.21 MPa (2-43) 

 

The ratio (bias, ) of the mean yield strength of steel ( 𝑓𝑠̅ ) to the design yield strength 

of steel (fyd) can be calculated as:  

 

λs =
fy̅

fyd
=
373.24

365.21
= 1.021 (2-44) 
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Values for bias and covariance for reinforcing steel suggested by various researchers 

are shown in Table 2-4.  

 

Table 2-4 – Bias and Covariance for Reinforcing Steel in Different Studies 

Bias (λs) Covariance (Ωs) References 

1.145 0.035-0.065 Nowak and Szerszen (2003a) 

1.24 0.17 Fırat (2007) 

1.18 0.14 Mahmud (2014) 
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CHAPTER 3 

3 FAILURE MODES USED IN STUDY 

3.1 Introduction 

The failure modes used to calculate the capacities of the cross-sections is explained in 

this chapter. These failure modes were:   

• Beams:  

o Flexure, and  

o Shear. 

• Columns:  

o Combined flexure and axial load, and  

o Shear. 

 

3.2 Failure Modes in Reinforced Concrete Beams 

Flexural and shear failures are the two most common failure modes of reinforced 

concrete beams. The flexural failure occurs when the applied moment exceeds the 

resisting moment capacity of the beam. The shear failure occurs when shear resistance 

of the beam is exceeded by the applied shear forces. Both failure modes may be further 

subdivided into various types of failure: the flexural failure may occur as a tension 

failure, compression failure, or balanced failure whereas shear failure may happen with 

or without axial load. 

  

3.2.1 Flexural Failure in Beams 

Flexural compression failure occurs when concrete crushes at the outermost 

compression fiber without yielding of reinforcement at the outermost steel layer at the 

tension side. This behavior occurs when the beam is over-reinforced, meaning the 

longitudinal reinforcement ratio of the beam is greater than the balanced reinforcement 

ratio. This type of failure results in brittle failure which is a form of failure that occurs 

suddenly and without warning. In reinforced concrete design, this behavior is 
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undesirable. To prevent this type of failure, reinforcing steel may be added at the 

compression zone and less reinforcement may be located at the tension side.  

 

Due to its simplicity, the corresponding rectangular stress block can be used to 

calculate the flexural moment capacity of a rectangular beam. The equivalent 

rectangular stress block is shown in Figure 3-1. 

 

Figure 3-1 – Strain Distribution and Force Equilibrium for Beams 

 

In this figure, h is the height of the rectangular section, b (or bw) is the width of the 

section, d is the depth of outermost steel layer from the most compressed fiber, As is 

the area of longitudinal reinforcement, N.A. is the neutral axis, εcu is the ultimate 

concrete strain, c is the depth of neutral axis, fcd is the design concrete compressive 

strength, fyd is the design yield strength of longitudinal reinforcement,  Fc is the 

resultant concrete force, Fs is the steel force, a is the height of the equivalent stress 

block, and k1 is the factor related to the concrete class based on TS 500 (2000) as 

follow [3]: 

 

k1 = [
0.85 for C16 to C25

0.82 for C30
0.79 for C35

] (3-1) 

 

In this study, the ultimate concrete strain, εcu, is equal to 0.003 as suggested by TS 500 

(2000) [3]. 
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The balanced case of a reinforced concrete beam is critical to determine whether a 

beam is over- or under-reinforced. The balanced case occurs when the concrete at the 

most compressed fiber crushes and reinforcement at the outmost steel layer yields at 

the same time. The relationship used in calculating the balanced steel ratio and the 

actual steel ratio is given by Equations (3-2) to (3-4) [3]. 

 

ρb =
0.85fcd

fyd
k1

𝑐𝑏

d
  (3-2) 

c𝑏 =
εcu

εcu+εy
× d  (3-3) 

ρ =
As

bd
  (3-4) 

 

where cb is the depth of neutral axis for the balanced case, b is the balanced 

reinforcement ratio, εy is the yield strain of reinforcement, and  is the reinforcement 

ratio of the section. 

 

When there is less area of tensile reinforcement in a beam than that of the balanced 

case, the beam behaves in a ductile manner. This type of beam is called under-

reinforced beam. The tensile reinforcement yields first, then the concrete crushes.   

 

Using the equivalent rectangular stress block approach, moment capacity for 

rectangular beam, Mr, can be calculated by using Equations (3-5) to (3-7) [3]: 

 

Mr = 0.85 fcd k1 c b ( 
h

2
−
k1c

2
) + ∑ Asi σsi

n
i=1   (3-5) 

εsi = 0.003 (
c−di

c
)  (3-6) 

σi = [
fyd  , if  |εsi| ≥ εy

Es × |εsi| , if  |εsi| < εy
]  (3-7) 

 

where i represents the number of steel layers, Asi is the total area at the ith steel layer, 

di is the depth of ith steel layer from the most compressed fiber, i is the stress at the ith 

steel layer, and i is the strain at the ith steel layer.    

 



 

42 

 

3.2.2 Shear Failure in Beams 

Shear failure occurs when the shear resistance of a beam is less than its flexural 

strength, and the shear force exceeds the shear capacity of the beam. A shear load is a 

force that causes a material to slide along a plane parallel to the direction of force 

action which produces a brittle failure. Since the tensile strength of concrete is very 

low, the principal tensile stresses induced by shear poses a significant problem in 

reinforced concrete members [14]. 

 

This type of failure can be avoided by supplying sufficient transverse reinforcement to 

reach the maximum limit state in flexure. As a result, the condition below must be 

satisfied. 

 

Vr ≥ Vd  (3-8) 

 

where Vr is the resisting shear strength of the member, Vd is the maximum design shear 

force that shall be determined using the load factors and combinations. 

 

In TS 500 (2000) [3] , the shear strength of the reinforced concrete member is equal to 

the sum of the concrete resistance and the shear reinforcement resistance. The 80% of 

the cracking strength of concrete (Vcr) is considered as the shear strength of concrete 

(Vc). The shear strength of steel is denoted as Vw. The contribution of concrete to the 

shear strength of the beam can be calculated using the following equations [3]: 

 

Vc = 0.80 × 0.65 × fctd × bw × d  (3-9) 

Vw =
Asw

s
× fywd ×  d  (3-10) 

 

where fctd is the design tensile strength of concrete, Asw is the area of the transverse 

reinforcement multiplied by the number of legs cut by the shear crack, s is the spacing 

of transverse reinforcement, and fywd is the yield strength of transverse reinforcement.      

 

The overall shear resistance of the reinforced concrete beam is the summation of the 

shear strength of concrete and steel as follows:  
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Vr =
Asw

s
× fywd ×  d + 0.52 × fctd × bw × d   (3-11) 

 

A Microsoft Excel Workbook was produced the automate the capacity calculations for 

flexural and shear failure of beams. A screenshot of the program is shown in Figure 

3-2. 

 

 

Figure 3-2 – Program for Calculating Flexural and Shear Capacity of Beams  

 

3.3 Failure Modes in Reinforced Concrete Columns 

Reinforced concrete column is a compression member and it transfers the loads 

vertically from the structure to the ground through foundations. The failure of a column 

in a critical location may cause the connected floors to collapse, resulting in the total 

collapse of the structure. Concrete members may develop eccentricity under only axial 

load due to its non-homogeneous characteristics and asymmetrically placed floor loads. 

Most columns in reinforced concrete buildings are not subjected to only uniaxial 

loading. In addition, the lateral loads, such as wind and earthquake loads, flexural 

moment takes place and results in combined axial load and flexure. As a result, the 

impact of both flexure and axial load on columns shall be considered in design. 

 

Columns can be braced or unbraced, short or slender, depending on structural 

characteristics and dimensional factors. In this study, the three failure modes (under-, 

over-reinforced, and balanced) will be considered for combined axial and flexure and 

shear for rectangular columns. 
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3.3.1 Combined Flexural and Axial Failure in Columns 

Similar to the beams, there are three types of failure modes of columns under combined 

flexure and axial loading: 

• Compression failure occurs when concrete crushes before steel yields. This case is 

the most common condition in columns that are subjected to axial forces and 

bending. 

• Tension failure occurs when steel yields first then concrete crushes. 

• Balanced failure occurs when steel yields and concrete crush at the same time. 

 

To analyze columns under combined axial and flexural loading, equivalent rectangular 

stress block shall be used, hence the resisting moment capacity (M) and the applied 

axial load (N) shall be calculated using Figure 3-3 and the following equations [3]: 

 

Figure 3-3 – Strain Distribution and Force Equilibrium for Columns 

 

N = 0.85 fcd k1 𝑐 + ∑ Asi σsi
n
i=1   (3-12) 

M = 0.85 fcd k1 c b ( 
h

2
−
k1c

2
) + ∑ Asi σsi

n
i=1   (3-13) 

σsi = 0.003 Es (1 +
di−

h

2

c
) ≤  fyd  (3-14) 
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In study, As1 is considered as the outermost steel reinforcement layer from the most 

compressed fiber where n is the number of steel layers.     

 

3.3.2 Shear Failure in Columns 

Shear strength of a column can be computed in the same approach as performed in the 

case of beams. However, for the shear capacity of a column, the values of axial load, 

(Nd) is considerably larger than that used for the shear capacity of a beam (close to 

zero, therefore neglected). The shear strength of concrete can be calculated using the 

following equations [3]: 

 

Vc = 0.80 × 0.65 × fctd × bw × d × Ψ  (3-15) 

Ψ =

[
 
 
 1 + 0.3

−Nd
Ac

  , 𝑤ℎ𝑒𝑛  
Nd
Ac

< 0.5 𝑀𝑃𝑎

1 + 0.007
+Nd
Ac

  , 𝑤ℎ𝑒𝑛  
Nd
Ac

> 0.5 𝑀𝑃𝑎
]
 
 
 

 (3-16) 

Vw =
Asw
s
fywd d (3-17) 

 

where 𝛹 is the factor that revises the shear capacity due to the presence of axial load, 

Nd is the design axial load (due to factored load) (negative for tension and positive for 

compression), Ac is the area of the column, concrete’s area. 

 

The contribution of concrete to the shear strength of the columns can be calculated 

using the following equations [3]:  

 

Vr =
Asw
s
fywd d + 0.52fctdbw d Ψ (3-18) 

 

A Microsoft Excel Workbook was produced the automate the capacity calculations for 

flexural and shear failure of columns. A screenshot of the program is shown in Figure 

3-4. 
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Figure 3-4 – Program for Calculating Flexural and Shear Capacity of Columns  
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CHAPTER 4 

4 PROCEDURE TO ESTABLISH LIMIT STATE FUNCTION AND 

DETERMINE RELIABILITY INDEX 

4.1 Introduction 

The procedure used to establish the limit state function and determine the reliability 

index is explained in this chapter. Initially the variability (biases and covariances) of 

the various failure modes based on concrete and steel reinforcement data and dead and 

live loads were determined. These biases and covariances were converted to normally 

distributed functions using MSC Method. Later the limit state function is established, 

and corresponding reliability index was determined.     

 

4.2 Determination of Biases and Covariances of Dead and Live Loads 

The biases and covariances of dead and live loads can be determined using 

observations and experiments. The values proposed by various researchers may also 

be used.   

 

4.3 Determination of Biases and Covariances of Resistance for Various Failure 

Modes for Beam and Column Sections 

The method to calculate the bias and covariance of failure modes for beam and column 

sections is explained in steps below: 

 

• First the bias and covariance values (c, c for concrete and s, s for steel) 

obtained from the laboratory test and in-situ strengths for all the concrete class and 

steel types shall be determined.   

 

• For a selected concrete class and a steel type, the design (nominal) concrete 

compressive strength and design (nominal) yield strength of steel shall be 

determined as follows: 

 



 

48 

 

𝑓𝑐𝑑 =
𝑓𝑐̇
𝛾𝑚𝑐

 (4-1) 

𝑓𝑦𝑑 =
𝑓𝑦̇𝑑

𝛾𝑚𝑠
 

(4-2) 

 

where 𝑓̇𝑐  is the selected concrete compressive strength, 𝑓𝑦̇𝑑  is the selected yield 

strength of steel, fcd is the design concrete compressive strength and fyd is the design 

yield strength of steel, mc is the material factor for concrete (1.5 based on TS 500 

(2000)) [3], ms is the material factor for steel (1.15 based on TS 500 (2000)). 

 

•  The mean concrete compressive strength (𝑓𝑐𝑑𝑚) and mean yield strength of steel 

(𝑓𝑦𝑑𝑚) shall be calculated by multiplying the design strengths by bias of each 

material as follow: 

𝑓𝑐𝑑𝑚 = 𝑓𝑐𝑑 × 𝜆𝑐 (4-3) 

𝑓𝑦𝑑𝑚 = 𝑓𝑦𝑑 × 𝜆𝑠 (4-4) 

 

• Then the capacities of the rectangular section shall be calculated for each failure 

mode twice, one using the design (nominal) strengths of concrete and steel; and 

other using the mean strengths of concrete and steel. These capacity calculations 

are explained in the previous section and summarized in Table 4-1. 

 

Table 4-1 – Capacity Calculations for Various Failure Modes using Design and 

Mean Strengths of Concrete and Steel 

 Using Design (Nominal) Strengths Using Mean Strengths 

Beam Flexure M𝑛 = 0.85 fcd k1 c b ( 
h

2
−
k1c

2
) +∑Asi σsi

n

i=1

(
h

2
− di) 

(σsi = 𝑓𝑦𝑑  𝑖𝑓 𝑠𝑡𝑒𝑒𝑙 ℎ𝑎𝑠 𝑦𝑖𝑒𝑙𝑑𝑒𝑑) 

M𝑚 = 0.85 fcdm k1 c b (
h

2
−
k1c

2
) +∑Asi σsi 

n

i=1

(
h

2
− di) 

(σsi = 𝑓𝑦𝑑𝑚 𝑖𝑓 𝑠𝑡𝑒𝑒𝑙 ℎ𝑎𝑠 𝑦𝑖𝑒𝑙𝑑𝑒𝑑) 

Beam Shear V𝑛 =
Asw
s
 f𝑦𝑤𝑑  d + 0.52 fctd bw d V𝑚 =

Asw
s
 f𝑦𝑤𝑑𝑚  d + 0.52 fctdm bw d 

Column Combined 

Flexure and Axial 
M𝑛 = 0.85 fcd k1 c b ( 

h

2
−
k1c

2
) +∑Asi σsi

n

i=1

(
h

2
− di) 

(σsi = 𝑓𝑦𝑑  𝑖𝑓 𝑠𝑡𝑒𝑒𝑙 ℎ𝑎𝑠 𝑦𝑖𝑒𝑙𝑑𝑒𝑑) 

M𝑚 = 0.85 fcdm k1 c b (
h

2
−
k1c

2
) +∑Asi σsi 

n

i=1

(
h

2
− di) 

(σsi = 𝑓𝑦𝑑𝑚 𝑖𝑓 𝑠𝑡𝑒𝑒𝑙 ℎ𝑎𝑠 𝑦𝑖𝑒𝑙𝑑𝑒𝑑) 

Column Shear V𝑛 =
Asw
s
 f𝑦𝑤𝑑 d + 0.52 fctd bw dΨ V𝑚 =

Asw
s
 f𝑦𝑤𝑑𝑚  d + 0.52 fctdm bw dΨ 

 

• The bias () for the capacities for all the failure modes shall be calculated by 

dividing the mean by design (nominal) value of the capacity. 
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𝜆𝐵𝑒𝑎𝑚 𝐹𝑙𝑒𝑥𝑢𝑟𝑒 =
𝑀𝑚

𝑀𝑛
 (4-5) 

𝜆𝐵𝑒𝑎𝑚 𝑆ℎ𝑒𝑎𝑟 =
𝑉𝑚
𝑉𝑛

 
(4-6) 

𝜆𝐶𝑜𝑙𝑢𝑚𝑛 𝐹𝑙𝑒𝑥𝑢𝑟𝑒 𝑎𝑛𝑑 𝐴𝑥𝑖𝑎𝑙 𝐿𝑜𝑎𝑑 =
𝑀𝑚

𝑀𝑛
 

(4-7) 

𝜆𝐶𝑜𝑙𝑢𝑚𝑛 𝑆ℎ𝑒𝑎𝑟 =
𝑉𝑚
𝑉𝑛

 
(4-8) 

 

• Then standard deviations () of the mean capacities of the rectangular section are 

calculated using the FOSM method [13] for each failure mode as shown in Table 

4-2. 

 

Table 4-2 – Standard Deviation Calculations for Various Failure Modes using Mean 

Strengths of Concrete and Steel 

Beam Flexure σMm
= √(

∂Mm

∂Asi 
)
2

σAsi
2 + (

∂Mm

∂fym 
)

2

σfcdm
2

 

 

Beam Shear σVm = √

 

(
∂Vm
∂As 

)
2

σAs
2 + (

∂Vm
∂fywdm

)

2

σfywdm
2 + (

∂Vm
∂fctdm

)
2

σfctd
2  

Column Combined 

Flexure and Axial 
σMm

= √(
∂Mm

∂Asi 
)
2

σAsi
2 + (

∂Mm

∂fym 
)

2

σfcdm
2

 

 

Column Shear σVm = √

 

(
∂Vm
∂As 

)
2

σAs
2 + (

∂Vm
∂fywdm

)

2

σfywdm
2 + (

∂Vm
∂fctdm

)
2

σfctd
2  

 

• The covariances () for all the failure modes shall be calculated by standard 

deviation by the mean capacities as shown below:  

 

Ω𝐵𝑒𝑎𝑚 𝐹𝑙𝑒𝑥𝑢𝑟𝑒 =
σMm

𝑀𝑚
 (4-9) 

Ω𝐵𝑒𝑎𝑚 𝑆ℎ𝑒𝑎𝑟 =
σVm
𝑉𝑚

 
(4-10) 

Ω𝐶𝑜𝑙𝑢𝑚𝑛 𝐹𝑙𝑒𝑥𝑢𝑟𝑒 𝑎𝑛𝑑 𝐴𝑥𝑖𝑎𝑙 𝐿𝑜𝑎𝑑 =
σMm

𝑀𝑚
 

(4-11) 

Ω𝐶𝑜𝑙𝑢𝑚𝑛 𝑆ℎ𝑒𝑎𝑟 =
σVm
𝑉𝑚

 
(4-12) 
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Using this method, the bias and covariances for different failure modes were calculated 

for one selected concrete compressive strength (𝑓𝑐̇ = 30 MPa) and one selected yield 

strength of steel (𝑓𝑦̇𝑑 = 420 MPa) for the rectangular beam cross-sections for numerous 

times. Three types of sections were used in the analyses namely singly, doubly, and 

multi-layer reinforced sections (Figure 4-1). For singly reinforced cross-section, the 

flexural capacities were calculated using the design (nominal) and mean strengths of 

materials for one cross-section (300×600 mm) having 20 different cross-sectional 

areas of tensile reinforcement ranging from 750 to 3800 mm2. A total of 20 analyses 

were performed for this case. The shear capacities of singly reinforced cross-sections 

were calculated using the design (nominal) and mean strengths of materials for two 

different diameters of transverse reinforcement having 20 different spacings ranging 

from 75 to 170 mm. A total of 20 analyses were performed for this case. For the other 

section types of beams, the details of the variables for the analyses are shown in Table 

4-3. A screenshot of the produced program used to calculate the bias and covariance 

of the flexural failure mode is shown in Figure 4-2. 

 

 

Figure 4-1 – Types of Beam Sections Used in Analyses  
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Table 4-3 – Analyses Scheme for Beams 

Section Type 

Section 

Dimensions 

(mm) 

Longitudinal 

Reinforcement Area 

(mm2) 

Transverse 

Reinforcement 

Singly 

Reinforced 
300×600 

As=750-3800 (20 different 

values) 

(Total 20 analyses) 

8 and 10  

# of legs=4 

s=75-170 mm (20 different 

values)   

(Total 20 analyses) 

Doubly 

Reinforced 

250×400 

350×500 

As=2463 

As’=942 and 1556 

(Total 4 analyses) 

8 and 20 

(7 different values)    

# of legs=4 

s=75-170 mm (10 different 

values)   

(Total 36 analyses) 

Multi-Layer 

Reinforced 

400×600 

 

As1=1885 

As2=402 

As3=402 

As4=804 

(Total 1 analysis) 

8 and 20 

(7 different values)    

# of legs=4 

s=75-170 mm (10 different 

values)   

(Total 36 analyses) 

 

 

Figure 4-2 – Screenshot of Program to Calculate Bias and Covariance of Flexural 

Failure Mode 

 

The same procedure was performed to determine the bias and covariances for different 

failure modes for columns using the selected concrete compressive strength (𝑓𝑐̇ = 30 

MPa) and selected yield strength of steel (𝑓𝑦̇𝑑 = 420 MPa) for the rectangular columns 

cross-sections for numerous times. Two types of sections were used in the analyses 

namely doubly and multi-layer reinforced sections (Figure 4-3). For doubly reinforced 

cross-section, the combined shear and flexural capacities were calculated using the 

design (nominal) and mean strengths of materials for two cross-sections (300×400 and 

300×500 mm) having cross-sectional areas of tensile reinforcement of 763.4 mm2 both 

at the top and bottom of the section. The shear capacities of doubly reinforced cross-

sections were calculated using the design (nominal) and mean strengths of materials 
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for two different diameters of transverse reinforcement having 36 different spacings 

ranging from 75 to 170 mm. A total of 36 analyses were performed for this case. For 

the other section type of columns, the details of the variables for the analyses are shown 

in Table 4-4. 

 

 

Figure 4-3 – Types of Column Sections used in Analyses  

 

 

Table 4-4 – Analyses Scheme for Beams 

Section Type 

Section 

Dimensions 

(mm) 

Longitudinal Reinforcement Area 

(mm2) 

Transverse 

Reinforcement 

Doubly 

Reinforced 

300×400 

300×500 

As=763.4 

As’=763.4 

(Total 2 analyses) 

8 and 20 

(7 different values)    

# of legs=4 

s=75-170 mm (10 

different values)   

(Total 36 analyses) 

Multi-Layer 

Reinforced 

300×400 

300×500 

 

As1=1593, As2=763, As3=763, As4=1593 

As1=1571, As2=628, As3=628, As4=1571 

(Total 4 analyses) 

8 and 25 

(7 different values)    

# of legs=4 

s=100-332 mm (10 

different values)   

(Total 36 analyses) 

 

At the end of these analyses, the average bias and covariances values were calculated 

for each failure mode. The userforms used to perform these actions and provide the 

bias and covariances for beams and columns for each failure mode are shown in Figure 

4-4 and Figure 4-5.  



 

53 

 

 

Figure 4-4 – Userform to Calculate Bias and Covariance of Beams for Each Failure 

Mode when Material Data is Provided 

 

 

Figure 4-5 – Userform to Calculate Bias and Covariance of Columns for Each 

Failure Mode when Material Data is Provided 
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For this study, the bias and covariance for the beam in flexural failure were 1.0727 and 

0.0771, respectively. The bias and covariance for the beam in shear failure were 1.2471 

and 0.1015, respectively. The bias and covariance for columns in combined axial load 

and flexure failure were 1.0758 and 0.323, respectively. The bias and covariance for 

columns in shear failure were 1.0657 and 0.323, respectively. 

 

Using similar procedures, various researchers suggested values for bias and covariance 

of failure modes of beams and columns as shown in Table 4-5 and Table 4-6.   

 

Table 4-5 – Bias and Covariance for Failure Modes of Beams in Different Studies 

Failure Mode Bias (λ) Covariance (Ω) References 

Flexural 

1.19 0.16 Kömürcü and Yücemen (1996) 

1.02 0.06 Nowak and Szerszen (2003a) 

1.24 0.13 Fırat (2007) 

1.24 0.13 Mahmud (2014) 

Shear 

1.09 0.115  Ellingwood et al. (1980) 

1.23 0.11 Nowak and Szerszen (2003a) 

1.24 0.17 Fırat (2007) 

1.24 0.17 Mahmud (2014) 

 

Table 4-6 – Bias and Covariance for Failure Modes of Columns in Different Studies 

Failure Mode Bias (λ) Covariance (Ω) References 

Combined 

Flexure and 

Axial Load 

1.1 0.12  Ellingwood et al. (1980) 

1.24 0.14 Fırat (2007) 

1.24 0.1442 Mahmud (2014) 

Shear 

1.09 0.115  Ellingwood et al. (1980) 

1.23 0.1 Nowak and Szerszen (2003a) 

1.24 0.17 Fırat (2007) 

1.24 0.17 Mahmud (2014) 

 

4.4 Conversion of Biases and Covariances into Normal Distribution Functions 

After having the biases and covariances for the resistance of the failure modes and 

loads, these biases and covariances were used to determine their normal distribution 

when MSC is applied for 20 million random numbers between 0 and 1.0.   

 

MCS Method was applied to resistance, dead, and live loads. As an example, typical 

application of the MSC Method on the dead load was explained in this section. Similar 

procedure was applied to live loads and the resistance of each failure mode. Initially, 

the bias () and covariance () of the dead load were converted to mean () and 

standard deviation () values of the dead load using the following equations: 
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  µ = Ln ×  λ  (4-13) 

σ = Ln ×  λ × Ω  (4-14) 

 

where Ln is the nominal (unfactored) dead load value. 

 

Using the function “RAND()” available in Microsoft Excel Software, twenty million 

random numbers were produced between 0 and 1. Later these random values were 

converted into normal distribution function using the function “NORM.DIST()” 

available also in Microsoft Excel Software and mean () and standard deviation () 

values of the dead load. The screenshot of the produced program used to perform these 

steps for resistance, dead, and live loads is shown in Figure 4-6.   

 

  

Figure 4-6 – Screenshot of Program to Convert Biases and Covariances of 

Resistance, Dead, and Live Loads to Normal Distribution Functions  

 

4.5 Establishing Limit State Function and Calculation of Reliability Index 

The strength limit state requires that the resistance of the structure (R) shall be greater 

than or equal to the load effects (F) as shown in the following equation:  

 

𝑅 ≥ 𝐹 (4-15) 
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The limit state function is established by moving the right-hand side of this expression 

to the left-hand side as follows: 

 

𝑅 − 𝐹 ≥ 0 (4-16) 

 

The load effects evaluated in the scope of this study were only the dead and live loads. 

Therefore, the expression can be written as follows where D is the dead loads and L is 

the live loads: 

 

𝐺 = 𝑅 − 𝐷 − 𝐿 ≥ 0 (4-17) 

 

This expression is named as the limit state function (G) and is calculated for each of 

the 20 million values of resistance, dead and live loads. This procedure can be 

explained in detail using Figure 4-6. The normal distribution values of dead and live 

load (Nor. D and Nor. L) were subtracted from the normal distribution value of 

resistance (Nor. R) for each randomly produced values. As an example, for the first 

randomly produced value (No 1), the value of Nor. D (123.36 kN) and Nor. L (7.90) 

is subtracted from Nor. R (363.35 kN) and the value of the limit state function is 

determined as 232.09 kN. This procedure is repeated for 20 million times. For each 

value, the probability of occurrence in 20 million values were calculated using the 

function “NORMSDIST()” readily available in Microsoft Excel Software. The inverse 

of the probability of occurrence (Pf) is the reliability index (). The reliability index 

() can also be calculated using the function “NORMSINV()” readily available in 

Microsoft Excel Software. The resulting values of all these limit state functions were 

sorted from smallest to largest. The limit state function value versus reliability index 

graph were drawn for 20 million values as shown in Figure 4-7. Finally, the 

intersection of the 20 million values and the y-axis is determined as the value of the 

reliability index of this limit state function. For the example shown in the figure, the 

reliability index is equal to 3.5.    
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Figure 4-7 – The Limit State Function and Reliability Index 
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CHAPTER 5 

5 ANALYTICAL STUDY 

5.1 Introduction 

The evaluation and results used to calculate the custom load and resistance factors for 

the design of reinforced concrete structures is explained in this chapter.    

 

5.2 Sensitivity Analyses of Reliability Index based on Load and Resistance 

Parameters 

It is essential to analyze how the parameters for resistance, dead, and live loads affect 

the reliability index. For this reason, analyses were performed using MCS for various 

ratios of live to dead loads (L/D) ranging from 0.1 to 1.0 and ratios of resistance to 

dead load (R/D) ranging from 1.6 to 2.5 as shown in Table 5-1. The sensitivity analyses 

were performed for 6 load and resistance load combinations as shown in Table 5-2. 

These load and resistance combinations were the combinations available in TS 500 

(2000) and ACI 318 (2019) [3, 2].  

 

Table 5-1 – Ratios for L/D and R/D 

r = L/D R/D 

0.1 1.6 

0.2 1.7 

0.3 1.8 

0.4 1.9 

0.5 2 

0.6 2.1 

0.7 2.2 

0.8 2.3 

0.9 2.4 

1 2.5 

 

Table 5-2 – Combinations Used in Sensitivity Analyses 

Dead Load Factor  Live Load Factor  Resistance Factor 

0.85 1.4 1.6 

0.9 1.2 1.6 

0.65 1.2 1.6 

0.7 1.4 1.6 

1 1.2 1.6 

1 1.4 1.6 
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5.2.1 Effect of Dead Load Parameters 

Analyses for dead load parameters (bias and covariance) for beams and columns were 

performed on 20 million random values for various L/D ratios ranging from 0.1 to 1. 

The effect of bias (λ) of the dead loads was evaluated for values between 1.01 and 1.3 

with increments of 0.01 while the covariance was kept constant as 0.09. The bias and 

covariance of live load were constant and equal to 1.0 and 0.27, respectively. The bias 

and covariance for the resistance were also constant and equal to 1.24 and 0.13, 

respectively. The results of this analysis are shown in Figure 5-1. The figure indicated 

that as the bias for the dead load increased, the reliability decreased for all the 5 

combinations. 

 

 

Figure 5-1 – Relationship of Bias (λ) for Dead Load and Reliability Index 

 

Similar analysis was performed to evaluate the effect of covariance (Ω) of the dead 

loads varying between 0.01 and 0.30 with increments of 0.01 while the bias was kept 

constant as 1.05. All other variables were similar to the analyses above. The results of 

this analyses are shown in Figure 5-2. This figure indicated that as the covariance of 

the dead load increased, the reliability index decreased gradually for all the 6 

combinations. Hence as the bias or covariance increased, the reliability index gradually 

decreased.  
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Figure 5-2 – Relation of Covariance (Ω) for Dead Load and Reliability Index 

 

5.2.2 Effect of Live Load Parameters 

Analyses for live load parameters (bias and covariance) for beams and columns were 

performed on 20 million random values for various L/D ratios ranging from 0.1 to 1. 

The effect of bias (λ) of the live loads was evaluated for values between 1.01 and 1.3 

with increments of 0.01 while the covariance was kept constant as 0.09. The bias and 

covariance of dead load were constant and equal to 1.05 and 0.1, respectively. The bias 

and covariance for the resistance were also constant and equal to 1.24 and 0.13, 

respectively. The results of this analysis are shown in Figure 5-3. The figure indicated 

that as the bias for the live load increased, the reliability index decreased for all the 6 

combinations. However, the effects of bias and covariance for dead load on the 

reliability index was more critical since it produced greater decrease in the reliability 

index compared to that of live loads.  
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Figure 5-3 – Relationship of Bias (λ) for Live Load and Reliability Index 

 

Similar analysis was performed to evaluate the effect of covariance (Ω) of the live 

loads varying between 0.01 and 0.30 with increments of 0.01 while the bias was kept 

constant as 1.16. All other variables were similar to the analyses above. The results of 

this analyses are shown in Figure 5-4. This figure indicated that as the covariance of 

the live load increased, the reliability index decreased gradually for all the 6 

combinations. Hence, when the bias and covariance increased, the reliability index 

gradually decreased. 

 

 

Figure 5-4 – Relationship of Covariance (Ω) for Live Load and Reliability Index 
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5.2.3 Effect of Resistance Parameters 

Analyses for resistance parameters (bias and covariance) for beams and columns were 

performed on 20 million random values for various L/D ratios ranging from 0.1 to 1. 

The effect of bias (λ) of the resistance was evaluated for values between 1.01 and 1.3 

with increments of 0.01 while the covariance was kept constant as 0.09. The bias and 

covariance of dead load were constant and equal to 1.05 and 0.1, respectively. The bias 

and covariance for live load were also constant and equal to 1.0 and 0.27, respectively. 

The results of this analysis are shown in Figure 5-5. The figure indicated that as the 

bias for the resistance increased, the reliability index increased for all the 6 

combinations. 

 

 

Figure 5-5 – Relation of Bias (λ) for Resistance and Reliability Index 

 

Similar analysis was performed to evaluate the effect of covariance (Ω ) of the 

resistance varying between 0.01 and 0.30 with increments of 0.01 while the bias was 

kept constant as 1.16. All other variables were similar to the analyses above. The 

results of this analyses are shown in Figure 5-6. This figure indicated that as the 

covariance of the resistance increased, the reliability index decreased for all the 6 

combinations. Hence, as the bias increased, the reliability index also increased. 

However, as the covariance increased, the reliability index decreased. 
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Figure 5-6 – Relationship of Covariance (Ω) for Resistance and Reliability Index 

 

5.3 Sensitivity Analyses of Reliability Index based on Load and Resistance 

Factors 

The investigation of sensitivity analysis of reliability index based on load and 

resistance factors were performed for the ratio of L/D which is denoted as “r”, ranging 

from 0.1 to 1.00. MCS Method was used for 20 million samples to determine the effect 

of load and resistance factors on the reliability index.  

 

The variations of live and dead load factors with respect to the reliability index are 

shown in Figure 5-7. This figure indicated that when the live and dead factors increased, 

the reliability index also increased. The live and dead load factors had significant 

effects on reliability index due to the major increase of reliability index value. 

However, the maximum reliability index for dead load factors was greater than that of 

live load factors. 
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Figure 5-7 – Relationship of Dead and Live Loads wrt. Reliability Index 

 

The variation of resistance factor with respect to the reliability index is shown in Figure 

5-8. The ratio of live to dead load was ranging from 0.1 to 1. This figure indicated that.  

as the resistance factor increased, the reliability index decreased. Hence, it can be 

concluded that higher resistance factor would lead to low reliability index. 

Figure 5-8 – Relation of Resistance Factor wrt. Reliability Index 

 

5.4 Comparison of Reliability Indexes of TS 500 (2000) [3] and ACI 318 (2019) 

[2] 

Turkish Reinforced Concrete Design Code (TS 500, 2000) [3] satisfies the safety 

criteria using load factors which increases the load effects and material factors which 

reduces the strength of materials in calculation of resistance. The American Concrete 

Design Code (ACI 318, 2019) [2] uses load factors which increases the load effect; 
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however, the resistance is not reduced using the material factors in this code. Instead, 

the resistance is calculated using the characteristic strengths of materials (no reduction 

in material strengths), however finally the resistance is reduced by a factor for each 

failure mode. The resistance factors for each failure mode of beams and columns 

specified by ACI 318 (2019) [2] is shown in Table 5-3. Using these resistance factors 

and the procedures explained in Chapter 4, the reliability indexes were calculated for 

each resistance factor specified by ACI 318 (2019) [2] as shown in this same table.     

 

Table 5-3 – Resistance Factors and Target Reliability Index Based on ACI 318 

(2019) [2]   

 Failure Resistance Factor () Minimum Reliability Index (β) 

Beams 

Compression 0.65 2.832 

Tension 0.9 2.004 

Only Shear 0.75 2.497 

Columns 

Compression 0.65 2.832 

Tension 0.9 2.004 

Only Shear 0.75 2.497 

 

Even though TS 500 (2000) [3] had a different approach from the ACI 318 (2019) [2], 

for comparison purposes, the material factors approach in TS 500 (2000) [3] was 

converted to the resistance factors approach in ACI 318 (2019) [2]. For this purpose, 

the resistance of each failure mode (flexural, shear, and combined flexure and axial) 

was calculated twice, once using the reduced material strengths and once using the 

unreduced material strengths. Then, to evaluate the resistance factor, the resistance 

calculated using reduced material strengths was divided by the resistance calculated 

using unreduced material strengths. This procedure was performed for each failure 

mode using MCS Method on 20 million beam and column cross-sections having 

various dimensions and reinforcement areas. The diameters of reinforcement used in 

the analyses were ranging from 8 to 26 mm for both the longitudinal and transvers bars. 

The concrete type and steel type was ranging from C16 to C50, S420 to S500, 

respectively. The geometric properties of beams and columns used in these analyses 

are shown in Table 5-4 to Table 5-7. A screenshot of the produced program used to 

calculate resistance factors for TS 500 (2000) [3] combined flexure and axial failure 

of columns is shown in Figure 5-9. 
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Table 5-4 – Geometric Properties of Singly Reinforced Concrete Beams 

h (mm) bw (mm) d (mm) As (mm2) 

400 250 350 400-1901 

600 300 550 750-3800 

 

Table 5-5 – Geometric Properties of Doubly Reinforced Concrete Beams 

h (mm) bw (mm) d1 (mm) d2 (mm) As1 (mm2) As2 (mm2) 
400 250 65 350 1257 2463 
600 300 65 450 942 2463 

 

Table 5-6 – Geometric Properties of Multi-Layer Reinforced Concrete Beams 

h (mm) bw (mm) d1 (mm) d2 (mm) d3 (mm) d4 (mm) As1 (mm2) As2 (mm2) As3 (mm2) As4 (mm2) 
600 400 50 200 400 500 1885 804 402 402 

 

Table 5-7 – Geometric Properties of Multi-Layer Reinforced Concrete Columns 

h (mm) bw (mm) d1 (mm) d2 (mm) As1 (mm2) As2 (mm2) 
400 300 35 365 763 763 
500 300 40 460 763 763 
400 400 35 365 763 763 
500 500 40 460 763 763 

 

 

Figure 5-9 – Screenshot of Program to Calculate Resistance Factors for TS 500 

(2000) 

 

The results of this analysis indicated that the resistance factor for beams in tension 

controlled flexural failure was ranging from 0.810 to 0.876, hence the average value 

was taken as 0.86. For beams in compression controlled flexural failure, the resistance 

factor was ranging from 0.72 to 0.80 and its average was equal to 0.76 of the capacity 

of the beam calculated using unfactored material strengths. For beams under shear, the 

resistance factor was equal to 0.82 of the shear strength capacity of the beam calculated 
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using unfactored material strengths. For combined flexure and axial load for columns, 

the resistance factor in tension failure was ranging from 0.80 to 0.85, the average was 

0.81. For balanced failure, the resistance factor was ranging from 0.72 to 0.79 and the 

average was 0.74. For compression failure, the resistance factor was ranging from 0.7 

to 0.78 and average was 0.76. The MCS was applied to determine the minimum 

reliability index between 0.1 and 1 for live and dead loads in different failure modes 

using bias and covariance for dead load as 1.05 and 0.1, respectively. The bias and 

covariance for live load were 1 and 0.18, respectively. The bias and covariance for 

resistance were 1.16 and 0.2, respectively. These results are tabulated in Table 5-8. 

Using these resistance factors and the procedures explained in Chapter 4, the reliability 

indexes were calculated for each resistance factor specified by TS 500 (2000) [3], as 

shown in this same table.   

 

Table 5-8 – Resistance Factors and Target Reliability Index Based on TS 500 (2000) 

[3] 

 Failure Resistance Factor (Φ) Minimum Reliability Index (β) 

Beams 

Compression 0.76 2.463 

Tension 0.86 2.134 

Only Shear 0.82 2.265 

Columns 

Compression 0.76 2.463 

Tension 0.81 2.298 

Only Shear 0.70 2.664 

 

As seen from Table 5-3 and Table 5-8, TS500 (2000) [3] and ACI 318 (2019) [2] have 

some differences in the resistance factor which resulted in variation of minimum 

reliability indexes. For beams in compression controlled flexural and shear failures, 

ACI 318 (2019) [2] was safer. For beams in tension controlled flexural failure, TS 500 

(2000) [3] was safer due to the fact that the reliability index was greater. 

  

For columns in combined flexure and axial load and shear failures, the minimum 

reliability indexes in compression failure for ACI 318 (2019) [2] were greater than TS 

500 (2000) [3] which resulted in safer deign whereas for columns in tension failure. 

TS 500 (2000) [3] was safer due to the fact that the reliability index was greater. 
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5.5 Determination of Custom Load and Resistance Factors  

A program was developed to determine custom load and resistance factors to design 

reinforced concrete members (Figure 5-10). In this program, the user may enter the 

biases and covariances of resistance, dead, and live loads, manually (Figure 5-10(b)). 

These parameters may also be entered by selecting the related previous study in the 

literature (Figure 5-10(a)). Then the user shall select the member type (beam or 

column), failure mode (flexure, combined flexure, and axial load, shear), and the 

reinforced concrete code (TS 500, 2000 or ACI 318, 2019) [3,2] (Figure 5-10(c)). 

Based on these selections, the reliability index is calculated by the program as 

explained in Chapter 4. The user may also specify the target reliability index, without 

performing the selections (Figure 5-10(d)). For each step, the program performs the 

MSC Method using 20 million random variable and procedures explained in Chapter 

4 and calculates custom load factors and combinations which results in the intended 

reliability index (Figure 5-10(e)). This procedure is performed many times for D/L 

ratios ranging from 0.1 to 1, for different load and resistance combination until the 

reliability index is equal to target reliability index entered by the user. The outcome of 

the program provides the user with a list of combination which has the same target 

reliability index (Figure 5-10(e)). The minimum target reliability and probability of 

failure are also provided in the outcome (Figure 5-10(e)). The time needed for a full 

run requires approximately 18 hours.      

 

 

Figure 5-10 – Program for Determining Custom Load and Resistance Factors 

(a) 

(b) 

(c) 

(d) 

(e) 
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CHAPTER 6 

6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary and Conclusions 

The load and resistance factors used nowadays in the design of reinforced concrete 

structures were developed before this century. The quality control on the materials 

nowadays is much better compared to that of 50 years ago. Furthermore, the loads on 

the structures can be predicted much better than the predictions performed 50 years 

ago. Using these factors from the past significantly penalizes the design of reinforced 

concrete structures constructed using materials having better quality control and loads 

having better predictions of occurrences today.    

  

The purpose of this study was to develop a tool that determined the load and resistance 

factors depending on the statistical data (bias and covariance) related to current 

materials (concrete and steel) and current prediction of loads (dead, live, etc.) and the 

target reliability index. Initially for a reinforced concrete structure, beams and columns 

having various dimensions and reinforcement configurations were analyzed for 

various resistance factors and for different failure modes. These results were compared 

to the load effects resulting from various factors and combinations of dead and live 

loads. The reliability index for each comparison was calculated to evaluate the effects 

of load and resistance factors on the variation of safety (reliability index).  

 

The FOSM and MCS were the methods used as the structural reliability models. The 

first method was used to determine the resistance parameters for different failure 

modes. These resistance parameters (biases and covariances) were calculated using 20 

million random variables using MCS Method to determine reliability index values and 

to develop the load and resistance factors. 

 

Following conclusions were reached at the end of this study:  

• The reliability analysis for dead and live loads showed that, as the bias and 

covariance increased, the reliability index decreased. However, the variation of the 
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dead load parameters was more critical, since the percentage of occurrence of dead 

loads in a structure was greater than that of the live loads. 

• For the resistance parameters, as the bias increased, the reliability index increased 

as well. When the reliability index decreased, the covariance increased. Hence the 

bias for the resistance had a significant effect on the reliability index.   

• The results from the analysis of load and resistance factors using Monte Carlo 

Simulation revealed that the dead load factors had greater effects on the reliability 

index due to their occurrence was larger than that of the live loads. Also, the live 

load factors had effects on reliability index, however the maximum reliability 

index for live load factors was approximately 3.25, whereas it was approximately 

5 for the dead load factor.  

• A program was developed to determine custom load and resistance factors to 

design reinforced concrete members. In this program, the user may enter the biases 

and covariances of resistance, dead, and live loads, manually. These parameters 

may also be entered by selecting the related previous study in the literature. Then 

the user shall select the member type (beam or column), failure mode (flexure, 

combined flexure, and axial load, shear), and the reinforced concrete code (TS 500, 

2000 or ACI 318, 2019) [3, 2]. Based on these selections, the reliability index is 

calculated by the program as explained in Chapter 4. The user may also specify the 

target reliability index, without performing the selections. For each step, the 

program performs the MSC Method using 20 million random variable and 

procedures explained in Chapter 4 and calculates custom load factors and 

combinations which results in the intended reliability index. This procedure is 

performed many times for D/L ratios ranging from 0.1 to 1, for different load and 

resistance combination until the reliability index is equal to target reliability index 

entered by the user. The outcome of the program provides the user with a list of 

combinations which has the same target reliability index. The minimum target 

reliability and probability of failure are also provided in the outcome. The time 

needed for a full run requires approximately 18 hours.      

 



 

72 

 

6.2 Future Research Recommendations 

• The methods and the developed program used in this analysis, as well as the 

methodological evidence on loads, can be applied to various building materials, 

such as metal frames, pre-stressed concrete, and engineered masonry, as well as 

structural members such as slabs and shear walls. 

• The various loads such as earthquake, wind, soil pressure, etc. may be added to the 

combinations for future calibrations. 
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APPENDIX B 

Subroutines used in Calculations 

Private Sub CommandButton1_Click() 
Sheets("sheet1").Visible = True 

 Sheets("sheet1"). Select 

ScreenUpdating = Application.ScreenUpdating 
Calculation = Application.Calculation 

EnableEvents = Application.EnableEvents 

DisplayPageBreaks = ActiveSheet.DisplayPageBreaks 
Application.ScreenUpdating = False 

Application.EnableEvents = False 

ActiveSheet.DisplayPageBreaks = False    
Worksheets("Sheet1"). Range("AW33:BB3208").ClearContents 

Range("bg27"). Value = "0.55" 

Dim i As Integer 
i = 1 

Do Until i > 8 

Range("BG27"). Value = Range("BG27"). Value + 0.05 
i = i + 1 

Dim sh As Worksheet 

Set sh = Sheets("sheet1") 
Dim m As Long 

Dim iTotalSheet As Integer 

Dim pctDone As Single 
Dim iLabelWidth As Integer 

iTotalSheet = 355       

iLabelWidth = 648 
For m = 32 To iTotalSheet 

Range ("BE" & m). Copy Range("AX2") 

Range ("BF" & m). Copy Range("AX1") 
Range ("BG" & m). Copy Range("AX3") 

Range("AX1").Copy 

Range("AW3090").End(xlUp).Offset(1, 0).PasteSpecial xlPasteValuesAndNumberFormats 
Range("AX2").Copy 

Range("AX3090").End(xlUp).Offset(1, 0).PasteSpecial xlPasteValuesAndNumberFormats 

Range("AX3").Copy 
Range("AY3090").End(xlUp).Offset(1, 0).PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ :=False, 

Transpose:=False 

Range("AY2").Copy 
Range("AZ3090").End(xlUp).Offset(1, 0).PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _:=False, 

Transpose:=False 

Range("BC18").Copy 
Range("BA3090").End(xlUp).Offset(1, 0).PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _:=False, 

Transpose:=False 

Range("BC19").Copy 
Range("BB3090").End(xlUp).Offset(1, 0).PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ :=False, 

Transpose:=False 

 pctDone = m / iTotalSheet 

 With UserForm1 

.lblProgress.Width = pctDone * iLabelWidth 
End With 

DoEvents   

Next m 
Loop 

Dim shmM As Worksheet 

Set shmM = Sheets("sheet1") 
Dim zz As Long 

For zz = 33 To shmM.Range("bb3080").End(xlUp).Row 

If Range("Bb" & zz).Value = Range("Bc" & zz).Value Then 
Range("AW" & zz).Copy 

Range("br1000").End(xlUp).Offset(1, 0).PasteSpecial xlPasteValuesAndNumberFormats 

Range("ax" & zz).Copy 
Range("bs1000").End(xlUp).Offset(1, 0).PasteSpecial xlPasteValuesAndNumberFormats 

Range("ay" & zz).Copy 

Range("bt1000").End(xlUp).Offset(1, 0).PasteSpecial xlPasteValuesAndNumberFormats 
Range("az" & zz).Copy 
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Range("BU1000").End(xlUp).Offset(1, 0).PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _ :=False, 

Transpose:=False 

End If 
Next zz 

Application.ScreenUpdating = True 

Sheets("sheet1").Visible = False 
End Sub 

 

Private Sub CommandButton10_Click() 
Sheets("sheet1").Visible = True 

 Sheets("sheet1").Select 

ScreenUpdating = Application.ScreenUpdating 
 Calculation = Application.Calculation 

 EnableEvents = Application.EnableEvents 

 DisplayPageBreaks = ActiveSheet.DisplayPageBreaks 
 Application.ScreenUpdating = False 

  Application.EnableEvents = False 

  ActiveSheet.DisplayPageBreaks = False 

Range("Br21").Copy 

Range("aX1").PasteSpecial Paste:=xlPasteValues 

Range("Bs21").Copy 
Range("Ax2").PasteSpecial Paste:=xlPasteValues 

Range("BT21").Copy 
Range("ax3").PasteSpecial Paste:=xlPasteValues 

Dim iTotalSheetm As Integer 

Dim pctDonem As Single 
Dim iLabelWidthm As Integer 

iTotalSheetm = 16 

iLabelWidthm = 648 
For q = 7 To iTotalSheetm 

Range("aW" & q).Copy Range("J2") 

Range("aX" & q).Copy Range("C2") 
Range("BB" & q).Copy 

Range("Y2").PasteSpecial Paste:=xlPasteValues            

TotalM = 0 
For m = 1 To 10 

Range("ad6:ad100005").Copy 

Range("ap6").PasteSpecial Paste:=xlPasteValues 
Range("ap6:ap100005").Sort _ 

Key1:=Range("ap6"), Order1:=xlAscending 

TotalM = TotalM + Range("AK24").Value 
avgg = TotalM / m 

Next m 

Range("AK28").Value = avgg 
TotalE = 0 

For E = 1 To 10 

Range("ad6:ad100005").Copy 
Range("ap6").PasteSpecial Paste:=xlPasteValues 

Range("ap6:ap100005").Sort _ 

Key1:=Range("ap6"), Order1:=xlAscending 
TotalE = TotalE + Range("AK24").Value 

avggE = TotalE / E 

Next E 
Range("AK29").Value = avggE 

Range("ak30").Copy 

Range("BD" & q).PasteSpecial xlPasteValuesAndNumberFormats 
pctDonem = q / iTotalSheetm 

With UserForm1 

.lblProgress3.Width = pctDonem * iLabelWidthm 
End With 

DoEvents      

Next q   
Range("aX1").Copy Range("BQ18") 

Range("AX2").Copy Range("BR18") 

Range("aX3").Copy 
Range("BS18").PasteSpecial xlPasteValuesAndNumberFormats 

Range("aX3").Copy 

Range("BS18").PasteSpecial xlPasteValuesAndNumberFormats 
Range("AY2").Copy 

Range("BT18").PasteSpecial xlPasteValuesAndNumberFormats 

Range("BD18").Copy 
Range("BV18").PasteSpecial xlPasteValuesAndNumberFormats 

Range("BD19").Copy 

Range("BU18").PasteSpecial xlPasteValuesAndNumberFormats 
Label43.Caption = Worksheets("Sheet1").Range("br18").Value 
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Label44.Caption = Worksheets("Sheet1").Range("bq18").Value 

Label45.Caption = Worksheets("Sheet1").Range("bs18").Value 

Label46.Caption = Round(Range("bu18").Value, 3) 
Label49.Caption = Round(Range("bv18").Value, 3) 

Label47.Caption = Worksheets("Sheet1").Range("bt18").Value 

Application.ScreenUpdating = True 
Sheets("sheet1").Visible = False 

End Sub 

 
Private Sub CommandButton2_Click() 

Sheets("sheet1").Visible = True 

Sheets("sheet1").Select 
ScreenUpdating = Application.ScreenUpdating 

Calculation = Application.Calculation 

EnableEvents = Application.EnableEvents 
DisplayPageBreaks = ActiveSheet.DisplayPageBreaks 

Application.ScreenUpdating = False 

Application.EnableEvents = False 

ActiveSheet.DisplayPageBreaks = False 

Worksheets("Sheet1").Range("y3").Value = TextBox5.Value 

Worksheets("Sheet1").Range("y4").Value = TextBox6.Value 
Application.ScreenUpdating = True 

Sheets("sheet1").Visible = False 
End Sub 

 

Private Sub CommandButton4_Click() 
Sheets("sheet1").Visible = True 

Sheets("sheet1").Select 

ScreenUpdating = Application.ScreenUpdating 
Calculation = Application.Calculation 

EnableEvents = Application.EnableEvents 

DisplayPageBreaks = ActiveSheet.DisplayPageBreaks 
Application.ScreenUpdating = False 

Application.EnableEvents = False 

ActiveSheet.DisplayPageBreaks = False 
Worksheets("Sheet1").Range("c3").Value = TextBox1.Value 

Worksheets("Sheet1").Range("c4").Value = TextBox2.Value 

Worksheets("Sheet1").Range("j3").Value = TextBox3.Value 
Worksheets("Sheet1").Range("j4").Value = TextBox4.Value 

Application.ScreenUpdating = True 

Sheets("sheet1").Visible = False 
End Sub 

 

Private Sub CommandButton6_Click() 
Sheets("sheet1").Visible = True 

Sheets("sheet1").Select 

ScreenUpdating = Application.ScreenUpdating 
Calculation = Application.Calculation 

EnableEvents = Application.EnableEvents 

DisplayPageBreaks = ActiveSheet.DisplayPageBreaks 
Application.ScreenUpdating = False 

Application.EnableEvents = False 

ActiveSheet.DisplayPageBreaks = False 
Worksheets("Sheet1").Range("c3").Value = TextBox8.Value 

Worksheets("Sheet1").Range("c4").Value = TextBox9.Value 

Worksheets("Sheet1").Range("j3").Value = TextBox7.Value 
Worksheets("Sheet1").Range("j4").Value = TextBox10.Value 

Worksheets("Sheet1").Range("y3").Value = TextBox12.Value 

Worksheets("Sheet1").Range("y4").Value = TextBox13.Value 
Application.ScreenUpdating = True 

Sheets("sheet1").Visible = False 

End Sub 
 

Private Sub CommandButton8_Click() 

Sheets("sheet1").Visible = True 
Sheets("sheet1").Select 

ScreenUpdating = Application.ScreenUpdating 

Calculation = Application.Calculation 
EnableEvents = Application.EnableEvents 

DisplayPageBreaks = ActiveSheet.DisplayPageBreaks 

Application.ScreenUpdating = False 
Application.EnableEvents = False 

ActiveSheet.DisplayPageBreaks = False     

Me.lblProgress.Width = 0 
Me.lblProgress3.Width = 0 
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Worksheets("Sheet1").Range("AW33:BB3208").ClearContents 

Worksheets("Sheet1").Range("BR21:BU531").ClearContents 

TextBox1.Value = "" 
TextBox2.Value = "" 

TextBox3.Value = "" 

TextBox4.Value = "" 
TextBox6.Value = "" 

TextBox5.Value = "" 

TextBox15.Value = "" 
TextBox8.Value = "" 

TextBox9.Value = "" 

TextBox7.Value = "" 
TextBox10.Value = "" 

TextBox12.Value = "" 

TextBox13.Value = "" 
Label43.Caption = "" 

Label44.Caption = "" 

Label45.Caption = "" 

Label47.Caption = "" 

Label46.Caption = "" 

Label49.Caption = "" 
Application.ScreenUpdating = True 

Sheets("sheet1").Visible = False 
End Sub 

 

Private Sub CommandButton9_Click() 
Sheets("sheet1").Visible = True 

Sheets("sheet1").Select 

ScreenUpdating = Application.ScreenUpdating 
Calculation = Application.Calculation 

EnableEvents = Application.EnableEvents 

DisplayPageBreaks = ActiveSheet.DisplayPageBreaks 
Application.ScreenUpdating = False 

Application.EnableEvents = False 

ActiveSheet.DisplayPageBreaks = False 
Worksheets("Sheet1").Range("bb1").Value = TextBox15.Value 

Application.ScreenUpdating = True 

Sheets("sheet1").Visible = False 
End Sub 

 

Private Sub UserForm_Activate() 
Me.lblProgress.Width = 0 

 Me.lblProgress3.Width = 0     

End Sub 
 

Private Sub UserForm_Initialize() 

Dim sh As Worksheet 
Set sh = Sheets("sheet1") 

'declare variable 

Dim x As Long 
For x = 2 To sh.Range("cl200").End(xlUp).Row 

If Application.WorksheetFunction.CountIf(sh.Range("cl2", "cl" & x), sh.Cells(x, 90)) = 1 Then 

Me.ComboBox2.AddItem sh.Cells(x, 90) 
End If 

Next x 

Dim shm As Worksheet 
Set shm = Sheets("sheet1") 

'declare variable 

Dim m As Long 
For m = 2 To shm.Range("ce200").End(xlUp).Row 

If Application.WorksheetFunction.CountIf(sh.Range("ce2", "ce" & m), sh.Cells(m, 83)) = 1 Then 

Me.ComboBox3.AddItem shm.Cells(m, 83) 
End If 

Next m 

End Sub 
 

Private Sub ComboBox10_Change() 

Dim x As Long, xx As Long, sh As Worksheet 
Set sh = Sheets("sheet1") 

xx = sh.Range("ci" & Rows.Count).End(xlUp).Row 

For x = 3 To xx 
If Me.ComboBox10.Value = sh.Cells(x, "ci") Then 

TextBox5.Value = sh.Cells(x, "cg").Value 

TextBox6.Value = sh.Cells(x, "ch").Value 
End If 
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Next x 

End Sub 

 
Private Sub ComboBox9_Change() 

Me.ComboBox10.Clear 

' set worksheet 
Dim shm As Worksheet 

Set shm = Sheets("sheet1") 

'declare variable 
Dim m As Long 

For m = 2 To shm.Range("ce200").End(xlUp).Row 

If shm.Cells(m, 84) = Me.ComboBox9.Value Then 
Me.ComboBox10.AddItem shm.Cells(m, 87) 

End If 

Next m 
End Sub 

 

Private Sub ComboBox3_Change() 

Me.ComboBox9.Clear 

' set worksheet 

Dim shm As Worksheet 
Set shm = Sheets("sheet1") 

'declare variable 
Dim m As Long 

For m = 2 To shm.Range("ce200").End(xlUp).Row 

If shm.Cells(m, 83) = Me.ComboBox3.Value Then 
If Application.WorksheetFunction.CountIf(shm.Range("cf2", "cf" & m), shm.Cells(m, 84)) = 1 Then 

Me.ComboBox9.AddItem shm.Cells(m, 84) 

End If 
End If 

Next m 

End Sub 
 

Private Sub ComboBox2_Change() 

Me.ComboBox4.Clear.set worksheet 
Dim sh As Worksheet 

Set sh = Sheets("sheet1") 

'declare variable 
Dim x As Long 

For x = 2 To sh.Range("cl200").End(xlUp).Row 

If sh.Cells(x, 90) = Me.ComboBox2.Value Then 
If Application.WorksheetFunction.CountIf(sh.Range("cm2", "cm" & x), sh.Cells(x, 91)) = 1 Then 

Me.ComboBox4.AddItem sh.Cells(x, 91) 

End If 
End If 

Next x 

End Sub 
 

Private Sub ComboBox4_Change() 

Dim x As Long, xx As Long, sh As Worksheet 
Set sh = Sheets("sheet1") 

xx = sh.Range("ci" & Rows.Count).End(xlUp).Row 

For x = 2 To xx 
If Me.ComboBox4.Value = sh.Cells(x, "cm") Then 

TextBox1.Value = sh.Cells(x, "cn").Value 

TextBox2.Value = sh.Cells(x, "co").Value 
TextBox3.Value = sh.Cells(x, "cp").Value 

TextBox4.Value = sh.Cells(x, "cq").Value 

End If 
Next x 

End Sub 

 
 


