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7 Safety Assessment 

7.1 Definition of Safety and Safety Concepts 

Structures have to be safe. However, there is no common understanding of 
the term “safety.” Often the term “safety” is defined as a situation with a 
lower risk compared to an acceptable risk or as a situation “without any 
impending danger.” Other definitions describe safety as “peace of mind.” 
Whereas the first definition using the term “risk” is already based on a 
substitution, the later term using “peace of mind” is a better definition. The 
authors consider “safety” to be the result of an evaluation process of a cer-
tain situation. The evaluation can be carried out by every system that is 
able to perform a decision-making process, such as animals, humans, so-

existing permitted 

existing permitted 

R R S

R R S

≤ →
> →

 
(7-1)

In contrast, the authors consider not only numerical presentations as re-
sults of decision-making processes, but also human feelings. Therefore, 
safety is understood here as a feeling. The decision-making process focus-
es mainly on preservation. Furthermore, the decision-making process deals 
with whether some resources have to be spent to decrease hazards and 
danger to an acceptable level. In other terms, “safety” is a feeling, which 
describes that no further resources have to be spent to decrease any threats. 
If one considers the term “no further resources have to be spent” as a de-
gree of freedom of resources, one can define “safety” as a value of a func-
tion that includes the degree of freedom of resources. Furthermore, one can 
assume that the degree of freedom is related to some degree of distress and 
relaxation. Whereas in safe conditions relaxation occurs, in dangerous sit-
uations a high degree of distress is clearly reached.  

D. Proske, P. van Gelder, Safety of Historical Stone Arch Bridges, DOI 10.1007/978-3-540-77618-5_7, 
© Springer-Verlag Berlin Heidelberg 2009 

cieties, or computers that use some algorithms. However, algorithms usu-
ally use some numerical representation, such as risk R, for the description 
of safety S: 
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{ }| ( ) 0S x f x′′= =  (7-2)

 

 

Fig. 7-1. Definition of “safety“ (Proske 2008a) 

In general, safety is a general requirement for humans. This claim is 
manifested in many laws, like the human rights of the United Nations, the 
German constitution with the right to life and personal integrity, the Prod-
uct Liability Act, civil code, or some administrative fiats. Codes of prac-
tice are administrative fiats and state the requirement that structures have 
to be safe (Proske 2008b). Also, in the sense of building laws, structures 
have to be safe and should not endanger public safety, life, and health. Es-
pecially in the codes, safety is understood as capability of structures to res-
ist loads. Reliability is then understood as a measure to provide this capa-
bility in different engineering fields. Here, a change from the general 
qualitative statement to a quantitative statement becomes obvious. This is 
very important for the engineers: now the engineer is enabled to prove 
safety by computation. The reliability is meanly understood as probability 
of failure (Fig. 7-2). Risk, which would be an alternative measure of 

The possible shape of the function between degree of relaxation, which 
ranges from “danger” to “peace of mind,” and the value of the function as 
degree of freedom of resources is shown in Fig. 7-1. It is assumed here that 
the relationship is nonlinear, with at least one region of over proportional 
growth of the relative freedom of resources. In Figure 7-1, this region of 
over proportional growth is defined as the starting point of the safety 
region: 

However, the question still remains: where does the region of safety 
start since other points are possible? Such further points can be located 
either at regions of maximum curvature or at the point of inflection. 
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Fig. 7-2. Probability of failure for two random variables. First, (A) and (C) statis-
tical data about the load and the strength are investigated. Then, a statistical inves-
tigation is carried out (B) and (D). Both distribution functions resulting from the 
statistical investigation are then merged to (E) further introducing a limit state 
function g(X). In (F), the two-dimensional distribution function is shown in three-
dimensional illustrations of the probability of failure 

The choice of probability of failure determines stochasticity as the basis 
for the exposure of indeterminacy and uncertainty. Other concepts, like 
fuzzy-sets, rough-sets, Grey numbers, or further mathematical techniques 

(un)safety, is only considered for accidental loads. Then, a comparison bet-
ween different accidental loads and emergency situations is possible 
(Proske 2008b). 

are not considered. However, research is carried out in this field. Figure 
7-3 shows the different safety concepts for structures over time.  
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• Random aberrations of characteristic values of the structural resistance 
• Random aberrations by transferring laboratory test results to the struc-

ture 
• Random aberrations of cross-section sizes and other geometrical meas-

ures 
• Geometric imperfections 
• Random aberrations of internal forces like moments, shear forces, or 

axial forces 
• Inherent uncertainties in the choice of characteristic value of loads 
• Differences in the models for the loads 

However, the stochastic models do not consider systematical errors like 
computational errors in structural design processes or bad workmanship. 
Such errors have to be avoided by control mechanisms (DIN 1055-100 
1999). 

7.2 Probabilistic Safety Concept 

7.2.1 Introduction 

The current probabilistic or semiprobabilistic safety concept in struc-
tural engineering assumes that the exact value of many design variables is 
unknown. This uncertainty is based on  

First proposals about probabilistic-based safety concepts can be found by 
Mayer (1926) in Germany and Chocialov (1929) in the Soviet Union 
(Murzewski 1974). In the third decade of the 20th century, the number of 
people working in that field had already increased, just to mention 
Streleckij (1935) in the Soviet Union, Wierzbicki (1936) in Poland, and 
Prot (1936) in France (Murzewski 1974). Already in 1944 in the Soviet 
Union, the introduction of the probabilistic safety concept for structures 
had been forced by politicians (Tichý 1976). The development of probabil-
istic safety concepts in general experienced a strong impulse during and 
after World War II, not only in the field of structures but also in the 
field of aeronautics. In 1947, Freudenthal (1947) published his famous 
work about the safety of structures. Until now, a model code for the pro-
babilistic safety concept of structures has been published by the JCSS (2004).  

The probability of failure pf as proof measure for safety is computed as 
function of the design values x. It can be referred to one year or the life-
time of the structures: 
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≤

= ∫ ∫ X

(X) 0

... ( )f

g

p f x dx  
(7-3)

= − −( ) 1 (1 )n
f fp n p . (7-4)

Φβ −= − 1( )fp . (7-5)

Results are given in Table 7-1. The integration of the probability of fail-
ure volume can then be transferred into an optimization task to determine 
the safety index. This is shown in Figs. 7-4 and 7-5. 

The explained safety concept can be found in many regulations, such as 
Eurocode 1 (1994), DIN 1055-100 (1999), GruSiBau (1981), and JCSS 

Table 7-1. Conversion of probability of failure to safety index 

Probability 
of failure 

10–12 10–11 10–10 10–9 10–8 10–7 10–6 10–5 10–4 10–3 10–2 10–1 0.5 

Safety  
index 

7.03 6.71 6.36 5.99 5.61 5.19 4.75 4.26 3.72 3.09 2.33 1.28 0.0 

Since structures should feature a low probability of failure, the computa-
tion of the multidimensional probability may be simplified due to the low 
value. The simplification explained in this section increases the speed of 
the computation tremendously compared to a numerical integration of a 
multidimensional space.  

In general, the simplification is based on the transfer of the integration 
of a multidimensional volume into an extreme value task. The result of this 
extreme value computation is the substitute measure safety index. The 
safety index itself describes the shortest distance between the origin in a 
standard normal distributed space and the limit state function, g(X). A rela-
tionship between the probability of failure volume and the distance ex-
pressed by the safety index exists in this space (Table 7-1).  

Modelcode (2004). In these regulations, goal values for safety indexes can 
also be found. These values are then the basis for the estimation of safety 
factors, which are introduced for practical reasons. 

The safety index is defined as the inverse Gauss standard distribution of 
the probability of failure: 

7.2.2 First-order Reliability Method (FORM) 
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Fig. 7-4. Transfer of the probability volume into an extreme value computation 

 

Fig. 7-5. Visualization of FORM 

However, a FORM computation not only delivers the safety index as re-

The standard normal distribution is characterized by a normal distribu-
tion with a mean value of 0 and a standard deviation of 1. The general as-
sumption of this procedure is the transformability of all arbitrary random 
distribution functions into standard normal distribution functions. The sec-
ond assumption is the linearization of the limit state function. The lineari-
zation gave the following name for the technique: first-order reliability 
method (FORM). The point of linearization on the limit state function is 
the so-called design point. This point is characterized by maximum prob-
ability of failure at the limit state function. 

sult, but also measures which may be useful to compute partial safety fac-
tors, characteristic values, and design values. These values can be found in 
many codes of practice and indicate the strong relationship between the 
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codes and this probabilistic safety concept. Therefore, current safety con-
cepts are called semiprobabilistic safety concepts.  

In the procedure, first the non-normal distributed random variables have 
to be transferred into normal random variables. The following formulas 
will be used 

* *
*

* *

1
( ) i

i

i i

i x
x i

x x

x m
f x ϕ

σ σ

⎛ ⎞−
⎜ ⎟=
⎜ ⎟
⎝ ⎠

 
(7-6)

* *
*

*
( ) i

i

i

i x
x i

x

x m
F x

σ

⎛ ⎞−
⎜ ⎟= Φ
⎜ ⎟
⎝ ⎠

 
(7-7)

with *
ix  as design point, *

ixm  as mean value, and *

ixσ  as standard devia-

tion of the normal distribution. Since the normal distribution should be 
used as an approximation of the original distribution, mean value and stan-
dard deviation have to be computed by rearranging the formulas  

* 1 *
*

1
( ( ( )))

( )i i

i

x x i
x i

F x
f x

σ ϕ −= Φ  
(7-8)

* * * 1 *( ( ))
i i ix i x x im x F xσ −= − Φ . (7-9)

After that, an iteration cycle with the following steps is started: 

1. Define an iteration counter k = 0 and chose a design point for the first 
iteration. 

2. Transfer all non-normal distributed random variables into normal dis-
tributed random variables according to the following equations, with 
i = 1, 2, …, m and m as number of random variables considered: 

*( ) 1 ( )
( )

1
( ( ( )))

( )i i

i

k k
x x ik

x i

F x
f x

σ ϕ −= Φ  
(7-10)

*( ) ( ) ( ) 1 ( )( ( ))
i i i

k k k k
x i x x im x F xσ −= − Φ . (7-11)

3. Compute the value of ( )k
ix  in the standardized space ( )k

iy : 

In the following paragraphs, the FORM-methodology will be introduced 
in detail. The method is often called the Rackwitz-Fießler (Fießler et al. 
1976) algorithm or normal tail approximation. In general, the concept is 
based on the fundamental work by Hasofer and Lind (1974).  
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( ) *( )

( )
*( )

i

i

k k
i xk

i k
x

x m
y

σ
−

= . 
(7-12)

4. Compute the limit state function and the first derivative at ( )k
iy : 

( ) ( )( ) ( )k kh g=y x  (7-13)

( ) ( ) ( )

*( )

k k k

ki
i

i i i i

xh g g

y x y x
= = =

∂∂ ∂ ∂= ⋅ = ⋅ σ
∂ ∂ ∂ ∂

y y x x x x

. 
(7-14)

5. Compute the coefficients of the tangential hyperplane at ( ) 0h y =  at 

 point ( )k
iy : 

( )

( )

( )
1/ 22

1

k

k

ik
i

m

j j

h

y

h

y

=

= =

∂
∂
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6. Compute a new estimation of the design point in the original space 
for i = 1, 2, … , m: 

( 1) *( ) *( ) *( ) ( )

i i

k k k k k
i x i xx m+ = − ⋅ ⋅α σ δ . (7-17)

7. Verify if ( 1) ( )k k
i ix x+ ≈ . If it is fulfilled, then the design point has been 

found and the safety index is =β δ  with h(0) > 0. If it is not fulfilled, 
then the iteration starts again with Step 2. 

This method is very practicable and has experienced a major spreading. 
It gives fast and accurate results if the probability of failure is small, the 
random distribution functions do not diverge too strong from the normal 
distribution, and the limit state function does not show a strong curvature.  



274      7 Safety Assessment 

7.2.3.1 Breitung’s method 

If the limit state function shows a strong curvature, then the curvature has 
to be considered in the computation of the safety index (Fig. 7-6). This can 
be done by the second-order reliability method. Here, the curvature of the 
limit state function is approximated using 

* * * * *1
( ) ( ) ( ) ( ) ( ) ( ) 0

2
T T

yh h h= + − ⋅∇ + − ⋅ ⋅ − =y y y y y y y B y y . 
(7-18)

 

 
Fig. 7-6. Visualization of SORM 

By is the matrix of the second and mixed derivates from h(y) in the stan-
dardized space at the design point. Breitung (1984) has introduced the fol-
lowing equation with ai and i = 1, 2, … , m-1 as principal curvature of h at 
the design point in the standard normal space  

1
1/ 2

1

( ) (1 )
m

f i
i

P a
−

−

=

= Φ − − ⋅∏β β . 
(7-19)

However, the computation of the principal curvatures represents the ma-
jor part of this method. To compute the principal curvatures, a rotation of 
the coordinate system is required. The rotation requires orthogonalizing 
using the Schmidt process.  

The old and new coordinates are linked as follows: 

= ⋅y D u . (7-20)

7.2.3 Second-order Reliability Method (SORM) 
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After the rotation the new coordinates can be computed as 

T= ⋅u D y . (7-21)

The matrix D consists of  

1 2( , ,..., )T
m=D d d d  (7-22)

with 

1 =d α  
k

k
k

f

f
=d  

(7-23)

and 

1

1

( )
k

T
k k k l l

l

f
−

=

= −∑e e d d
 

2,  3,  ...,k m= . 

(7-24)

and ek is the kth unit vector. In the new system, 

* * ( ,0,0,...,0)  = =T Tu D y β  (7-25)

and 

1

,0,0,...,0  
T

u
u

g
g h

u

⎛ ⎞∂
∇ = ⋅∇ = ⎜ ⎟∂⎝ ⎠

D  
(7-26)

*( ) 0ug =u  (7-27)

T
u y=B D B D  (7-28)

Taylor’s theorem becomes 

* * *
1 1

1

1
( ) ( ) ( ) 0 

2
Tu

u

g
u u

u

∂
− ⋅ + − ⋅ ⋅ − =

∂
u u B u u . 

(7-29)

The principal curvatures are the roots of the following equation:  

1

ˆ
det 0 

/
u

u

a
g u

⎛ ⎞
− ⋅ =⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠

B
I , 

(7-30)

. 
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When ˆ
uB  is the matrix of the second and mixed derivates, and can be 

derived by deleting the first line and first column from uB , I is the identity 

matrix. 
The approximation by Breitung gives good results, if the curvature of 

the limit state function still is not too strong and the safety index is small.  

7.2.3.2 Tvedt’s method 

Tvedt (1988) has introduced an extension of Breitung’s formulae:  

1 fPγ = −  (7-31)

1 2 31 ( )A A Aγ = − + +  (7-32)

with 

1
1/ 2

1
1

( ) (1 )
n

j
j

A aβ β
−

−

=

= Φ − + ⋅∏  
(7-33)

1 1
1/ 2 1/ 2
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∏ ∏

(7-34)
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j j
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− −

− −

= =

= + ⋅ Φ − −

⎧ ⎫⎡ ⎤⎪ ⎪⋅ + ⋅ − + + ⋅⎨ ⎬⎢ ⎥
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β β β ϕ β
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(7-35)

The extension of Breitung’s formula provides accurate results with low 
and semi-low probabilities of failure. High probabilities of failure and 
negative curvatures are not covered by the method. A further improvement 
was done by the so-called Tvedt’s exact solution for parabolic limit state 
function. Here, the size of the probability of failure is not limited: 

1 fPγ = −  (7-36)

21

1
2 2 1/ 410

1

1 1 exp( 1/ 2 )
0.5 sin arctan( ) d

2
(1 )

n

j n
j

j
j
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θγ β θ θ θ
π θ θ

∞ −

−
=

=

⎡ ⎤ −= + ⋅ +⎢ ⎥
⎣ ⎦ +

∑∫
∏

. 
(7-37)

The disadvantage of this method is the requirement of a numerical 
integration.  
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7.2.3.3 Method by Köylüoglu and Nielsen 

Additionally, Köylüoglu and Nielsen (1994) have tried to improve the ac-
curacy of SORM methods for higher probabilities of failure. They also 
formulate 

1 fPγ = − . (7-38) 

Assuming that all curvatures ai are positive, then  
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If all curvatures ai are negative, then 
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The generalized form is given as follows: 
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Based on the cut-off of the terms, different approximation formulations 
can be derived. For one term with positive curvature, the coefficient becomes 
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and 1,1 2,1 0c c= = =… . If two terms are chosen, then the coefficients can 

be computed as 
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and 2,1 3,1 0c c= = =… . With three terms, one achieves 

1,1
0,1

1 ( )

( )
c

c

ϕ β
β

− =
Φ −

 
(7-45)

1,1
2,12

0,10,1

1 ( )
2 2

( )

c
c

cc

βϕ β
β

− + =
Φ −

 
(7-46)



7.2 Probabilistic Safety Concept      279 

2
1,1 2,1

3 2
0,10,1 0,1

1 ( 1) ( )
3 6

( )

c c

cc c

β ϕ β
β

−− + =
Φ −

. 
(7-47)

The three equations can be summarized to a cubic equation with at least 
one positive solution. The solution of c0,1 less than the value assessed with 
the following formulae should be taken:  
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Based on the cut off of the terms, different approximation formulations can 
be derived. For one term with negative curvature, the coefficient becomes 
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and 1,2 2,2 0c c= = =… . If two terms are chosen, then the coefficients 

can be computed as 
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and 2,2 3,2 0c c= = =… . With three terms, one achieves 
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Again, the three equations can be summarized in to a cubic equation 
with at least one positive solution. The solution of c0,2 less than the value 
assessed with the following formulae should be taken.  
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If the d-terms are approximated, one achieves for a 0,1 0,12d c= , 

7.2.3.4 Method by Cai and Elishakoff 

Cai and Elishakoff (1994) also try to improve Breitung’s method by ex-
tending the original formulae into a Taylor theorem. The application is 
quite simple: 
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The single elements of the Taylor theorem are 
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The basis for the computation of the elements is again the principal cur-
vatures. However, these values have already been computed, if Breitung’s 
formulae were employed: 

2j ja λ= − . (7-60)

7.2.3.5 Further developments 

The latest SORM method was introduced by Zhao and Ono (1999a, b) and 
by Polidori et al. (1999). The first method is based on the inverse fast Fou-
rier transformation (IFFT). These methods will not be explained here. 
However, it should be noted that Zhao and Ono (1999a) not only give a 
summary about the conditions under which the different introduced SORM 

0,2 0,22d c=  1,1 2,1 0d d= = =…  and 1,2 2,2 0d d= = =…
 
one-term formulation.  
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7.2.4 Hypersphere Division Method 

Additional to the optimization procedure using Cartesian coordinates, the 
search for the minimum distance can also be carried out in spherical coor-
dinates (see Fig. 7-7). After transformation into spherical coordinates, the 
angle and radius of a search vector are systematically adapted to find the 
minimum distance. 

 

 

Fig. 7-7. Hypersphere division method 

7.2.5 Response Surface Method 

The probabilistic methods introduced so far required an analytically closed 
known limit state function g(X). In other words, the limit state function 
should be one formula. However, in many cases, such as the computation 
of the ultimate load of an arch bridge, this requirement cannot be fulfilled. 
For example, consider a finite element program code. In those cases, the 

methods perform well, but also impose recommendations on when to use 
FORM, when to use SORM methods, and when to use their own method 
(Zhao and Ono 1999c). However, Breitung (2002) has criticized some as-
sumptions of the method by Zhao and Ono.  

mathematical procedure has to be approximated by a surrogate, to reach to 
an acceptable computation when the aforementioned techniques like 
FORM and SORM are used. A procedure to develop such a surrogate is 
the response surface methodology. In this methodology, a simplified more 
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The concept can be described as follows. A certain function with the in-
put variables X and some functional constants K is given with 

( )g f= X,K  (7-61)

but can only be pointwise solved. Therefore, an approximation function 
should be developed 

( )g f=� X,K . (7-62)

There are many different types of mathematical approximation func-
tions. Probably the most applied methods are quadratic functions, either 
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or with mixed terms 
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with A, B and C as constants.  
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These constants can be computed based on the pointwise solutions. De-
pending on the number of pointwise solutions, there is an under determined 
number of solutions situation, an exact number, or an over determined 
number of solutions to compute K. If an over determined number of solu-
tions exist, then some minimum error methods should be applied. For the 

ing on the type of the function are shown in Table 7-2. Shapes of solutions 
points are shown in Fig. 7-8. 

 

dimensional function is computed based on some sample results of the ex-
tensive mathematical procedure originally established. The concept is easily 
understood when the complicated mathematical computations are substituted 
by some laboratory or field tests. There also, no function is known, but 
should be introduced. Based on the test results, a function will be intro-
duced. Some general works about the concept can be found in Box and 
Draper (1987) and applications in structural engineering are mentioned in 
Bucher and Bourgund (1990) and Rajashekhar and Ellingwood (1993). 

exact number of the solutions, the degrees of freedom of functions depend-
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Table 7-2. Degrees of freedom for certain response surface functions (Weiland 2003) 

Approximation function  Degrees of freedom 
( )g� x   

Linear regression 
1

( )
n

i i
i

g a b x
=

= + ⋅∑� x  1n +  

Quadratic function 
1 1 1

( )
n n n

i i ij i j
i i j

g a b x c x x
= = =

= + ⋅ + ⋅ ⋅∑ ∑∑� x 1
2 ( 1) ( 2)n n⋅ + ⋅ +  

Quadratic function with-
out mixed terms 

2

1 1

( )
n n

i i i
i i

g a b x x
= =

= + ⋅ +∑ ∑x  2 1n +  

Polynomial third order 
with mixed terms … 21

2 (2 3 3 )n n⋅ + +  

Polynomial third order 
without mixed terms … 3 1n +  

Polynomial fourth order 
with mixed terms … 21

2 (2 3 5 )n n⋅ + +  

Polynomial fourth order 
without mixed terms … 5 1n +  

 

 

Fig. 7-8. Two examples of chosen solution points for three variables (Weiland 
2003) 

The approximated response surface can then be updated after the next 
probabilistic computation. This means that the response surface mainly 
acts as a local approximation and does not give a good approximation over 
the entire range of the original function. However, that is not required for 
FORM/SORM computations: 

including mixed terms 
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with xm as centre point, xD as design point based on a FORM computa-
tion using the response surface, and k as iteration counter. The iteration 
scheme is shown in Fig. 7-9.  

 

 

Fig. 7-9. Iterative improvement of the response surface (Klingmüller and Bourgund 
1992) 

The major advantage of this approximation is a simple application. The 
schema can easily be extended to existing finite element programs or other 
numerical tools. The computation is easily understandable and the number 
of computations is low.  

The major disadvantage is a limited capability to find the extreme value 
of complicated functions. The number of iterations also depends on the 
number of random variables. Therefore, in high-dimensional cases, the re-
sponse surface method may perhaps cause heavy computations. Further-
more, the approximation method only uses data points from one iteration 
cycle. However, it may perhaps be useful to keep the data for further in-
vestigations. There exist external programs that can carry out response sur-
face computations afterwards by using all available data.  

Since the limitations of the response surface method are known, in the 
last few years many new methods have been developed (Roos and Bayer 
2008, Ross and Bucher 2003). An adaptive response surface method has 
been introduced by Most (2008). 
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7.2.6 Monte Carlo Simulation 

7.2.6.1 Crude Monte Carlo Simulation 

In contrast to the FORM and SORM methods, the Monte Carlo Simulation 
is an integration procedure, not an extreme value computation. Therefore, 
some assumptions required for the FORM/SORM are not relevant for the 
Monte Carlo Simulation. Also, Monte Carlo Simulation is extremely easy 
to program and to apply. However, if the probabilities of failure are ex-
tremely low and as required by codes, then Monte Carlo Simulation will 
require extensive computation power.  

The general idea of Monte Carlo Simulation is, as the name already in-
dicates, the application of pure random numbers into a computation flow. 
In its simplest description, Monte Carlo Simulation is an extensive version 
of trial and error. The only assumption for this technique is some quality 
requirements for random numbers. Since computers cannot provide real 
random numbers, they produce pseudo-random numbers based on purely 
deterministic causal computations; the period of the numbers should be big 
enough so that random numbers are not repeated in the Monte Carlo Simu-
lation. There are many programs available to provide high-quality random 
numbers (NR 1992). The Monte Carlo Simulation is then 

22

 
f f

f dV V f V
N

−
≈ ±∫ , 

(7-68)

where V represents the volume, V f  stands for the mean value of the 

function f over the sample size N, and the ±-term gives more or less an one 
standard deviation error estimator. The further functions are 
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The major advantage of the Monte Carlo Simulation concerning the di-
mensions is the fact that the statistical error is independent from the num-
ber of dimensions. For Monte Carlo Simulation, it does not matter if there 
is 1 or 50 random input variables, the statistical error will remain the same. 
This is completely different for Simpson’s rule applied for integration, 
where the required computation grows exponentially with the number of 
dimensions.  
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However, the required sample size has a major influence on the error 
size in Monte Carlo Simulation. The next equation is an example to evalu-
ate the required sample size nreq (Flederer 2001) 

2

(1 )1

1
f

req
f

P
n

P Pε ε
−

= ⋅
− ⋅

 
(7-70)

with Pf as probability of failure, Pε as level of significance, and ε as sta-
tistical error. From the equation, it becomes understandable that with low 
probabilities of failure and low statistical error, high sample sizes are re-
quired. Macke (2000) has given a good example, where the probability of 
failure was 10–6 and the required statistical error was less than 50%. The 
required sample size was 4 × 106. If the statistical error should be less than 
10%, then more than 108 samples are required. Based on these properties, 
Monte Carlo Simulation is a good method for high probabilities of failure 
and for high dimensions. If lower probabilities were to be investigated 
with Monte Carlo Simulation, the so-called variance reduction techniques 
should be applied. This is mainly done after a preliminary FORM/SORM 
computation.  

7.2.6.2 Variance-reduced Monte Carlo Simulation 

Since a great variety of variance reduction techniques exist, here only a 
few will be mentioned. Probably the most applied technique is importance 
sampling. Here, the original probability integral 

0

... ( )df x

g
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= ∫ ∫ x x  (7-71)

will be transferred using an indicator or a weighting function to 
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The weighting function is defined as 
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This permits a transformation of the random distributions using a chosen 
distribution function hv(v): 
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This function can be unbiasedly estimated with  

1

( )1ˆ ( )
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Furthermore, the variance can be computed as 
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The major task in applying importance sampling is the search for a 
proper distribution function hv(v). If some prior information is available, 
for example by FORM/SORM computation, then the distribution function 

tance sampling can be understood as a transformation of the random points 
toward interesting regions in the sampling space (Maes et al. 1993, Song 
1997, and Ibrahim 1991). 

The concept can be even further extended by updating the distribution 
function hv(v) after every sample step. This technique is called adaptive 
sampling (Bucher 1988 and Mori and Ellingwood 1993). 

7.2.6.3 Quasi-random numbers 

Another interesting technique is the application of quasi-random numbers 
instead of pseudo-random numbers. Quasi-random numbers are not ran-
dom at all. They are constructed to fill a multidimensional space in a most 
efficient way. Also, they can be understood as a technique standing be-
tween the classical Simpson’s rule for integration and the crude Monte 
Carlo Simulation. Since the numbers are deterministic, the computation 
error becomes related to the dimensions. 

However, the major advantage of the application of quasi-random num-
bers with Monte Carlo Simulation is the fact that they can be applied to 
many finished programs. So, if Monte Carlo Simulation was chosen for a 
certain project and it turns out after some sample computations that the 
computation time is unacceptable, but the programming cannot be changed 
anymore, then perhaps quasi-random numbers can be produced externally 
and can then given to the program. This technique was applied in Flederer 

hv(v) can be selected very efficiently, yielding to an impressive drop of 
computational effort in the Monte Carlo Simulation. In general, impor-

(2001). More details about possible application can be found in Curbach 
et al. (2002). 
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7.2.7 Combination of Safety Indexes  

Whereas for Monte Carlo Simulation the number of limit state functions is 
irrelevant for the FORM and SORM methods, perhaps different limit state 

gle probability of failure or safety index. This can be seen at an arch 
bridge, where several different point of failure can be identified. The ques-
tion that follows is whether these points are correlated or not.  

If the different limit state functions are uncorrelated, then system prob-
ability of failure can be computed as 

1
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The error term is then not higher than 
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If the probabilities of failure are expressed as safety indexes, the formu-
las become  

1 1
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If the noncorrelation of the limit states does not hold true, then the cor-
relations have to be considered and a multidimensional normal distribution 
can be applied. The correlations are expressed as 

1 1 2 2 ...T
jk j k j k j k jm kmρ α α α α α α α α= = + + +  (7-81)

and 

1 2( ... )T
j j j jmα α α α= + + + . (7-82)

With T
jα  are the weighting factors of the m random variables from the 

jth limit state function giving the safety index βj. For the correlation matrix 
of the different limit state functions, one gets 

If the single probabilities of failure are rather small, the values can be 
added instead of multiplying  

functions were considered separately and have to be merged into one sin-
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and a vector for the safety indexes 
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The system probability of failure is obtained by transformation in the 
standard normal space and linearization of the limit state functions: 

sf PP −= 1  (7-85)
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1 ( , )n β= − Φ R , (7-90)

with ( , )n βΦ R  as standardized n-dimensional normal distribution.  
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Several different programs can be found for the evaluation of this function 
(Schervish 1984, Genz 1992, Drezner 1992, and Yuan and Pandey 2006).  
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and the multidimensional standard normal distribution changes to 
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Based on this idea of a mean correlation matrix, the coefficients of the 
correlation matrix can be understood as products of single elements, like 
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and the multidimensional standard normal distribution again changes 
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Suggestions of lower bounds for the correlations values are given as 

kjjkkj ≠≤⋅   ρλλ  (7-96)

and for the upper bound as 

kjjkkj ≠≥⋅   ρλλ  (7-97)

and  

1 ,1 ≤≤− kj λλ  (7-98)

To simplify the computation, it is often assumed that the correlations are 
equal between different limit state functions. The correlation matrix becomes  
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should remain valid. An optimal solution would be achieved when  

jkkj ρλλ =⋅ . (7-99)

That will only be possible in some rare cases. However, if the ρjk has 
approximately the same size and is positive, then the following recom-
mendation for lower bounds 

max{ }  j jk
j

j kλ ρ= ≠  (7-100)

and upper bounds 

min{ }  j jkj
j kλ ρ= ≠ . (7-101)

can be given. 
If the contribution of the limit state functions to the system probability 

of failure can be roughly estimated, then the three limit state functions with 
the highest probability of failure or the lowest safety index can be chosen, 
and the following computation can be carried out: 

1 2 12 2 3 23 1 3 13,   ,   λ λ ρ λ λ ρ λ λ ρ⋅ = ⋅ = ⋅ =  (7-102)

12 13 21 23 31 32
1 2 3

23 13 12

,  ,    
ρ ρ ρ ρ ρ ρλ λ λ

ρ ρ ρ
⋅ ⋅ ⋅

= = = . 
(7-103)

For the remaining values, an upper bound 
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(7-104)

and a lower bound can be estimated 

1
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(7-105)

Unfortunately, the requirement  

1 ,  1j kλ λ− ≤ ≤  (7-106)

can sometimes cause numerical problems. 
For series system, further bounds can be given. In serious systems, 

the probability of failure increases by decreasing the correlation bet-
ween the different elements or limit state functions. This can be understood 
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as additionally random effects. The boundaries for a series system can be 
written as 

11

max 1 (1 )
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(7-107)
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Based on general additive theorems for probabilities, more precise 
bounds can be given: 
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The average volume of two probabilities of failure can be computed as 

2( ) ( , ; )j k j k jkP F F β β ρ∩ ≈ Φ − − . (7-111)

Using this for the above given boundaries, one achieves 
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The two-dimensional standard normal distribution can be approximated 
with 

or, in terms of the safety index 



7.2 Probabilistic Safety Concept      293 
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using 
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(7-115)

The introduced methods have been programmed into FORTRAN 77 
routines and are available free of charge to the reader of this book. Please 
simply contact the authors. 

Arch bridges are usually considered to be a serious system: if one part 
fails, the entire bridge will collapse. However, some parts of bridge behave 
like parallel systems: one part will collapse and other parts will take more 
loads. Further works about the estimation of probabilities of failure for 
such types of systems can be found in Rackwitz and Hohenbichler (1981) 
or Gollwitzer and Rackwitz (1990), as seen in Fig. 7-10. 

 

 

Fig. 7-10. Relationship between system safety index and material properties 
shown for a Daniel system 

7.2.8 Limitation of the Presented Methods 

The presented methods so far have described uncertainties of materials and 
loads by random distribution functions. They have not considered any 
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correlations between the random variables that increase the numerical 
work. For the interested reader, the Rosenblatt transformation or the 
NATAF transformations are dealt with in Melchers (1999) or Liu and Der 
Kiureghian (1986). Copulas are an additional technique to transform the 
correlated random variables into noncorrelated variables. 

Furthermore, these random distribution functions are usually kept con-
stant over different distances or volumes. In contrast, it is well-known that, 
for example, material properties might not have a full correlation over a 
certain distance or volume. This correlation change over distance may be 
described by random fields (Vanmarcke 1983). In past years, random 
fields are increasingly applied in structural safety investigations to estab-
lish stochastic finite elements (Der Kiureghian and Ke 1988, Ghanem and 
Spanos 1991, and Pukl et al. 2006). The latest advances were shown by 
Bayer and Ross (2008). 

Furthermore, not all presented techniques perform well under all condi-
tions. Figures 7-11 and 7-12 give a good overview about the application 
conditions of the probabilistic techniques.  

 

Fig. 7-11. Performance of methods for stochastic structural analysis (Bucher et al. 
2000) 

 

 

It is not intended by the authors to give here a full summary about cur-
rent state of knowledge in the field of structural safety. A state-of-the-art 
report for computational stochastic mechanics was given by Berman et al. 
(1997), however, the latest developments should be considered. In con-
trast, the introduced methods can be easily programmed and applied to 
arch bridge problems by the reader. For more advanced studies, some com-
mercial programs or programs from research institutes can be used.  



7.2 Probabilistic Safety Concept      295 

Fig. 7-12. Applicability of certain stochastic techniques subject to the number of 
random variables and the estimated probability of failure (Bayer 2008) 

7.2.9 Commercial Programs 

Although many universities have developed programs for the computation 
of probabilities of failure, in many cases these programs lack a sufficient 
manual, a graphical user interface, or simply an easy handling. Therefore, 
in many cases, commercial probabilistic programs were developed. 

 

Currently, the following programs are known to the authors, however 
this list is subject to change: UNIPASS (Lin and Khalessi 2006), ProFES 
(Wu et al. 2006), Proban (Tvedt 2006), PHIMECA (Lemaire and Pendola 
2006), PERMAS-RA/STRUREL (Gollwitzer et al. 2006), NESSUS 
(Thacker et al. 2006), COSSAN (Schueller and Pradlwarter 2006), CalRel/ 
FERUM/ OpenSees (Der Kiureghian et al. 2006), ANSYS PDS und 
DesignXplorer (Reh et al. 2006), ATENA/SARA/FREET (Pukl et al. 
2006), VaP (Petschacher 1994), OptiSlang (Schlegel and Will 2007), 
RELSYS (Estes and Frangopol 1998), and the probabilistic toolbox 
ProBox (Schweckendiek and Courage 2006). Many of these programs can 
be downloaded free of charge for test runs (Table 7-3). 
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As mentioned above, parallel to the listed commercial programs, many 

or at universities. Therefore, Epstein et al. (2008) suggested some general 
requirements and structures for probabilistic computer programs. The ad-
aptation of these rules will ease the application of such programs and will 
extend the user group. 

Even without commercial programs, simple FORM or Monte Carlo 
Simulations can be carried out with standard spreadsheet software. Includ-
ing an optimization tool like the solver in EXCEL, it is possible to com-
pute the safety index. An example of such an application can be found in 
Low and Teh (2000). 

Table 7-3.

Program University Homepage
VAP  ETH Zurich http://www.ibk.baum.ethz.ch/proserv/vap.html 
CALREL University of 

California, 
Berkeley 

http://www.ce.berkeley.edu

FERUM University of 
California, 
Berkeley 

http://www.ce.berkeley.edu/~haukaas/FERUM/ferum.
html 

NESSUS Southwest 

San Antonia 

http://www.nessus.swri.org/

PERMAS INTES GmbH, 
Stuttgart 

http://www.intes.de

SLANG Bauhaus  
University,  
Weimar 

http://www.uni-weimar.de/Bauing/ism/Slang 

ISPUD University  
Innsbruck 

http://www.uibk.ac.at/c/c8/c810

COSSAN University  
Innsbruck 

http://www.uibk.ac.at/c/c8/c810

PROBAN Det Norske http://www.dnv.com

STRUREL RCP GmbH http://www.strurel.de
ANSYS  ANSYS Inc. http://www.ansys.com
SARA  
FREET 

University Bruno, 
Cervenka http://www.cervenka.cz

RACKV University of 
Natural Resources 
and Applied Life 
Sciences, Vienna 

 

further stand alone programs were or are under development in companies 

Research Institute, 

Veritas Software 

Consulting 

 List of different probabilistic programs currently available 
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7.2.10 Goal Values of Safety Indexes  

Table 7-4. Goal probability of failure per year according to the CEB (1976) 

Average number of people endangered Economical consequences 
 low average high 

Low ( < 0.1) 10–3 10–4 10–5 
Average 10–4 10–5 10–6 
High ( > 10) 10–5 10–6 10–7 

 

Table 7-5. Goal probability of failures in some Scandinavian countries (Spaethe 
1992) 

Safety 
class 

Failure consequences Probability of failure for the limit 
state of ultimate load per year 

Low Low personal injuries
Insignificant economical consequences

1.0 ×·10–4

Normal Some personal injuries
Considerable economical consequences

1.0 × 10–5

High Considerable personal injuries
Very high economical consequences 

1.0 × 10–6

Table 7-6. Goal probability of failures in the former East Germany (Franz et al. 
1991) 

Reliability class Consequences Probability of failure 
I Very high danger to the public

Very high economical consequences 
Disaster 

1.0 × 10–7

II High danger to the public
High economical consequences 
High cultural losses 

1.0 × 10–6

III Danger to some persons
Economical consequences 

1.0 × 10–5

If a safety index or a probability of failure is used as a measure for safety 
of the structure, they have to be compared to a certain proof or goal value. 
Many references have published such goal probabilities of failure and 
examples are shown in Tables 7-4 to 7-10. However, most of the publica-
tions show nearly the same values; for new structures, maximum probabil-
ity of failure is in the range of 10–6 per year or a minimum safety index of 
3.8 per year. For existing structures, usually less stringent requirements are 
common. For example, a decrease of the safety index by 0.5 (Diamantidis 
et al. 2007). Furthermore, the probability of failure or the safety index can 
be adapted to more special conditions.  
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Reliability class Consequences Probability of failure 
IV Low danger to persons

Low economical consequences 
1.0 × 10–4

V Very low danger to persons
Very low economical consequences 

7.0 × 10–4

Table 7-7. Goal probability of failures according to the GruSiBau (1981) 

Safety 
class 

Possible consequences of failure Type of limit state 

 Limit state of ultimate 
load bearing  

Limit state of 
serviceability 

Ultimate 
load 

Serviceability 

1 No danger to humans 
and no economical  
consequences 

Low economical 
consequences and  
low usage limitation 

1.34 × 10–5 6.21 × 10–3 

2 Some danger to humans 
and considerable  
economical  
consequences 

Considerable 
economical  
consequences and 
strong limitation of  
further usage 

1.30 × 10–6 1.35 × 10–3 

3 High importance of the 
structure to the public 

High economical 
consequences and  
high restriction to  
future usage 

1.00 × 10–7 2.33 × 10–4 

Table 7-8. Goal probability of failure according to the DIN 1055-100 (1999) and 
the Eurocode 1 (1994) 

Limit state Probability of failure
 Lifetime Per year
Ultimate load 7.24 × 10–5 1.30 × 10–6

Serviceability 6.68 × 10–2 1.35 × 10–5

Table 7-9. Goal safety indices according to ISO/CD 13822 (1999) 

Limit state Safety index
Serviceability 
Reversible 0.0
Irreversible 1.5
Fatigue 
Testable 2.3
Not testable 3.1
Ultimate load 
Very low consequences 2.3
Low consequences 3.1
Common consequences 3.8
High consequences 4.3
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Table 7-10. Goal safety indices according to the JCSS Modelcode (2004) 

Costs for safety 
measures 

Low failure 
consequences 

Average failure 
consequences 

High failure  
consequences 

Low 3.1 3.3 3.7
Average 3.7 4.2 4.4
High 4.2 4.4 4.7

 
 
The Eurocode also permits an adaptation of the safety index to some 

consequence classes in terms of failure consequence classes (CC) as 
shown in Table 7-11. Such consequence classes can then be related to 
some reliability classes (RC) listed in Tables 7-12 and 7-13.  

 

Table 7-11. Graduation of failure CCs according to the Eurocode 1 (1994) 

Failure CCs Consequences Examples
CC 3 High consequences to 

humans, the economy,  
social systems and the  
environment 

Stands, public buildings, for  
example concert halls 

CC 2 Average consequences to 
humans, the economy,  
social systems and the  
environment 

Dwelling and office buildings, 
public buildings such as offices 

CC 1 Low consequences to 
humans, the economy,  
social systems, and the  
environment  

Agricultural structures or  
structures without regular  
persons’ residence, for example 
barns, conservatories 

 

Table 7-12. Graduation of RCs according to the Eurocode 1 (1994) 

RC Safety index per year Safety index for 50 years
RC 3 5.2 4.3
RC 2 4.7 3.8
RC 1 4.2 3.3
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Table 7-13. Adaptation factor for the partial safety index subject to the RC (Euro-
code 1 1994) 

Adaptation for the par-
tial safety factors 

RC 
RC1 RC2 RC3

KFI 0.9 1.0 1.1
 
The Eurocode furthermore can consider different types of production 

control of the building material in terms of changes of partial safety factors 

3.5 ( ) 2.0E S I PCβ = − Δ + Δ + Δ + Δ ≥  
Correction factor for element failure EΔ  
Abrupt failure without warning 0.0 
Abrupt loss of bearing capacity without warning with remaining capacity 0.25 
Grateful failure with warning 0.50 
Correction factor for system failure SΔ  
Failure of one single element causes system failure 0.00 
Failure of one single element does not cause system failure 0.25 
Failure of one single element causes local failure only 0.50 
Correction factor for monitoring IΔ  
Element is not controllable –0.25 
Element is controlled regularly 0.00 
Critical elements are controlled more frequently 0.25 
Correction factor for live load PCΔ  
All types of traffic without special permission 0.00 
All types of traffic with special permission 0.60 

Table 7-15. Adaptation of the safety index according to Schueremans and Van 
Gemert (2001) 

( ) 2.0T S R P Iβ β= − Δ + Δ + Δ + Δ ≥   

Adjustment for system behaviour SΔ  
Failure leads to collapse, likely to impact occupants 0.00 
Failure is unlikely to lead to collapse, or unlikely to impact occupants 0.25 
Failure is local only, very unlikely to impact on occupants 0.50 
Adjustment for risk category RΔ  
High number of occupants (n) exposed to failure (n = 100–1,000) 0.00 

Table 7-14. Adaptation of the safety index according to the CAN/CSA-S6-88 
Canadian Limit States Design Standard (taken from Casas et al. 2001 and COST 
345 2004) 

of the material. Still, this is for new structures only. Therefore, some other 
recommendations focus on existing structures. For example, in Tables 7-14 
and 7-15, some adaptation factors are given. Furthermore, Strauss and 
Bergmeister (2005) have also introduced some factors.  

value 

value 
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Normal occupancy exposed to failure (n = 10–99) 0.25 
Low occupancy exposed to failure (n = 0–9) 0.50 
Adjustment for past performance: PΔ  
No record of satisfactory past performance 0.00 
Satisfactory past performance or dead load measured 0.25 
Adjustment for inspection: IΔ  
Component not inspect able –0.25 
Component regularly inspected 0.00 
Critical component inspected by expert 0.25 

 
This adapted safety index can then be used to provide alternative safety 

measures in the semiprobabilistic safety concept. 
Further background information about the development of goal prob-

abilities of failure or safety indexes can be found in Proske (2008b) dis-
cussing different risk parameters and the current developments.  

7.3 Semiprobabilistic Safety Concept 

7.3.1 Introduction 

The probabilistic safety concept for structures has introduced the measure 
of probability of failure as a measure of reliability and safety. Neverthe-
less, under everyday conditions, this measure is not practical and instead, 
simpler types of proof of safety have to be used for structures. Therefore, 
the probabilistic safety concept has to be transformed into a semiprob-
abilistic safety concept, which means nothing else than developing substi-
tutes for the probability of failure proof, which are easier to handle. Such 
substitutes are the safety factors, characteristic values, and the design val-
ues. They are developed on some basic simplification.  

One major advantage for these elements is the long tradition of the ap-
plication of safety factors. It has been estimated that the first application of 
a global safety factor goes back up to 300 B.C. by Philo from Byzantium 
(Shigley and Mischke 2001). He introduced the global safety factor in 
terms of 

γ = resistance

load
. 

(1-116)

 

( ) 2.0T S R P Iβ β= − Δ + Δ + Δ + Δ ≥  value 
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Empirical geometrical rules remained valid over nearly the next two 
millenniums. Only in the last few centuries have the applications of safety 
factors become widespread. Over time, several different values were de-
veloped for different materials. In most cases, the values dropped signifi-

Table 7-16. Global safety factor according to Visodic (1948) 

Safety factor Knowledge of load Knowledge of 
material 

Knowledge of 
environment 

1.2–1.5 Excellent Excellent Controlled
1.5–2.0 Good Good Constant
2.0–2.5 Good Good Normal
2.5–3.0 Average Average Normal
3.0–4.0 Average Average Normal
3.0–4.0 Low Low Unknown
 

Table 7-17. Global safety factor according to Norton (1996) 

Safety  
factor 

Knowledge of load Knowledge of 
material 

Knowledge of  
environment 

1.3 Extremely well-known Extremely 
well-known 

Likewise tests 

2 Good approximation Good approximation Controllable  
environment 

3 Normal approximation Normal 
approximation 

Moderate

5 Guessing Guessing Extreme
 
 
As the tables show, a further decline of global safety factors seems to be 

limited; otherwise, the major requirement safety of structures might not be 
fulfilled anymore. Therefore, more advanced changes might be considered 
to meet the demanding requirements of economic and safe structures. Such 

cantly during the last century. As an example, in 1880 for brick masonry 
the safety factor of 10 was required, whereas only 10 years later the factor 
was chosen between 7 and 8. In the 20th century, the values ranged from 
factor 5 and 4, and now for the recalculation of historical structures with that 
material, factor 3 is chosen (Busch and Zumpe 1995, Schleicher 1949, 
Wenzel 1997, Mann 1987, and Tonon and Tonon 2006). This decline of 
safety factors could also be observed for other materials such as steel. The 
development of new materials especially led to more concerns about the safe 
application of those materials. The different developments for safety factors 
for materials led to the first efforts in the beginning of the 20th century to 
develop material-independent factors, as shown in Tables 7-16 and 7-17. 
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a development would be special safety factors for the different columns in 

The development of partial safety factors is strongly related to the de-
velopment of the probabilistic safety concept. However, the practical appli-
cation of partial safety factors took additional decades. First applications 
can be found in steel design, whereas a first example in the field of struc-

(ETV stands for Unified technical codes). ETV concrete was developed 
during the seventies of the 20th century and introduced in the beginning of 
the eighties. A comparison between ETV and the up-to-date German code 
DIN 1045-1 can be found in Wiese et al. (2005).  

7.3.2 Partial Safety Factors 

7.3.2.1 Introduction 

The change from the global safety factor concept to the partial safety fac-
tor concept can be easily seen in the following equations. In general, the 
comparison of the resistance of a structure and the load or event remains 

d dE R≤ . (7-117)

But in contrast to the global safety factor format, where the safety factor 
can be separated like 

/d d GlobalE R γ≤ , (7-118)

the safety factors accompany the parameters required for design. Then, 
the design load Ed is evaluated according to 

, , ,1 ,1 , 0, ,
1 1

d G j k j Q k Q i i k i
j i

E G Q Qγ γ γ ψ
≥ >

= ⋅ + ⋅ + ⋅ ⋅∑ ∑  (7-119)

and the design resistance Rd is based on 

0,1,; ; ; ;yk p k pktk calck
d

c s s s s

f f fff
R R α

γ γ γ γ γ
⎛ ⎞

= ⋅⎜ ⎟
⎝ ⎠

. 
(7-120)

A list of material partial safety factors is given in Table 7-18. 
 

tural concrete could be ETV concrete—a concrete code in East Germany 

the table 7-16; for example, a safety factor for the load and a safety factor 
for the material. This is indeed the idea of the partial safety factor concept. 
It does not necessarily yield to lower safety factors, but it yields to a more 
homogenous level of safety. 
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Table 7-18. Material partial safety factors 

Material Code or  
reference 

Limit state of 
ultimate load 

Accidental 
load  
conditions 

Concrete (up to C 50/60) DIN 1045-1 1.50 1.30 

Concrete higher than C 50/60 DIN 1045-1 1.5/
(1.1-fck/500) 

1.3/ 
(1.1-fck/500) 

Non-reinforced concrete DIN 1045-1 1.80 1.55 
Non-reinforced concrete DAfSt (1996) 1.25
Pre-cast concrete DIN 1045-1 1.35
Collateral evasion DIN 1045-1 2.00 –
Reinforcement steel DIN 1045-1 1.15 1.00 
Pre-stressing steel DIN 1045-1 1.15 1.00 
Steel yield strength EN 4 1.10 1.00 
Steel tensile strength EN 4 1.25 1.00 
Steel tensile strength EN 4 1.00 1.00 
Wood EN 5 1.30 1.00 
Masonry (Category A) EN 6 1.7 (I)/2.0 (II) 1.20 
Masonry (Category B) EN 6 2.2 (I)/2.5 (II) 1.50 
Masonry (Category C) EN 6 2.7 (I)/3.0 (II) 1.80 
Masonry – steel EN 6 1.50/2.20
Masonry DIN 1053-100 1.50–1.875 1.30–1.625 
Wall anchorage (C. A-C) Mann (1999) 2.50 1.20 
Floatglas/Gussglas BÜV (2001) 1.80 1.40 
ESV-Glas BÜV (2001) 1.50 1.30 
Siliconglas BÜV (2001) 5.00 2.50 
Carbon fibre Onken et al. 

(2002) and  
Bergmeister 
(2003) 

1.20
Carbon fibre 1.301  
Carbon fibre cable 1.201  
Carbon fibre glue 1.501  
Cladding DIN 18 516 2.00
Aluminum yield strength EN 9 1.10
Aluminum tensile strength EN 9 1.25
Bamboo as building material Bamboo (2005) 1.50
Textile reinforced concrete Own works 1.802

Concrete – multiaxial loading Own works 1.35–1.70
Granodiorit tensile strength Own works 1.50–1.70
Historical masonry arch bridges UIC-Codex 2.003

Historical non-reinforced arch 
bridges 

Bothe et al. 
(2004) 

1.803

 
1Consider construction conditions (Bergmeister 2003). 
2Recent researches indicate lower values. 
3A partial safety factor for a system. 
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Unfortunately, the definition of the safety format for the resistance de-
pends on the way of computing the forces in the structure. Eibl (1992) and 
Eibl and Schmidt-Hurtienne (1995) have pointed out the limitation of the 
partial safety factor concept in nonlinear force calculations. If the forces 
are computed in a nonlinear procedure, then an alternative definition has to 
be chosen, such as 

0,1

1
( ; ; ; ; )d cR yR tR p R pR

R

R R f f f f f
γ

= . 
(7-121)

Here, current work is being carried out. The reader should consult re-
cent publications, such as Cervenka (2007), Allaix et al. (2007), Holicky 
(2007), and especially Pfeiffer and Quast (2003). 

7.3.2.2 Design of partial safety factors 

Several methods exist to develop partial safety factors for a certain mate-
rial or a certain type of structure. But in general, all procedures rely on a 
statistical description of the material inherent uncertainty. Additionally, 
historical partial safety factors remain valid if they have proven to provide 
safe structures. 

First, a historical procedure is introduced that permits the development of 
partial safety factors for concrete only on the coefficient of variation, an 

Table 7-19. Partial safety factor for a lognormal distributed strength 

Class of structure Coefficient of variation
Class of structure 0.05 0.10 0.15 0.20 
Dam 1.26 1.58 1.95 2.43 
Bridge, theatre, cultural buildings 1.23 1.49 1.82 2.16 
Residential buildings, office buildings 1.20 1.40 1.65 1.91 
Lager, bunker, frames 1.15 1.31 1.46 1.62 
Secondary buildings 1.10 1.17 1.22 1.25 

Table 7-20. Partial safety factor for a normal distributed strength 

 Coefficient of variation
Class of structure 0.05 0.10 0.15 0.20 
Dam 1.24–1.30 1.46–1.85
Bridge, theatre, cultural buildings 1.21–1.26 1.41–1.67 1.60–2.47
Residential or office buildings 1.18–1.22 1.35–1.53 1.50–2.00 1.65–2.86 

assumption about the type of probability distribution function, and the 
class of the structure (Murzewski 1974) (Tables 7-19 and 7-20). Usually 
the coefficient of variations for concrete depending on the production con-
ditions lies around 10% (Spaethe 1992, Östlund 1991). 
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 Coefficient of variation
Lager, bunker, frames 1.15–1.16 1.27–1.37 1.38–1.61 1.49–1.92 
Secondary buildings 1.10–1.11 1.17–1.19 1.21–1.25 1.23–1.28 

 
The Eurocode (EN) is heavily based on works and suggestions by the 

R a x= Θ⋅ ⋅  (7-122)

with Θ as uncertainty factor for the calculation model, a as geometrical 
factor, and x as material strength. The resistance design value is then 

k k k
d

M

a x
R

γ
Θ ⋅ ⋅

= . 
(7-123)

The three parameters might then be considered as independent random 
variables with a lognormal distribution. Please note that this is not true for 
many materials. The material partial safety factor can then be evaluated 
according to 

exp( ( 0.4 0,4 ) 1.64 )M R x a xV V V Vγ α β Θ= ⋅ ⋅ + ⋅ + ⋅ − ⋅ . (7-124)

Additionally, simplified rules exist for the development of design val-
ues, including material partial safety factors based on testing of materials. 
Such procedures have been intensively discussed by Reid (1999) and have 
been applied for masonry (Curbach and Proske 2004). The procedures in-
clude some main assumptions; for example, the probability distribution 
function of the load and the resistance. Examples are the Australian Stan-
dard Procedure for Statistical Proof Loading, Australian Standard Proce-
dure for Probabilistic Load Testing, or the Standard for Probabilistic Load 
tests. Most of the procedures consider the variance of the material strength, 
the variance of the load, some condition factors, the number of tests or a 
correction factor, and the required safety index. 

Val and Stewart (2002) describe a procedure for the evaluation of partial 
safety factors for mainly the resistance of existing structures. The safety 

Joint Committee of Structural Safety (JCSS). In the background document 
of the Eurocode provided by the JCSS (2004), an example for the devel-
opment of a partial safety factor is presented. The general description for 
such a factor is 

factor is split into two parts, the partial safety factor for the material 
strength and a factor for the consideration of additional uncertainties, fk,est is 
the estimated characteristic material strength. The design value for the 
strength is therefore 
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,k est
d

m

f
f

ηγ γ
=

⋅
. 

(7-125)

Coefficient of variation of 
the samples 

γm Coefficient of variation for the calibration factor 
    0.05 0.10 0.15 

0.04 1.1 1.07 1.19 1.27 
0.08 1.4 1.05 1.17 1.24 
0.12 1.6 1.04 1.15 1.21 
0.16 1.9 1.03 1.10 1.19 
0.20 2.2 1.02 1.07 1.15 

A priori coefficient of variation  γm 
0.05 1.36
0.10 1.25
0.15 1.21

 
Melchers and Faber (2001) introduce a damage function, which is in-

cluded in the following material safety factor:  

0M M P D Mγ γ ϕ ϕ ϕ= ⋅ ⋅ ⋅ . (7-126)

The factors consider deterioration processes, protection against deterio-
ration, and intensity of inspection. 

Schneider (1999) has also investigated the development of partial safety 
factors. Partial safety factors for existing reinforced concrete structures 

Tables 7-21 and 7-22 show some examples taken from the publication 
by Val and Stewart (2002). In Table 7-21, no a priori information was 
available, whereas in Table 7-22, a priori information could be used. It be-
comes clear that additional information is for existing structures of major 
importance for keeping safe and efficient structures. As already seen in the 
JCSS (2004) example, the consideration of modelling uncertainty, in 
which ever way, is a major part of many expansions of the traditional ways 
for the developing partial safety factors. Here it becomes visible that the 
clear rule for the application of statistics might sometimes be a drawback 
for a realistic estimation of the safety of a structure. 

Table 7-21. Example of material partial safety factors without a priori and with 
six tested samples (Val and Stewart 2002) 

Table 7-22. Example of material partial safety factors with a priori and with six 
tested samples (Val and Stewart 2002) 
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have recently been discussed by Fischer and Schnell (2008) and Braml and 
Keuser (2008). 

Besides the simplified techniques, the partial safety factor can also be 
computed using the results from full probabilistic computations (FORM). 
Then, the so-called weighting factors αR of the random variables are used. 
The partial safety factor for material strength γm is computed as 

c
m

d

R

R
γ = . 

(7-127)

The safety factor can be computed when design resistance Rd and char-
acteristic resistance Rc are known. Since 

d E R RR μ α β σ= − ⋅ ⋅  (7-128)

and for a normal distribution with known mean value and standard de-
viation, the characteristic value is given as 

1.645c E RR μ σ= − ⋅ , (7-129)

Table 7-23 shows the computation of partial safety factors for live and 
dead load subjected to an adaptable goal safety index for arch bridges. 
Table 7-24 lists system partial safety factors for stone arch bridges subject 

In general, the issue of partial safety factors for historical stone arch 
bridges is still under discussion since they show a highly nonlinear behav-
iour and such structures can only be understood as a system and not on the 
cross-section layer.  

 

hence the partial safety factor for the material strength can be computed. 
As an example, Fig. 7-13 shows the distribution of the weighting factor 
quadrates for historical arch bridges, either for road or for railway traffic 
based on FORM computations. This is a common type of diagram since 
the quadrates of the weighting factors have to sum up to one. The figure 
clearly shows why in railway codes the partial safety factor for the traffic 
load is often lower; for example, 1.3 compared to road traffic bridges with 
1.5. Here it can be seen that the weighting factor is significantly lower for 
railway traffic than for road traffic. 

to different masonry types. The investigation is based on own probabilistic 
computations. 
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Fig. 7-13. Distribution of the square of the weighting factors for an arch bridge us-
ing a linear-elastic model for railway traffic (left) and road traffic (right) 

Table 7-23. Partial safety factor for dead and live load considering the adaptation 
of the safety index according to Schueremans and Van Gemert (2001) 

1.5S R P IΔ + Δ + Δ + Δ ≤  Partial safety factor for Factor of combination

 Dead load Live load
–0.25 1.42 1.56 0.69
0.00 1.35 1.50 0.70
0.25 1.28 1.45 0.71
0.50 1.22 1.39 0.72
0.75 1.16 1.34 0.73
1.00 1.10 1.29 0.74
1.25 1.05 1.25 0.75
1.50 1.00 1.20 0.76

Table 7-24. Own suggestions for partial safety factors for historical masonry arch 
bridges subject to different masonry types in the arch 

Masonry types 

  
System partial safety factor 

2.1Mγ =  2.0Mγ =  1.9Mγ =  1.8Mγ =  
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7.3.3 Characteristic Values 

To compute a 5% fractile value of a certain property, statistical informa-
tion is required. Using such statistical information, a probability distribu-
tion function can be estimated. There exists a wide variety of such prob-
ability functions as shown in Table 7-25. Many distribution functions can 
be related to each other (Fig. 7-14). Other distribution functions describe 
certain distribution families or certain conditions; for example, Piersons 
differental equation and the Fleishmann system. An overview of distribution 

Characteristic values are probability fixed defined values of a probability 

strength, and 95% of the population will show a higher strength than this 
5% fractile material strength. The terms percentile and quantile can often 
also be found in literature instead of fractile. The chosen value of 5% is ar-
bitrary, but the general idea about characteristic values are the proofs in the 

• Reinforcement steel according to DIN 488 (90% confidence interval) 
• Concrete compression strength according to DIN 1045, DIN 1048 
• Masonry after testing according to DIN 1053 (75% confidence interval) 

(Schubert 1995) 
• Outer wall panelling according to DIN 18516 (75% confidence interval) 
• Masonry according to DIN 18152 (1987) with 90% confidence interval 
• Reinforcement steel according to ENV 100080 (90% confidence inter-

val) 
• Wooden structures according to DIN V ENV 1995 (84,1%-confidence 

interval, coefficient of variation greater or equal 0.1, more than 30 sam-
ples) 

• Masonry-aerated concrete (95%-confidence interval) 
• Artificial brick stones (Schubert 1995) 
• Natural stones (90% confidence interval) (Schubert 1995) 

distribution. They relate the probability distribution property—for exam-
ple, strength—to a certain probability. A characteristic strength value fk of 
structural materials of 5% of the overall population is very common. That 
means that only 5% of the overall population will experience a lesser 

state of serviceability carried out without partial safety factor (one). Since 
characteristic values and partial safety factors interact, the characteristic 
value simply has to be chosen to provide the partial safety factor of one for 
the limit state of serviceability. Therefore, the assumption of the 5% frac-
tile value can be found as a general requirement, for example, in the Euro-
code 1 (1994) or in the German DIN 1055-100, Sect. 6.4 (1999). As an ex-
ample, some material-related codes are listed here to show the wide 
application of the 5% fractile value assumption: 
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tribution has found wide application and can be easily explained by the 
central limit state theorem. This theorem states that a sum of certain ran-
dom variables will yield to a normal distributed random variable if certain 
conditions are fulfilled (Van der Werden 1957). Such conditions are, for 
example, that no single random variable dominates the results. And indeed, 
many material properties can be seen as the sum of certain other proper-
ties—for example, the strength of a natural stone can be seen as sum of the 
strength of the single elements of the stone. Therefore, many publications 
assume a normal distribution for the concrete compression strength (Rüsch 
et al. 1969). A disadvantage of the normal distribution is possible negative 
values. Therefore, instead of the normal distribution, the lognormal distri-
bution is often used if the average value of a material property is low and 
experiences a high standard deviation, such as the tensile strength of con-
crete or masonry. The lognormal distribution does not feature negative 
values and therefore no negative tensile strengths are then possible. The 
lognormal distribution can also be related to the central limit state theorem, 
if the data are logarithmic. However, this implies the multiplication of the 
single input random variables—in other terms, the logarithmic distribution 
fulfils the central limit state theorem for the case of multiplication. A fur-
ther often-used distribution for construction material properties is the 
Weibull distribution (Weibull 1951). This distribution belongs to the group 
of extreme value distributions and describes a chain interaction of single 
elements. If the weakest part of the chain fails, then the entire chain fails, 

The properties of brittle materials, such as glass, can be described with this 
distribution (Button et al. 1993, Güsgen et al. 1998). Of course, many ma-
terials do not comply with the chain rule for a serial system but show 
rather a mixed parallel-serial system. Further considerations are then 
needed. Some theoretical works dealing with this issue have been taken 
out by Rackwitz and Hohenbichler (1981), Gollwitzer and Rackwitz 
(1990), and Kadarpa et al. (1996) for brittle materials; Chudoba et al. 
(2006) and Chudoba and Vorechovsky (2006) for glass yarns. 

 
 

families can be found in Plate (1993), Bobee and Ashkar (1991), and 
Fischer (1999). Besides that for extreme value distributions, the work by 
Castillo et al. (2008) is mentioned. For practical reasons, however, only a 
limited number of distributions is considered for construction material: the 
normal distribution, the lognormal distribution, and the Weibull distribu-
tion (Fischer 1999, Eurocode 1 1994, and GruSiBau 1981). The normal dis-

which indeed fulfil’s the requirements of an extreme value distribution. 
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Table 7-25. Certain probability functions 

 Name of distribution Name of distribution
1 χ-Distribution 29 Laplace distribution 

2 General Pareto distribution 30 Logarithmic Pearson typ-3  
distribution 

3 Arcsin distribution 31 Logarithmic–logistic distribution 
4 Beta distribution 32 Logistic distribution 
5 Binomial distribution 33 Lognormal distribution 
6 Birnbaum–Saunders distribution 34 Lorenz distribution 
7 Breit–Wigner distribution 35 Maxwell distribution 
8 Cauchy distribution 36 Neville distribution 
9 Erlang distribution 37 Pareto distribution 
10 Exponential distribution 38 Pearson, typ-3, gamma distribution 
11 Extreme value distribution typ I max 39 Pearson, typ-3 distribution 
12 Extreme value distribution typ I min 40 Poisson distribution 
13 Extreme value distribution typ II max 41 Polya distribution  
14 Extreme value distribution typ II min 42 Potential distribution 
15 Extreme value distribution typ III max 43 Power normal distribution 
16 Extreme value distribution typ III min 44 Rayleigh distribution 
17 Fisher distribution 45 Uniform distribution 
18 Fréchet distribution 46 Reverse Weibull distribution 
19 F distribution 47 Rossi distribution 
20 Gamma distribution (G-distribution) 48 Simpson or triangle distribution 
21 Gauss order normal distribution 49 Sinus distribution 
22 General extreme value distribution 50 Snedecor distribution 
23 General Pareto distribution 51 Student-t-distribution 
24 Geometric distribution 52 Tukey Lambda distribution  
25 Gumbel distribution 53 Wakeby distribution 
26 Hypergeometric distribution 54 Weibull distribution 
27 Krickij–Menkel distribution 55 Wishart distribution 
28 Landau distribution 56 Z-Distribution 
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Fig. 7-14. Distribution families according to Fischer (1999) 

However, theoretical considerations often do not prove the type of prob-
ability distribution. Therefore, usually the statistical data are investigated, 
according to DIN 53804 (1981). The most robust and fast converting pa-
rameters of the random data are general tendency estimators such as the ar-
ithmetical mean, harmonically mean, geometrical mean, generalized mean, 
quadratic mean and median (50% fractile), and mode (most probable 
value). However, more interesting from a statistical point of view, are de-
viation measures or uncertainty measures such as variance, standard devia-
tion (same unit as mean value), coefficient of variation, span, modified in-
terquartile range, and mean deviation. Besides such measures, the 
skewness and the kurtosis are also of interest (Fig. 7-15).  

 

 
Fig. 7-15. Meaning of the statistical parameter arithmetic mean (Xm), standard de-
viation (σ), skewness (S), and kurtosis (K) 



314      7 Safety Assessment 

For historical masonry, one should keep in mind that such statistical pa-
rameters may be insufficient due to corrupted data (Fig. 7-16). Statistical 
data from historical masonry with natural stone may feature outliers, cen-
sored data, and multimodal data. Outliers are samples that do not belong to 
the population. However, since we do not know the population, it is diffi-
cult to identify outliers. Here, Dixons test, Barnett–Lewis test, Chauvenets 
criteria, Grupps test, the David-Hartley-Pearson test and other criteria may 
be used for outlier identification (McBean and Rovers 1998, Fischer 1999, 
and Bartsch 1991). Censored data describe a condition in which access to the 
original population data is filtered by a process. For example, investigating 
the strength of historical mortar may yield to censored data since the drill-
ing process using high-pressure cooling water may destroy mortar inside 
the masonry. Furthermore, sawing the test specimen may further destroy 
material. Therefore, the compression test results of the mortar may indicate 
high average compression strength, however the tests do not consider the 
failure of all weak material in the preparation process. Therefore, the data 
are censored and have to be corrected. Then, for example, Cohens and 
Aitchison’s method can be applied for data correction (McBean and Rov-
ers 1998). Finally, it may be the case that the test results do not come from 
one population. For example, different stone types may be used for maso-
nry or the natural stone material may come from different stone quarries. 
Then the compression strength can show multimodal behaviour. Using op-
timization methods, it is possible to disintegrate different distributions 
from such multimodal data (Proske 2003). 

 

 
Fig. 7-16. Examples of corrupted data  

After the evaluation of the single parameters, the probability distribution 
function usually has to be chosen. Several statistical techniques exist to in-
vestigate  statistical data and recommend a distribution type: 

• Relating the coefficient of variance and the type of distribution  
• Relating skewness and kurtosis and the type of distribution (Fig. 7-17)  
• The minimum sum square error based on histograms  
• The χ2 test and nω2 test  
• The Kolmogoroff-Smirnoff test  
• The Shapiro-Wilk or Shapiro-Francia test  
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• Probability plots 
• Quantile-correlation values 

Such statistical tests are often called goodness-of-fit tests. However, as 
described, statistical testing is only one part of the investigation. The un-
derstanding of the material extraction, the testing techniques, and the ma-
terial itself is compelling to interpret the results of material testing and sta-
tistical investigations.  

 

 
Fig. 7-17. Relation between skewness and kurtosis and the type of distribution 
(Plate 1993) D. = distribution 

Besides the behaviour of single random variables, correlation between the 
random variables is often of great interest in identifying deterministic formu-
las. However, the identification of different correlation coefficients is rather 
laborious due to the required high sample sizes. Figure 7-18 shows that 
measuring a correlation coefficient of 0.5 for ten samples shows a value for 
the population between –0.5 and 0.8. Furthermore, Pearson’s coefficient of 
correlation may not be adequate, other correlation coefficients such as from 

Besides such limitations, the next sections will discuss the computation of 
characteristic 5% fractile values for certain probability distribution functions. 

Spearman, Kendall, and Hoeffding may be helpful. Additionally, nonlinear 
regression using the Levenberg-Marquardt method can be considered. 
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Fig. 7-18. Ninty-five percent confidence interval for coefficient of correlations 
(Steel and Torrie 1991) 

7.3.3.1 Normal distribution 

The 5% fractile value fk of a normal distributed material strength can be 
computed as (Storm 1988) 

k mf f k σ= − ⋅ , (7-130)

where fm is the mean value and  σ is the standard deviation. If the mean 
value and the standard deviation are known, then the k-factor correspond-
ing to the 5% fractile value amounts to 1.645. However, usually only some 
suggestions for the mean value and the standard deviation are known due 
to a limited number of samples. Although the mean value converges very 
fast with a low number of samples, the problem remains for the evaluation 
of the standard deviation. The uncertainty in the empirical statistical pa-
rameters is usually considered in the choice of the k-factor.  

Assuming, for example, a normal distributed property with 15 samples 
and a confidence interval of 95%, the k-factor becomes 1.76 based on a 
student-t distribution (Table 7-26). For very high sample numbers, the k-
value converges to 1.645 again.  
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Table 7-26. k-factors based on a student’s t-distribution (degrees of freedom = 
sample number – 1) 

 
The Eurocode 1 suggests slightly different k-factors. For example, ac-

cording to the Eurocode 1, 15 samples would yield a k-factor of 1.84.  
A simple example should illustrate the application of a normal distribu-

tion. About 500 compression test results of Posta sandstone are available 
for an investigation. The mean value of the compression strength is 58.05 
MPa and the standard deviation is given with 10.32 MPa. Assuming a 
normal distribution for 500 samples, the k-value becomes 1.648. The char-
acteristic compression strength then is computed as 

, 58.05 MPa 1.648 10.32 MPa 41.04 MPast kf = − ⋅ = . (7-131)

This value is compared with other references discussing the compres-
sion strength of Posta sandstone. Since the sample size is unknown, the k-
value is kept constant with 1.645. 

 
Grunert (1982) , 1.645 45.6 1.645 11.6 26.52 MPast k mf f σ= − ⋅ = − ⋅ =  

Grunert et al. (1998) , 1.645 31.6 1.645 6.8 20.41 MPast k mf f σ= − ⋅ = − ⋅ =  

Peschel (1984) , 1.645 41.6 1.645 11.6 22.52 MPast k mf f σ= − ⋅ = − ⋅ =  

Degree of 
freedom 

Fractile value  Degrees of
 

freedom 
Fractile value 

 5% 2.5%  5% 2.5% 
1 6.314 12.706 20 1.725 2.086 
2 2.920 4.303 21 1.721 2.080 
3 2.353 3.182 22 1.717 2.074 
4 2.132 2.776 23 1.714 2.069 
5 2.015 2.571 24 1.711 2.064 
6 1.943 2.447 25 1.708 2.060 
7 1.895 2.365 26 1.706 2.056 
8 1.860 2.306 27 1.703 2.052 
9 1.833 2.262 28 1.701 2.048 
10 1.812 2.228 29 1.699 2.045 
11 1.796 2.201 30 1.697 2.042 
12 1.782 2.179 40 1.684 2.021 
13 1.771 2.160 60 1.671 2.000 
14 1.761 2.145 80 1.664 1.990 
15 1.753 2.131 100 1.660 1.984 
16 1.746 2.120 200 1.653 1.972 
17 1.740 2.110 500 1.648 1.965 
18 1.734 2.101 1000 1.646 1.962 
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7.3.3.2 Lognormal distribution 

As mentioned above, the lognormal distribution can be reasoned based on 
a product formulation of the central limit theorem. The computation of the 
5% fractile value is analogous to the normal distribution, except that the 
data have to be transformed by the logarithm:  

' * ln( )L y k s L= − ⋅ =  (7-132)
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The following example should show the application. Four compression 
strength tests from natural stone masonry have been carried out (Table 7-27).  

Table 7-27. Test data 

Sample Compression strength in MPa Logarithm
1 6.70 1.90
2 6.20 1.82
3 5.70 1.74
4 6.60 1.89

Mean value 6.30 1.84
Standard deviation 0.39 0.06

 
The characteristic value assuming a lognormal distribution can be com-

, exp(1.84 2.353 0.06) 5.47 MPamw kf = − ⋅ = . (7-135)

If a normal distribution is assumed, then the characteristic value be-
comes 

, 6.30 MPa 2.353 0.39 MPa 5.37 MPamw kf = − ⋅ = . (7-136)

7.3.3.3 Weibull distribution 

For the Weibull distribution, the 5% fractile value can be estimated with 

puted as follows (for 2.353 see Table 7-26): 
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The value q describes the probability that is chosen in our case as 0.05 
for the 5% fractile value. The factors λ and k are parameters of the Weibull 
distribution, which can be computed based on statistical data. The mean 
value and the standard deviation can be computed as 

1/
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mf f
k
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⎝ ⎠

, 
(7-138)
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(7-139)

Again, an example shows the application. Consider the test results of the 
compression strength of natural stone masonry shown in Table 7-27. Using 
the mean value of 6.30 MPa and the standard deviation of 0.39 MPa, the k 
value can be computed with 20.01 and the λ becomes 5.84 × 10–17. The 5% 
fractile value is then given as 

1

20.01

17

1
ln(0.95) 5.58 MPa

5.84 10kf −
⎛ ⎞= − =⎜ ⎟⋅⎝ ⎠

. 
(7-140)

7.3.3.4 Leicester method 

The Leicester method estimates the 5% fractile value without the selection 
of a probability function (Hunt and Bryant 1996). The 5% fractile value is 
computed as 

2.7
1k

v
f A

n

⋅⎛ ⎞= ⋅ −⎜ ⎟
⎝ ⎠

 
(7-141)

with 
n as number of samples preferred higher than 30 

A as empirical 5% fractile of the data. This value is often computed by 
linear interpolation. 

Since the mean value and the standard deviation of the test data can 
usually be easily computed, these formulas are useful in computing the 
factors λ and k. 

v as coefficient of variation preferred smaller than 0.5 
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The simple application is shown in the following example. Using 500 
stone compression strength tests, the empirical 5% fractile value of the 
sample data is estimated with 42.3 MPa. Such estimations can, for example, 
be done with many spreadsheet programs such as Excel. In Excel, the 
“rang and quantile” function can be used. The coefficient of variation is 
0.177. Then, the corrected 5% fractile value is given by 

2.7 0.177
42.3 MPa 1 42.26 MPa

500kf
⋅⎛ ⎞= ⋅ − =⎜ ⎟

⎝ ⎠
. 

(7-142)

7.3.3.5 Öferbeck method 

A further technique is the Öfverbeck Power Limit (Hunt and Bryant 1996). 
Using the constant ε, subject to the number of samples and the number of 
used samples q, the 5% fractile value is given as 

1
1 /( 1)

1

q
q

k q i
i

f x xε ε
−

− −

=

= ∏ . 
(7-143)

The relevant constants are given in Table 7-28. 

Table 7-28.

Sample size n Number of used samples q Öfverbeck constant ε 
5 2 5.93
6 2 5.35
7 2 4.85
8 2 4.42
9 2 4.03
10 3 3.31
11 3 3.12
12 3 2.96
13 3 2.80
14 3 2.66
15 3 2.53
20 4 2.22
30 5 1.80
40 6 1.58
50 7 1.44

  
Again, the data of masonry compression strength are used as illustration. 

 Relevant constants q and ε subject to the overall sample size 

Only four samples are available. Using Table 7-28, q is 2 and 6.00 is chosen 
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(7-144)

7.3.3.6 Jaeger and Bakht method  

Jaeger and Bakht (1990) present a technique to estimate the 5% fractile 
based on a combination of different probability functions. They call this 
artificial function a log arc sinh normal polynomial distribution. Assuming 
a quadratic polynomial in the distribution, and the consideration of only 
the lowest, average and highest test value, the fractile value can be com-
puted with the following steps: 

1. Sort the data. 
2. Compute the mean value. If the sample number is uneven, then use 

the median. If the sample number (n=2 × k) is even, use the follow-
ing formula:  

1( )

2
k k

m

f f
f ++= . 

(7-145)

3. Transform the data according to  

2 2

2
i m

i
i m

f f
y

f f

−=
⋅ ⋅

. 
(7-146)

4. 

5. Chose a z1 according to Table 7-29.  

Table 7-29. Representative z1 value subject to the sample number 

Sample number n z1 
10 1.34  
11 1.38 
12 1.43 
13 1.47 
14 1.50 
15 1.53 
16 1.56 

for ε by extrapolation. The samples are given by 5.7, 6.2, 6.6, and 6.7 
MPa. The 5% fractile value is then 

Chose the characteristic value—in our case, the 5% fractile value. 
Then chose the representing k-value of a normal distribution, here k 
= z* = –1,645. 

As approximation, the following equation 
can be recommended: 

2
1 0.8004 0.0649 0.0011z n n= − − ⋅ + ⋅  
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Sample number n z1 
17 1.59 
18 1.62 
19 1.65 
20 1.67 

 
6. Compute the 5% fractile value for the transformed data: 

2* *
* 1 1

1 12 2
n ny y y yz z

y
z z

⎛ ⎞ ⎛ ⎞− +⎛ ⎞ ⎛ ⎞= +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠

. 
(7-147)

7. Compute the 5% fractile value for the original data: 

* * 2( 1 ( )k mf f y y= + + . (7-148)

The introduced list is only one possible technique mentioned by Jaeger 
and Bakht (1990); however, they consider this one as the numerically most 
robust one. The other techniques consider other data points, such as the 
smallest, the second smallest, and the mean value, or other orders of the 
polynomial, and yield slightly different 5% fractile values. 

Table 7-30. Test results and transformed data 

No. Bending tensile strength in MPa Percent yi

1 14.710 100.00 0.35106
2 12.802 92.80 0.20674
3 12.700 85.70 0.19858
4 12.506 78.50 0.18291
5 11.150 71.40 0.06719
6 10.829 64.20 0.03793
7 10.822 57.10 0.03729
8 10.426 50.00 0.00000
9 10.208 42.80 –0.02113
10 10.002 35.70 –0.04153
11 9.919 28.50 –0.04987
12 9.664 21.40 –0.07597
13 9.412 14.20 –0.10250
14 6.281 7.10 –0.52875
15 4.233 0.00 –1.02851
 

Again, an example illustrates the approach. Fifteen bending test results 
of granite stones are used. The test results are then related to one specimen 
height and listed in Table 7-30. 
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According to Step 2, the mean value is given as fm=10.426 MPa. The 
transformed data (Step 3) are already included in Table 7-30. Furthermore, 
the 5% fractile value should be computed, therefore z* = –1.645 and z1= 
1.53. Then the transformed 5% fractile value is given as 

2
*

*

1.029 0.351 1.645 1.029 0.351 1.645

2 1.53 2 1.53

1.133

y

y

− − − − + −⎛ ⎞⎛ ⎞ ⎛ ⎞⎛ ⎞= +⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟− −⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠
= −

 

(7-149) 

and for the original data 

( )210.426 MPa 1.133 1 ( 1.133) 3.94 MPakf = ⋅ − + + − = . (7-150)

7.3.3.7 Binomial distribution 

Mehdianpour (2006) has used diagrams of binomal distribution to estimate 
characteristic compression strength values. Details can be found in the 
original reference.  

All mentioned techniques consider the uncertainty of material and load-
ing data in a stochastic way. However, such a consideration does not nec-
essarily end in the preparation of fractile values and partial safety factors. 
Increasingly, full probabilistic computations of structures and also of his-
torical stone arch bridges can be found in the literature. Therefore, Chapter 8 
discusses the results of those numerical investigations.  

References 

Allaix DL, Carbone VI & Mancini G (2007) Global Safety Factors for Reinforced 
Concrete Beams. Proceedings of the 5th International Probabilistic Workshop, 
L Taerwe & D Proske (Eds), Ghent, Belgium 

Bamboo (2005) The Hong Kong Polytechnic University and International Network 
for Bamboo and Rattan: Bamboo Scaffolds in Building Construction – Design 
Guide. www.inbar.int/publication/txt/INBAR_Technical_Report_No23.doc 

Bartsch HJ (1991) Mathematische Formeln. 23. Auflage, Fachbuchverlag Leipzig 
Bayer (2008) Efficient Modelling and Simulation of Random Fields. Presentation 

at the 6th International Probabilistic Workshop, Darmstadt 
Bayer V & Ross D (2008) Efficient Modelling and Simulation of Random Fields. 

Proceedings of the 6th International Probabilistic Workshop, CA Graubner, H 
Schmidt & D Proske (Eds), Darmstadt, pp 3363–380 

Bergman LA, Shinozuka M, Bucher CG, Sobczyk K, Dasgupta G, Spanos PD, 
Deodatis G, Spencer Jr. BF, Ghanem RG, Sutoh A, Grigoriu M, Takada T, 
Hoshiya M, Wedig WV, Johnson EA, Wojtkiewicz SF, Naess A, Yoshida I, 



324      7 Safety Assessment 

Pradlwarter HJ, Zeldin BA, Schuëller GI & Zhang R (1997) A state-of-the-art 
report on computational stochastic mechanics. Probabilistic Engineering 
Mechanics, 12 (4), pp 197-321 

Bergmeister K (2003) Kohlenstofffasern im Konstruktiven Ingenieurbau. Verlag 
Ernst und Sohn, Berlin 

Bobee B & Ashkar F (1991) The Gamma Family and Derived Distributions 
Applied in Hydrology. Water resources publications, Littleton 

Bothe E, Henning J, Curbach M, Bösche T & Proske D (2004) Nichtlineare 
Berechnung alter Bogenbrücken auf der Grundlage neuer Vorschriften. Beton- 
und Stahlbetonbau 99, Heft 4, pp 289–294 

Box GEP & Draper NR (1987) Empirical Model-Building and Response Surfaces. 
John Wiley & Sohn 

Braml T & Keuser M (2008) Structural Reliability Assessment for Existing Bridges 
with In Situ Gained Structural Data Only – Proceeding and Assessment of 
Damaged Bridges. Proceedings of the 6th International Probabilistic Workshop, 
CA Graubner, H Schmidt & D Proske (Eds), Darmstadt, pp 149–165 

Breitung K (1984) Asymptotic approximations for multinormal integrals. Journal 
of the Engineering Mechanics Division, 110 (3), pp 357–366 

Breitung K (2002) SORM: Some common misunderstandings and errors. In: 
Application of Statistics and Probability in Civil Engineering, A Der Kiureghian, 
S Madanat & JM Pestana (Eds), Millpress, Rotterdam 2003, pp 35–40 

Bucher C & Bourgund U (1990) A fast and efficient response surface approach for 
structural reliability problems. Structural Safety, 7, pp 57–66 

Bucher C (1988) Adaptive sampling – An iterative fast Monte Carlo procedure. 
Structural Safety, 5, pp 119–126 

Bucher C, Hintze D & Roos D (2000) Advanced analysis of structural reliability 
using commercial FE-codes. European Congress on Computational Methods 
in Applied Sciences and Engineering (ECCOMAS), CIMNE, Barcelona, 11–14 
September 2000 

Busch P & Zumpe G (1995) Tragfähigkeit, Tragsicherheit und Tragreserven von 
Bogenbrücken. 5. Dresdner Brückenbausymposium, 16.3.1995, Fakultät 
Bauingenieurwesen, Technische Universität Dresden, pp 153–169 

Button D et al. (1993) Glass in Building – A Guide to Modern Architectural Glass 
Performance. Pilkington Glass Ltd. Flachglas AG, Pilkington 

BÜV (2001) Empfehlung für die Bemessung und Konstruktion von Glas im 
Bauwesen. veröffentlicht in: Der Prüfingenieur 18 April 2001, pp 55–69 

Cai GQ & Elishakoff I (1994) Refined second-order reliability analysis. Structural 
Safety, 14, pp 267–276 

Casas JR, Prato CA, Huerta S, Soaje PJ & Gerbaudo CF (2001) Probabilistic 
assessment of roadway and railway viaducts. Safety, Risk, Reliability – 
Trends in Engineering, Malta 2001, pp 1001–1008 

Castillo E, Castillo C & Mínguez R (2008) Use of extreme value theory in 
engineering design. Safety, Reliability and Risk Analysis: Theory, Methods 
and Applications, S Martorell et al. (Eds), Taylor & Francis Group, London, 
pp 2473–2488 



References      325 

CEB (1976) Comité Euro-International du beton: International system of unified 
standard – codes of practice for structures. Volume I: Common unified rules 
for different types of construction and material (3rd Draft, Master Copy), 
Bulletin d’information 116 E, Paris, November 1976 

Cervenka V (2007) Global Safety Format for Nonlinear Calculation of Reinforced 
Concrete. Proceedings of the 5th International Probabilistic Workshop, 
L Taerwe & D Proske (Eds), Ghent, Belgium  

Chudoba R & Vořechovský M (2006) Stochastic modeling of multi-filament 
yarns: II. Random properties over the length and size effect, International 
Journal of Solids and Structures, 43 (3-4), pp 435–458. 

Chudoba R, Vořechovský M & Konrada M (2006) Stochastic modeling of multi-
filament yarns. I. Random properties within the cross-section and size effect, 
International Journal of Solids and Structures, 43 (3-4), pp 413–434 

COST-345 (2004) European Commission Directorate General Transport and 
Energy: COST 345 – Procedures Required for the Assessment of Highway 
Structures: Numerical Techniques for Safety and Serviceability Assessment – 
Report of Working Groups 4 and 5 

Curbach M & Proske D (2004) Zur Ermittlung von Teilsicherheitsfaktoren für 
Natursteinmaterial. 12. November 2004, 2. Dresdner Probabilistik Symposium. 
Technische Universität Dresden. pp 99–128 

Curbach M, Michler H & Proske D (2002) Application of Quasi-Random 
Numbers in Monte Carlo Simulation. 1st International ASRANet Colloguium. 
8–10th July 2002, Glasgow, auf CD 

DAfSt – Deutscher Ausschuß für Stahlbeton (1996) Richtlinie für Betonbau beim 
Umgang mit wassergefährdenden Stoffen, Beuth-Verlag: Berlin 

Der Kiureghian A & Ke J-B (1988) The stochastic finite element method in 
structural reliability. Probabilistic Engineering Mechanics, 3 (2), pp 105–112 

Der Kiureghian A, Haukaas T & Fujimura K (2006) Structural reliability software 
at the University of California, Berkeley. Structural Safety 28, pp 44–67 

Diamantidis D, Holicky M & Jung K (2007) Assessment of existing structures – 
On the applicability of the JCSS recommendations. In: Aspects of Structural 
Reliability – In Honor of R. Rackwitz, MH Faber, T Vrouwenvelder, K Zilch 
(Eds), Herbert Utz Ver-lag, München 

DIN 1045-1 (2001) Tragwerke aus Beton, Stahlbeton und Spannbeton, Teil 1: 
Bemessung und Konstruktion, Juli 2001 

DIN 1053-100 (2004) Mauerwerk – Berechnung auf der Grundlage des 
semiprobabilistischen Sicherheitskonzeptes. NABau im DIN e.V.: Berlin 

DIN 1055-100 (1999): Einwirkungen auf Tragwerke, Teil 100: Grundlagen der 
Tragwerksplanung, Sicherheitskonzept und Bemessungsregeln, Juli 1999 

DIN 18 516 (1999) Außenwandbekleidungen 
DIN 53 804 (1981) Teil 1: Statistische Auswertungen – Meßbare (kontinuierliche) 

Merkmale. September 1981 
Drezner Z (1992) Computation of the multivariate normal integral. ACM 

Transaction on Mathematical Software, 18 (4), pp 470–480 
Eibl J & Schmidt-Hurtienne B (1995) Grundlagen für ein neues Sicherheitskonzept, 

Bautechnik, 72, Nr. 8, pp 501–506 



326      7 Safety Assessment 

Eibl J (1992) Nichtlineare Traglastermittlung/Bemessung. Beton- und Stahlbetonbau 
87, Heft 6, pp 137–139 

EN 1994 (2006) Eurocode 4: Design of composite steel and concrete structures 
EN 1995 (2008) Eurocode 5: Design of timber structures  
EN 1996 (2006) Eurocode 6: Design of masonry structures  
EN 1999 (2007) Eurocode 9: Design of aluminium structures  
Epstein S, Rauzyb A & Reinhart F M (2008) The Open PSA Initiative for Next 

Generation Probabilistic Safety Assessment. Proceedings of the 6th 
International Probabilistic Workshop, CA Graubner, H Schmidt & D Proske 
(Eds), Darmstadt 

Estes AC & Frangopol DM (1998) RELSYS: A computer program for structural 
system reliability. Structural Engineering and Mechanics, 6 (8), pp 901–919 

Eurocode 1 (1994) (ENV 1991 –1): Basis of Design and Action on Structures, Part 
1: Basis of Design. CEN/CS, August 1994 

Fießler B, Hawranek R & Rackwitz R (1976) Numerische Methoden für 
probabilistische Bemessungsverfahren und Sicherheitsnachweise. Technische 
Universität München, Berichte zur Zuverlässigkeitstheorie, Heft 14 

Fischer A & Schnell J (2008) Determination of partial safety factors for existing 
structures. Proceedings of the 6th International Probabilistic Workshop, CA 
Graubner, H Schmidt & D Proske (Eds), Darmstadt, pp 133–147 

Fischer L (1999) Sicherheitskonzept für neue Normen – ENV und DIN-neu, 
Grundlagen und Hintergrundinformationen. Teil 3: Statistische Auswertung 
von Stichproben im eindimensionalen Fall. Bautechnik 76 (1999), Heft 2, 
pp 167–179, Heft 3, pp 236–251, Heft 4, pp 328–338 

Flederer H (2001) Beitrag zur Berechnung durchlaufender Stahlverbundträger im 
Gebrauchszustand unter Berücksichtigung streuender Eingangsgrößen. 
Dissertation, Technische Universität Dresden, Lehrstuhl für Stahlbau 

Franz G, Hampe E & Schäfer K (1991) Konstruktionslehre des Stahlbetons. Band 
II: Tragwerke, Zweite Auflage, Springer Verlag, Berlin 

Freudenthal AM (1947) Safety of Structures, Transactions ASCE, V. 112, 1947, 
pp 127–180 

Genz A (1992) Numerical computation of multivariate normal probabilities, 
Journal of Computational and Graphical Statistics, 1, pp 141–149 

Ghanem G & Spanos PD (1991) Stochastic Finite Element: A Spectral Approach, 
publisher, Springer, New York 

Gollwitzer S & Rackwitz R (1990) On the reliability of Daniels systems. 
Structural Safety, 7, pp 229–243 

Gollwitzer S, Kirchgäßner B, Fischer R & Rackwitz R (2006) PERMAS-
RA/STRUEL system of programs for probabilistic reliability analysis. 
Structural Safety 28, pp 108–129 

Grunert B, Grunert S & Grieger C (1998) Die historischen Baustoffe der 
Marienbrücke zu Dresden. Wissenschaftliche Zeitschrift der Technischen 
Universität Dresden, 47, Heft 5/6, pp 11–20 

Grunert S (1982) Der Sandstein der Sächsischen Schweiz als Naturressource, 
seine Eigenschaften, seine Gewinnung und Verwendung in Vergangenheit 
und Gegenwart. Dissertation, Technische Universität Dresden 



References      327 

GruSiBau (1981) Normenausschuß Bauwesen im DIN: Grundlagen zur Festlegung 
von Sicherheitsanforderungen für bauliche Anlagen. Beuth Verlag 

Güsgen J, Sedlacek G & Blank K (1998) Mechanische Grundlagen der 
Bemessung tragender Bauteile aus Glas, Stahlbau 67, pp 281–292 

Hasofer AM & Lind MC (1974) Exact and invariant second moment code format, 
Journal of Engineering Mechanics Division, 100, pp 111–121 

Holicky M (2007) Probabilistic Approach to the Global Resistance Factor for 
Reinforced Concrete Members. Proceedings of the 5th International 
Probabilistic Workshop, L Taerwe & D Proske (Eds), Ghent, Belgium 

Hunt RD & Bryant AH (1996) Statistical Implications of Methods of Finding 
Characteristic Strengths. Journal of Structural Engineering, 122 (2), pp. 
202–209  

Ibrahim Y (1991) Observations on applications of importance sampling in 
structural reliability analysis, Structural Safety, 9, pp 269–281 

ISO/CD 13822 (1999) Bases for design of structures – Assessment of existing 
structures. International Organisation for Standardization, Geneva 

Jaeger LG & Bakht B (1990) Lower Fractiles of Material Strength from limited 
test data. Structural Safety, 7, pp 67–75 

Jäger W (2005) Zur Einführung der DIN 1053-100, Mauerwerk – Berechnung auf 
der Grundlage des semiprobabilistischen Sicherheitskonzepts. Mauerwerk 9, 
1, pp 21–23 

JCSS (2004) – Joint Committee of Structural Safety. Probabilistic Modelcode. 
www.jcss.ethz.ch 

Kandarpa S, Kirkner DJ & Spencer BF (1996) Stochastic damage model for 
Brittle materials subjected to monotonic loading. Journal of Engineering 
Mechanics, 122 (8), Aug. 1996, pp 788–795 

Klingmüller O & Bourgund U (1992) Sicherheit und Risiko im Konstruktiven 
Ingenieurbau. Braunschweig/Wiesbaden: Vieweg 

Köylüoglu HU & Nielsen SRK (1994) New approximations for SORM integrals. 
Structural Safety, 13, pp 237–246 

Lemaire M & Pendola M (2006) PHIMECA-Soft. Structural Safety, 28, pp 130–149 
Lin H-Z & Khalessi MR (2006) General outlook of UNIPASS V5.0: A general 

purpose probabilistic software system. Structural Safety, 28, pp 196–216 
Liu P & Der Kiureghian A (1986) Multivariate distribution models with 

prescribed marginals and covariances. Probabilistic Engineering Mechanics, 
1, pp 105–112 

Low BK & Teh CI (2000) Probabilistic Analysis of Pile Deflection under Lateral 
Loads. In: Application of Statistics and Probability ICASP 8, RE Melchers & 
MG Stewart (Eds), Volume 1, Balkema, Rotterdam, pp 407–414 

Macke M (2000) Variance reduction in Monte Carlo Simulation of dynamic 
systems. Applications of Statistics and Probability (ICASP 8). RE Melchers & 
MG Stewart (Eds), Balkema, Rotterdam, Band II, pp 797–804 

Maes MA, Breitung K & Dupuis DJ (1993) Asymptotic importance sampling. 
Structural Safety, 12, pp 167–186 

Mann W (1987) Überlegungen zur Sicherheit im Mauerwerksbau. Mauerwerks-
Kalender. Verlag Ernst & Sohn, Berlin, pp 1–5 



328      7 Safety Assessment 

Mann W (1999) Mauerwerk in Europa. Der Prüfingenieur. 14. April 1999, VPI, 
pp 53–59 

Mayer M (1926) Die Sicherheit der Bauwerke und ihre Berechnung nach 
Grenzkräften anstatt nach zulässigen Spannungen. Verlag von Julius Springer, 
Berlin 

McBean EA & Rovers FA (1998) Statistical procedures for analysis of environ-
mental monitoring data & risk assessment. Prentice Hall PTR Environmental 
Management & Engineering Series, Volume 3, Prentice Hall, Inc., Upper 
Saddle River 

Mehdianpour M (2006) Tragfähigkeitsbewertung aus Versuchen – Probenanzahl 
versus Aussagesicherheit. Proceedings of the 4th International Probabilistic 
Symposium, D Proske, M Mehdianpour & L Gucma (Eds), Berlin, 2006 

Melchers RE & Faber MH (2001) Aspects of Safety in Design and Assessment of 
Deteriorating Structures, Proceedings to the International IABSE Conference 
on Safety, Risk and Reliability - Trends in Engineering, March 21-23, Malta 
2001, pp. 161-166 

Melchers RE (1999) Structural Reliability Analysis and Prediction. 2nd Edition, 
John Wiley & Sons 

Mori Y & Ellingwood BR (1993) Time-dependent system reliability analysis by 
adaptive importance sampling. Structural Safety, 12, pp 59–73 

Most T (2008) An adaptive response surface approach for reliability analyses of 
discontinuous limit state functions. Proceedings of the 6th International 
Probabilistic Workshop, CA Graubner, H Schmidt & D Proske (Eds), Darmstadt, 
pp 381–396 

Murzewski J (1974) Sicherheit der Baukonstruktionen. VEB Verlag für Bauwesen, 
Berlin, DDR 

Norton RL (1996) Machine Design – An Integrated Approach. Prentice-Hall, 
New York 

NR (1992) Numerical Recipes in FORTRAN 77: The Art of Scientific Computing. 
Cambridge University Press 

Onken P, vom Berg W & Neubauer U (2002) Verstärkung der West Gate Bridge, 
Melbourne, Beton- und Stahlbetonbau, Heft 2, 97 Jahrgang, pp 94–104 

Östlund L (1991) An Estimation of gamma-Values. An application of a 
probabilistic method. In: Reliability of Concrete Structures. Final report of 
Permanent Commission I. CEB Bulletin d’ Information. Heft 202, pp 37–51 

Peschel A (1984) Natursteine der DDR – Kompendium petrographischer, petro-
chemischer, petrophysikalischer und gesteinstechnischer Eigenschaften. 
Beilage zur Dissertation (B) an der Bergakademie Freiberg 

Petschacher M (1994) VaP a Tool for Practicing Engineers. Proceedings of 
ICOSSAR’93, GI Schueller et al. (Ed), 6th International Conference on 
Structural Safety and Reliability in Innsbruck, Balkema, pp 1817–1823 

Pfeiffer U & Quast U (2003) Nichtlineares Berechnen stabförmiger Bauteile. 
Beton- und Stahlbetonbau 98, Volume 9, pp 529–538 

Plate EJ (1993) Statistik und angewandte Wahrscheinlichkeitsrechnung für 
Bauingenieure, Ernst & Sohn Verlag, Berlin 

Polidori DC, Beck JL & Papadimitriou C (1999) New approximations for reli-
ability integrals. Journal of Engineering Mechanics, April 1999, pp 466–475 



References      329 

Proske D (2003) Ein Beitrag zur Risikobeurteilung von alten Brücken unter 
Schiffsanprall. Ph.D. Thesis, Technische Universität Dresden 

Proske D (2008a) Definition of Safety and the Existence of “Optimal Safety”. 
Proceedings of the ESREL 2008 conference, Valencia 

Proske D (2008b) Catalogue of risks – Natural, technical, health and social risks. 
Springer, Berlin – Heidelberg 

Proske D, Michler H & Curbach M (2002) Application of quasi-random numbers 
in Monte Carlo Simulation. ASRANET, Glasgow, on CD 

Pukl R, Novak D, Vorechovsky M & Bergmeister K (2006) Uncertainties of 
Material Properties in Nonlinear Computer Simulation. Proceedings of the 4th 
International Probabilistic Symposium, D Proske, M Mehdianpour und 
L Gucma (Eds), Berlin, pp 127–138 

Pukl R, Novák D, Vořechovský M & Bergmeister K (2006) Uncertainties of 
material properties in nonlinear computer simulation. D Proske, M 
Mehdianpour & L Gucma (Eds), Proceedings of the 4th International 
Probabilistic Symposium, 12th–13th October 2006, Berlin 

Rachwitz R & Hohenbichler M (1981) An Order Statistics Approach to Parallel 
Structural Systems, Berichte zur Zuverlässigkeitstheorie der Bauwerke, SFB 
96, Technische Universität München, Heft 58 

Rackwitz R & Hohenbichler M (1981) An Order Statistics Approach to Parallel 
Structural Systems, Berichte zur Zuverlässigkeitstheorie der Bauwerke, SFB 
96, Technische Universität München, Heft 58 

Rajashekhar MR & Ellingwood BR (1993) A new look at the response surface 
approach for reliability analysis, Structural Safety, 12, pp 205–220 

Reh S, Beley J-D, Mukherjee S & Khor EH (2006) Probabilistic finite element 
analysis using ANSYS. Structural Safety, 28, pp 17–43 

Reid SG (1999) Load–testing for design of structures with Weibull–distributed 
strengths. Application of Statistics and Probability (ICASP 8), Sydney, 1999, 
Band 2, pp 705–712 

Roos D & Bayer V (2008) An efficient robust design optimization approach using 
advance surrogate models. Proceedings of the 6th International Probabilistic 
Workshop, CA Graubner, H Schmidt & D Proske (Eds), Darmstadt 

Ross D & Bucher C (2003) Adaptive response surfaces for structural reliability of 
nonlinear finite element structures. NAFEMS Seminar: Use of Stochastics in 
FEM Analyses. May 7–8 2003 Wiesbaden 

Rüsch R, Sell R & Rackwitz R (1969) Statistische Analyse der Betonfestigkeit. 
Deutscher Ausschuß für Stahlbeton, Heft 206, Berlin 

Schervish MJ (1984) Multivariate normal probabilities with error bound. Applied 
Statistics, Royal Statistical Society, 33 (1), pp 81–94 

Schlegel R & Will J (2007) Sensitivitätsanalyse und Parameteridentifikation von 
bestehenden Mauerwerkstrukturen. Mauerwerk 11, Heft 6, pp 349–355 

Schleicher F (Ed) (1949) Taschenbuch für Bauingenieure, Springer-Verlag 
Schneider J (1999) Zur Dominanz der Lastannahmen im Sicherheitsnachweis. 

Festschrift zum 60. Geburtstag von Prof. Dr. Edoardo Anderheggen. Institut 
für Baustatik und Konstruktion, Eidgenössische Technische Hochschule 
Zürich, pp 31–36 



330      7 Safety Assessment 

Schubert P (1995) Beurteilung der Druckfestigkeit von ausgeführtem Mauerwerk 
aus künstlichen Steinen und Naturstein. Mauerwerkskalender 1995, pp 687–701 

Schueller GI & Pradlwarter HJ (2006) Computational stochastic structural 
analysis (COSSAN) – a software tool. Structural Safety, 28, pp 68–82 

Schueremans L & Van Gemert D (2001) Assessment of existing masonry 
structures using probabilistic methods - state of the art and new approaches. 
STRUMAS 2001, 18.–20. April 2001, Fifth International Symposium on 
Computer Methods in Structural Masonry 

Schweckendiek T & Courage W (2006) Structural reliability of sheet pile walls 
using finite element analysis. Proceedings of the 4th International Probabil-
istic Symposium, D Proske, M Mehdianpour & L Gucma (Eds), Berlin, 
pp 97–111 

Shigley JE & Mischke CR (2001) Mechanical Engineering Design. 6th Edition 
McGraw Hill. Inc., New York 

Song BF (1997) A technique for computing failure probability of structure using 
importance sampling. Computers & Structures, 72, pp 659–665 

Spaethe G (1992) Die Sicherheit tragender Baukonstruktionen, 2. Neubearbeitete 
Auflage, Wien, Springer Verlag 

Spaethe G (1992) Die Sicherheit tragender Baukonstruktionen, 2. Neubearbeitete 
Auflage, Wien, Springer Verlag 

Steel RD & Torrie JH (1991) Prinsip dan Prosedur Statistika, Edition 2, Gramedia 
Pustaka Utama, Jakarta, 1991 

Storm R (1988) Wahrscheinlichkeitsrechnung, mathematische Statistik und 
statistische Qualitätskontrolle. VEB Fachbuchverlag Leipzig 

Strauss A & Bergmeister K (2005) Safety concepts of new and existing structures. 
Vortrag zur fib Commission 2 Sitzung “Safety and performance concepts” am 
23. Mai 2005 in Budapest 

Thacker BH, Riha DS, Fitch SHK, Huyse LJ & Pleming JB (2006) Probabilistic 
engineering analysis using the NESSUS software. Structural Safety 28, 
pp 83–107 

Tichý M (1976) Probleme der Zuverlässigkeit in der Theorie von Tragwerken. 
Vorträge zum Problemseminar: Zuverlässigkeit tragender Konstruktionen. 
Weiterbildungszentrum Festkörpermechanik, Konstruktion und rationeller 
Werkstoffeinsatz. Technische Universität Dresden – Sektion Grundlagen des 
Maschinenwesens. Heft 3/76 

Tonon F & Tonon L (2006) Renovation of the 17th-Century Ponte Lungo bridge 
in Chioggia, Italy. Journal of Bridge Engineering, 11 (1), January-February 
2006, pp 13–20 

Tvedt L (1988) Second-order reliability by an exact integral. In: Proceedings of 
the 2nd IFIP Working Conference on Reliability and Optimization on 
structural Systems, P Thoft-Christensen (Ed), Springer, pp 377–84 

Tvedt L (2006) Proban – probabilistic analysis. Structural Safety, 28, pp 150–163 
Val DV & Stewart MG (2002) Safety factors for assessment of existing structures. 

Journal of Structural Engineering, 128 (2), pp 258–265 
Van der Waerden BL (1957) Mathematische Statistik. Springer Verlag, Berlin 
Vanmarcke E (1983) Random fields: Analysis and synthesis. MIT Press 



References      331 

Visodic JP (1948) Design Stress Factors. Vol. 55, May 1948, ASME International, 
New York 

Weibull W (1951) A Statistical Distribution of wide Applicability, J. App. Mech., 
Vol. 18, 1951, pp 253 

Weiland S (2003) Das Antwort-Flächen-Verfahren. 1st Dresdner Probabilistik-
Symposium – Sicherheit und Risiko im Bauwesen. D Proske (Ed), TU 
Dresden, 2nd Edition 2006 

Wenzel F – (Ed) (1997) Mauerwerk – Untersuchen und Instandsetzen durch 
Injizieren, Vernadeln und Vorspannen. Erhalten historisch bedeutsamer 
Bauwerke. Empfehlungen für die Praxis. Sonderforschungsbereich 315, 
Universität Karlsruhe 

Wiese H, Curbach M, Al-Jamous A, Eckfeldt L & Proske D (2005) Vergleich des 
ETV Beton und DIN 1045-1. Beton- und Stahlbetonbau 100, Heft 9, 
pp 784–794 

Wu Y-T, Shin Y, Sues RH & Cesare MA (2006) Probabilistic function evaluation 
system (ProFES) for reliability-based design. Structural Safety, 28, pp 164–195 

Yuan X-X & Pandey MD (2006) Analysis of approximations for multinormal 
integration in system reliability computation. Structural Safety, 28 (4), 
pp 361–377 

Zhao Y-G & Ono T (1999a) New approximations for SORM: Part 1. Journal of 
Engineering Mechanics, ASCE 125 1, pp 79–85 

Zhao Y-G & Ono T (1999b) New approximations for SORM: Part 2. Journal of 
Engineering Mechanics, ASCE 125 1, pp 86–93 

Zhao Y-G & Ono T (1999c) A general procedure for first/second-order reliability 
method (FORM/SORM). Structural Safety, 21 (2), pp 97–112 

 

View publication stats

https://www.researchgate.net/publication/251151014



