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Abstract— Fatigue failure is the main failure mode of mechanical
components in the research of engineering structures. As fatigue
life may be a basis for the fatigue reliability design, it is very
important to predict it for the normal usage of the structure.
Uncertainties rooted in physical variability, data uncertainty and
modeling errors of the fatigue life prediction analysis.
Furthermore, the predicted life of concrete structures in civil
engineering field will be more obviously uncertain than other
engineering structures. Due to lack of knowledge or incomplete,
inaccurate, unclear information in the modeling, there are
limitations in using only one framework (probability theory) to
quantify the uncertainty in the concrete fatigue life prediction
problem because of the impreciseness of data or knowledge.
Therefore the study of uncertainty theory in the prediction of
fatigue life is very necessary.

This study explores the use of evidence theory for concrete
fatigue life prediction analysis in the presence of epistemic
uncertainty. The empirical formula S-N curve and the Paris law
based on the fracture mechanics are selected as the fatigue life
prediction models. The evidence theory is used to quantify the
uncertainty present in the models’ parameters. The parameters
in fatigue damage prognosis model are obtained by fitting the
available sparse experimental data and then the uncertainty in
these parameters is taken into account. In order to alleviate the
computational difficulties in the evidence theory based
uncertainty quantification (UQ) analysis, a differential evolution
(DE) based interval optimization method is used for finding the
propagated belief structure. The object of the current study is to
investigate uncertainty of concrete fatigue damage prognosis
using sparse experimental data in order to explore the feasibility
of the approach. The proposed approach is demonstrated using
the experimental results of the plain concrete beams and the steel
fibred reinforced concrete beams.

Keywords- fatigue damage prognosis, evidence theory, uncertainty
analysis, differential evolution algorithm, concrete

L. INTRODUCTION

It is acknowledged that reinforcement concrete structure
has been widely used in the engineering facilities and
manifested their importance in many ways by providing their
services to people in their useful life. Meanwhile, these
structures experienced a continuous, progressive, permanent
deterioration process as a consequence of their exposure to
fatigue condition: static or dynamic loads in their service cycle.
Similar to most brittle failure, fatigue damage of concrete may
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not be emerged as obviously plastic deformation or other
potential and led to catastrophic accidents. Inspired by this
arduous and difficult problem, considerable attention has been
concentrated to investigate the security and capability of these
concrete facilities under the condition of fatigue load and many
constructive achievements were presented during last 10 or so
years.

In the initial state of fatigue research, the main efforts were
applied to conduct the experiments and summary the obtained
empirical results [1]. Oh [2] used the experimental and
theoretical study to investigate the fatigue strength of plain
concrete and discussed the fatigue life distribution from the S-
N curve of concrete components for various stress levels [3].
Singh et.al. [4, 5] conducted a series of studies on the fatigue
life of steel fiber reinforced concrete (SFRC) under various
stress levels and stress ratios. Theirs studies demonstrated that
the two parameters Weibull distribution is suitable to model the
distribution of fatigue life. With same valid hypothesis,
Mohammadi [6] examined and calibrated the parameters
Weibull distribution with a set of experiment included 280
components. From the above studies, the characters of
empirical method for fatigue life prediction of concrete
materials can be concluded as follows: at first, an object is set
to get the fatigue life of concrete materials; then experimental
observation is employed to investigate the relationship of
external load condition and internal physical characters; at last,
probability distribution is introduced to present a formula for
fatigue life with a certain level of guaranteed rate.

Besides to above classical method, some researchers make
an endeavor on fracture mechanics model to depict the fatigue
life of concrete materials. As a classical formulation in fracture
mechanics, Paris law [7] and its variant versions were naturally
introduced to the domain of fatigue of concrete materials.
Baluch [8] verified the validity of crack propagation of plain
concrete using Paris law. Bazant [9] investigated the size effect
of the fatigue crack development of concrete and attempted to
explain the reason of wide variation range of experimental
results. Matsumoto [10] revealed that fracture mechanical
model links the material structure and S-N diagram in an
explicit way. Cheng and Shen [11] discussed the problem to
use Paris and Forman law in high percent fibered composite.
Considered crack size effect, Spagnoli [12] employed both
similarity methods and fractal concepts to derive a crack-size
dependent Paris law. Diab et.al. [13] used an improved Paris



law which incorporated with fracture energy ratio to predict the
fatigue life of FRP concrete. Sonalisa and Kishen [14]
developed a modified fatigue crack propagation law for plain
concrete using the concept of dimensional analysis by
incorporating the effect of reinforcement through a pair of
closing force. As has been listed in above studies, the fatigue
life of concrete materials which derived from S-N curve and
fracture mechanics is seemed as a random variable and
depicted with probability theory.

It should be noted that the classical probability may need a
large number of experimental data to model aleatory
uncertainty [15, 16] (random) which rooted in physical
variability of materials and environment. However, in practical
fatigue analysis of concrete materials, the process of collecting
experimental data are high economic and time cost, the
research of fatigue mechanics are scanty and the proposed
quantification model are too idealistic to reflect the realistic
physical mechanism. And these shortcomings led the
prediction result of fatigue life is not a aleatory but an
epistemic uncertainty [15, 16]. In the past decades, several
alternative approaches have been developed to deal with
epistemic uncertainty that stem from a lack of knowledge,
ignorance, or modeling (epistemic uncertainty). Some of the
potential uncertainty theories are the theory of fuzzy set [17],
possibility theory [18], the theory of interval analysis [19],
imprecise probability theory [20] and evidence theory [21, 22].
Among these promising uncertainty representation models,
evidence theory with the ability of handle mixed aleatory-
epistemic uncertainty are used to uncertainty quantification
[23], risk assessment [24] and reliability analysis [25].

With two complementary measures of uncertainty: belief
and plausibility, evidence theory can handle epistemic
uncertainty effectively. However, the computationally intensive
problem involves the evaluation of the bound values over all
possible discontinuous sets is a main shackles of wide
application for evidence theory. In order to alleviate the
computational costs in the evidence theory based uncertainty
quantification analysis, the principle and method of using
differential evolution [26] based interval optimization to
enhance the computational efficiency as described previously
by the authors [23, 27] are introduced.

The main theme of current paper is to investigate
uncertainty of concrete fatigue damage prognosis using sparse
experimental data and explore the feasibility of the proposed
approach. The traditional experimental and theoretical method
to obtain fatigue life of concrete materials are introduced in
section 2. Then, the basic of evidence theory and differential
evolution based uncertainty propagation are presented in
section 3. For studying the effectiveness of proposed
methodology and the influence of uncertainties rooted in
fatigue life prediction, some discussions and remarks for the
experimental results of the plain concrete beams and the steel
fibred reinforced concrete beams are presented in section 4.

II.  FATIGUE LIFE PREDICTION MODEL

A.  S-N curve based prediction model
In high-cycle fatigue situations, materials performance is

generally characterized with the relationship of the applied-
fatigue stress and the fatigue life of concrete which also known
as S-N curve or Wohler curve. As a basic method for
predicting the fatigue life, S-N curve is stem from regression
analysis of experimental data to represent the median or mean
numbers of cycles of failure (N) and a given constant stress
ratio (S). The general formulation of S-N curve is given as:

IgN =1gC —mlgS (1

where m and 1gC are numerical coefficients, whose value can
be obtained by fitting the experimental data N and S. Thus, the
fatigue lives of concrete under different stress levels is
achieved through S-N curve. With the uncertainty raising from
load condition, inherent material variability, sparse statistical
data and imperfect knowledge of fatigue mechanics, the fatigue
life show considerable scatter and should be modeled by an
comprehensive uncertainty quantification measure to handle
the mixed aleatory-epistemic uncertainty. Additionally, it
should be noted that the prediction results of S-N curve are
limited to identical situation and may not be valid because of
changing the loading mechanism or boundary condition.

B. Prediction model with Paris law

Apart from the above classical empirical method, fracture
mechanics based fatigue life prediction model is also used to
depict the relationship of crack growth rate and crack tip stress
intensity factor amplitude. The famous Paris law [7] can be
formulated as:

da/dN =C(AK )" )

where a is the crack length; N is the numbers of load cycles; C
and n are Paris constants; AK is the variation of stress intensity,
AK=Kmax-Kmin, Kmax and Kpin are maximum and minimum
stress intensities in a fatigue cycle, respectively. Given an
initial crack length ao, the numbers of fatigue failure load
cycles N can be calculated from equation (3):

N=["1/C(AK)" da 3)

where ay is the failure crack length with a threshold and ao is
the initial crack length. To solve above integration equation,
the values of C and n should be previously calibrated by fitting
experimental data. The value of K is computed as:

K = Pf(a/D)/bJD )

where P is the applied load; b and D are thickness and width of
specimen; and f (a/D) is the regression formulation of crack
length and width of specimen via finite element analysis
(FEA). Given an experimental measurement, the value ar can
be obtained.



According to above derivation, the result of fatigue life of
concrete is influenced by the mixed aleatory-epistemic
uncertainty rooted in load condition, size effect of specimen,
initial crack length, regression result of FEA model, criteria of
failure and limited number of specimen. Due to these mixed
aleatory-epistemic uncertainty, evidence theory is a wise choice
to quantify the uncertainty response of fatigue life of concrete.

III.  UNCERTAINTY PROPAGATION BASED ON EVIDENCE
THEORY

A. Basic concept of evidence theory

Evidence theory is proposed by Dempster [21], and
developed to be a complete uncertainty model theory by Shafer
[22]. Different from the single measurement used in classical
probability theory, evidence theory employs two function (Bel),
and the plausibility function (P/) to represent the uncertainty.
Compare to classical probability theory, these measures led
evidence theory become less restrictive and more effective to
represent the epistemic uncertainty. Frame of discernment € is
the sample collection consist with exclusive and exhaustive
elements and the mathematical representation can be described
as: Q={Q;, Q,, ..., Q,}, n is denote to a finite number.
Correspondingly, the power set P(Q) is denote to the all
possible subsets of Q including the empty set. As a critical
concept of evidence theory, mass function m is a mapping
from 2“—[0, 1]. Assume A is arbitrary subset of Q, mass
function is defined as:

m(4)=0, VAe P(Q)
(5)

ZAEP(Q) m(A) =1

The basic belief assignment (BBA) m(4) is interpreted as
the degree of evidence supporting the claim that a specific
element of Q belong to the set A. Every set A for which m(4)>0
is called focal element. In evidence theory, BBA provides a
method to express a certain belief to a proposition, Bel(4) is
interpreted to be the minimum likelihood that is associated with
the set 4 and plausibility PI(4) is the maximum amount of
likelihood that could be associated with set A. The belief and
plausibility functions are given as:

Bel(4)=Y",  m(B)

6
PIN=Y, . m(B) ©

Apparently, the belief and plausibility functions define an
interval as shown in Fig. 1.

B.  Uncertainty representation using evidence theory

0 Uncertainty !

Bel(4) Bel(—A)

Pl(4)

Figure 1. Belief and Plausibility of proposition A.

As an effective measurement to handle statistical data,
histogram is general used to represent the distribution of
collection data. The current paper presented an effective
approach which introduced in [28] to model the uncertainty
reflected with histogram using evidence theory. To construct
BBA for subsets of a universal set, the relationship of two
adjacent bins are categorized into three different relationship
states: ignorance, agreement and conflict. Assume each
variable has a collection, which is constituted by C data points.
Suppose /;, I, are two adjacent bins in histogram, the number
of data points in each intervals are represented by 4 and B
(A<B), respectively. For the case of A/B<0.5, the relationship
between the above bins is in the form of ignorance, and
corresponding BBA can be expressed as:

m{L)=B/C

7
{11} = A/ C @
If the ratio A/B>0.8, the relationship of two adjacent bins is
defined as agreement. In this situation, the new bin include the
all information of two bins, and the new BBA is given as
following:

m({I1})=(4+B)/C ®)

Apart from above two situations, the relationship between the
above bins is in the form of conflict and corresponding BBA
presented in the form:

m{L,)=4/C

m{L)=B/C ©

Find the highest bin in histogram and gradually identify the
relationship of adjacent bins until obtain the reciprocal
relationship in histogram, the construction of BBA structure for
each variable is completed. After represent the uncertainty by
evidence theory, the joint BBA structure is constructed by
Cartesian product of all variables.

C. Differential evolution based uncertainty propagation

As illustrated in Fig. 2, f), x, d, and y are denote to the
system model, uncertain variable, certain variable and
uncertain system response. In evidence theory, the uncertainty
is represented by intervals, this made uncertainty propagation
becomes a process involves to obtain the boundary response of
cach joint intervals. Some strategies, like Monte-Carlo
sampling, interval analysis and intelligent optimization
algorithm are applied to solve this problem. It is well know that
the accuracy of Monte-Carlo sample is based on the numbers
of population and the interval analysis unable to handle
complex problems, especially to calculate a black-box.
Differential evolution algorithm (DE) [29] is adopted herein
not only to obtain accurate system response but to overcome
the barricade of computation cost.



As a stochastic direct search method based on advanced
strategies, general selection and fast convergence, DE is always
used to solve non-linear, high-dimensional and complex
computational optimization problems i.e. interval optimization.
Herein, differential evolution global optimization method is
used for propagation of the represented uncertainty through
fatigue life prediction model and to estimate uncertainty
measures, i.e. cumulative belief function (CBF) and cumulative
plausibility function (CPF).

IV. NUMERICAL CASE

A.  Uncerainty quantifcation of Paris law for plain concrete
beams

In this paper, we choose the experiment in [30] as the
research object, use the Paris law fatigue life prediction model
to access the fatigue life of concrete. In this experiment, the
concrete beam specimens were tested under three-point flexural
loading. The fatigue life uncertainty variate in the range which
consist of 12 sets of specimens. The information about initial
crack length ao, the numbers of fatigue failure load cycles N
and corresponding Paris constants C and n are shown in Table
L

Figure 2. The BBA structure of IgC and n

TABLE 1. THE VALUE OF EXPERIMENTAL DATA
NO. 1 2 3 4 5 6
ao(mm) 40 40 40 40 40 40
N 25000 2100 14350 11000 18500 3500
IgC -1.745 -1.236 -0.923 -1.796 -2.918 -2.402
n 12.236 8.257 17.154 7.714 3.252 7.778
NO. 7 8 9 10 11 12
ao(mm) 60 80 80 80 100 100
N 6000 5700 20000 1100 1800 3000
IgC -1.581 -1.406 -2.010 -1.332 -1.362 -1.706
n 8.030 15.114 7.749 7.014 2.761 2.420

Using the experimental data in Table I, the histogram and
BBA structure of IgC and n are listed in Fig. 3.

Based on the BBAs for IgC and n given in Fig. 3, the
differential evolution algorithm is used to propagate the
uncertainty, The cumulative distribution curves of fatigue life
under different stress levels are obtained as shown in Fig. 4, in
which CBF and CPF denote the cumulative distribution
function for belief, plausibility, respectively.

As shown in Fig. 4, the CDF curve, the result of
probabilistic method, denotes the cumulative distribution
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Figure 3. The BBA structure of IgC and n

function for probability. It can be obtained from Fig. 4 that
there is a good compatibility among the CPF curve, the CBF
curve and the CDF curve. The CDF curve located in the gap of
the CBF curve and the CPF curve, thus belief and plausibility
provide bounds as to where the true, unknown cumulative
distribution function may fall. Therefore, evidence theory is an
alternative method that can deal with the uncertainty effectively
when classical probability method is inappropriate because of
the insufficient data or lacking of knowledge or information.
To compare the detailed quantification results, Table II
summaries the predticted fatigue life with 5% confidence
failure and complete range using differente uncertainty
quantification measurement and experiment.

Table II illustrates a comparison of the experimental data
and some information extracted from Fig. 4. Some useful
informations can be derived from this table that the
experimental data can be included in the intervals of the fatigue
life of concrete derived by the two presented approaches. And
it is easy to find that the prediction intervals of probabilistic
method is bigger than the ones of the evidence theory due to
the bigger sampling range of probabilistic method which
contains the sample points with a very small probability. The
evidence theory method expresses the uncertainty based on the
parameters obtained from the experimental data. The range of
the predicted results are more close to experimental data, and
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Figure 4. The result of uncertainty propagation for plain concrete beam

TABLEII. THE COMPARISON OF FATIGUE LIFE PREDICTION RESULTS
InN evidence probability experimental
theory theory data
5%confidence failure [6.344,7.885] 6.876 -—-

fatigue life range

[6.344,14.42]

[6.361,14.11]

[7.497.10.127]

the experimental results are included. This shows that the
application of evidence theory to predict the fatigue life of
concrete is reliable and more validity than the probabilistic
method.

B.  Uncerainty quantifcation of S-N for steel fibered concrete
beams

For fatigue life prediction of steel fibered concrete, Shi et.al.
[31] proposed the concept of equivalent fatigue life and its
definition is formulated as:

(10)

where R is the stress ratio and the mean of N is the fatigue life
or current cycles of failure. Introducing above asummption, the
fatigue life prediction can be expressed as:

Ig(EN)=1gC,—-C,1gS (11)
where 1gC; and C, are constants which is derived from
regression analysis for experimental data. In the current papaer,
the experimental data conducted by Singh [4] was employed to
constrcut the statistical information of evidence theory
representation. The detailed of these data is listed in the Table
1I:

TABLE III. THE EQUIVALENT FATIGUE LIFE (EN) OF STEEL FIBERED
CONCRETE BEAM
No. Stress level S

0.90 0.85 0.775 0.675
1 17 151 2416 16111
2 34 170 2727 17458
3 41 170 3021 21745
4 43 195 3165 26424
5 50 212 3366 40837
6 63 276 3679 56300
7 63 299 4332 60834
8 70 445 5078 80114
9 109 591 5534 104038
10 150 608 6404 155218

By means of the least square method to handle the set of
experimental data, the value of 1gC; and (> is obtained as Table
Iv:

TABLEIV. THE VALUE OF CONSTANTS IN S-N
NO. 1 2 3 4 5
(&) 23.435 21.801 22.13 22515 23.548
IgCi 0.42 0.692 0.715 0.723 0.699

NO. 8 9 10 11 12
C: 23.736 23.982 24.19 23.588 24.182
1gCy 0.779 0.789 0.87 1.047 1.085
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Figure 5. The BBA structure of 1gC; and C,

Similar to case study of plain conrete beam, the evidence
based uncertainty representation of constants 1gC; and C, are
built by means of section III. The BBA structure of IgC; and C»
are listed in Fig. 5. After uncertainty representation, the joint
basic belief function is constructed by Cartesian product. The
process of uncertainty propagation is successfully implemented
to investigate the impact of the variable parameters for fatigue
life of steel fibered concrete. The results of uncertainty
propagation under different stress level S are shown in Fig. 6.

As show in Fig. 6, the uncertainty quantification results of
fatigue life prediction for steel fibered reinforced concrete
variate in a wide range. The distance of CBF and CPF denotes
to the epistemic uncertainty that derived from the limited
experimental data and lack of knowledge for complicated
composited materials (e.g. steel fibered reinforced concrete).
The points represented by red markers are the fatigue value
which have 5% confidence. From the difference of these
marked value, it reflected the single uncertainty quantification
measurement, like probability theory, may disable to handle the
mixed aleatory-epistemic uncertainty. Comparatively, evidence
theory have great potential to quantify this mixed uncertainty
and the using of differential evolution based interval optimal
strategy break down the barricade of computational cost.

V. SUMMARY

Uncertainty quantification of fatigue life prediction is the
basis of fatigue reliability design. In this paper, the mixed
aleatory-epistemic uncertainty of the parameters of S-N curve
and Paris law are considered. The uncertainty quantification
measurement that combines evidence theory and differential
evolution is proposed to quantify the uncertainty of fatigue life
of concrete. In comparison with the quantification results of
classical probability theory, the quantification method
presented in this paper is more close to experimental data range.
And this reflected that evidence theory is a more reliable
uncertainty analysis than probability in the condition that
sparse statistical data and imperfect knowledge of physical
mechanism. Unlike the traditional probabilistic method limited
by the sufficient data to depict precise probability distribution,




evidence theory with unrestrictive measures to handle the lack
of knowledge or incomplete, inaccurate, unclear information in
the model is a great potential method.
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Figure 6. The result of uncertainty propagation for plain concrete

beam

ACKNOWLEDGMENT

This study was supported by the Ministry of Science and
Technology of China, Grant No. SLDRCE14-B-03 and the
National Natural Science Foundation of China, Grant No.
51178337.

REFERENCES

[1] W. M. John and E. K. clyde, “Effect of Range of Stress on Fatigue
Strength of Plain Concrete Beams,” Journal Proceedings, vol. 55, no. 8,
1958, pp. 221-231

[2] B.H. Oh, “Fatigue analysis of plain concrete in flexure,” Journal of
Structural Engineering, vol. 112, no. 2, 1986, pp. 273-288.

[3] B.H. Oh, “Fatigue life distributions of concrete for various stress levels.
Materials Journal, 1991. 88(2): pp. 122-128.

[4] S.P. Singh and S.K. Kaushik, “Fatigue strength of steel fibre reinforced
concrete in flexure,” Cement and Concrete Composites, vol. 25, no. 7,
2003, pp. 779-786.

[5] S.P. Singh and U. Sharma, “Flexural fatigue strength of steel fibrous
concrete beams,” Advances in Structural Engineering, vol. 10, no. 2,
2007, pp. 197-207.

[6] Y. Mohammadi and S.K. Kaushik, “Flexural fatigue-life distributions of
plain and fibrous concrete at various stress levels,” Journal Of Materials
in civil engineering, vol. 17, no. 6, 2005, pp. 650-658.

[7] P. C. Paris, M. P. Gomez and W. E. Anderson, “A rational analytic
theory of fatigue,” The trend in engineering, vol. 13, no. 1,1961, pp. 9-
14.

[8] M. H. Baluch, A. B. Qureshy and A. K. Azad, “Fatigue crack
propagation in plain concrete,” SEM-RILEM International Conference,
Houston, Texas, USA, 1987, pp. 80-87.

[91 Z. P. Bazant and W. F. Schell, “Fatigue fracture of high-strength
concrete and size effect,” ACI Materials Journal, vol. 90, no. 5, 1993 pp.
472-472.

[10] T. Matsumoto and V.C. Li, “Fatigue life analysis of fiber reinforced
concrete with a fracture mechanics based model,” Cement and Concrete
Composites, vol. 21, no. 4, 1999, pp. 249-261.

[11] Y. Cheng and S. Shizhao, “The fatigue crack propagation laws and their
application in the research on fatigue property of concrete,” Journal of
Harbin University of Civil Engineering and Architecture, vol. 33, no. 5,
2000, pp. 20-24.

[12] A. Spagnoli, “Self-similarity and fractals in the Paris range of fatigue
crack growth,” Mechanics of Materials, vol. 37, no. 5, 2005, pp. 519-
529.

[13] Diab, H.M., Z. Wu and K. Iwashita, Theoretical Solution for Fatigue
Debonding Growth and Fatigue Life Prediction of FRP-Concrete
Interfaces. Advances in structural engineering, 2009. 12(6): p. 781-792.

[14] S. Ray and J. M. C. Kishen, “Fatigue crack propagation model and size
effect in concrete using dimensional analysis,” Mechanics of Materials,
vol. 43, no. 2, 2011, pp. 75-86.

[15] J. C. Helton, “Uncertainty and sensitivity analysis in the presence of
stochastic and subjective uncertainty,” Journal of Statistical
Computation and Simulation, vol. 57, no 1-4, 1997, pp. 3-76.

[16] W. L. Oberkampf, J. C. Helton and K. Sentz, “Mathematical
representation of uncertainty,” American Institute of Aeronautics and
Astronautics Non-Deterministic Approaches Forum. Seattle, WA, 2001,
April 2001, pp.16-19.

[17] L. A. Zadeh, “Fuzzy sets,” Information and control, vol. 8, no. 3, 1965,
pp. 338-353.

[18] D. Dubois, H. M. Prade, H. Farreny,R. Martin-Clouaire R and C.
Testemale, “Possibility theory: an approach to computerized processing
of uncertainty,” vol. 2, Plenum press: New York, 1988.

[19] R. E. Moore, “Interval analysis,” vol. 2, Prentice-Hall: Englewood
Cliffs, 1966.

[20] P. Walley, “Statistical reasoning with imprecise probabilities,” 1991:
Chapman and Hall London.

[21] A. P. Dempster, “Upper and lower probabilities induced by a
multivalued mapping,” The annals of mathematical statistics, vol. 38, no.
2, 1967, pp. 325-339.

[22] G. Shafer, “A mathematical theory of evidence,” vol. 1, Princeton
university press: Princeton, 1976.

[23] S. Yu, T. Hesheng, X. Songtao, H. Changyuan, “Mixed aleatory-
epistemic uncertainty quantification using evidence theory with
differential evolution algorithm,” 2nd International Conference on Civil
Engineering and Building Materials, CEBM 2012, Hong Kong,
November 2012.

[24] C. K. Lo, N. Pedroni and E. Zio, “Treating Uncertainties in a Nuclear
Seismic probabilitistic Risk Assessment by Means of the Dempster-
Shafer Theory,” Nuclear Engineering and Technology, vol. 46. No. 1,
2014, pp. 11-26.

[25] M. Sallak, W. Schon and F. Aguirre, “Reliability assessment for multi-
state systems under uncertainties based on the Dempster—Shafer theory,”
IIE Transactions, vol. 45, no. 9, 2013, pp. 995-1007.

[26] R. Storn and K. Price, “Differential evolution—a simple and efficient
heuristic for global optimization over continuous spaces,” Journal of
global optimization, vol. 11, no. 4, 1997, pp. 341-359.

[27] T. Hesheng, L. lJingjing and D. Lixin, “Evidential uncertainty
quantification in fatigue damage prognosis,” Advanced Engineering and
Technology, 2014, pp. 335.

[28] S. Salehghaffari, M. Rais-Rohani, E. B. Marin, D. J. Bammann, “A new
approach for determination of material constants of internal state
variable based plasticity models and their uncertainty quantification,”
Computational Materials Science, vol. 55, 2012, pp. 237-244.

[29] R. Storn and K. Price, “Differential Evolution—A Simple and Efficient
Heuristic for global Optimization over Continuous Spaces,” Journal of
Global Optimization, vol. 11, no. 4, 1997, pp. 341-359.

[30] L, Xijing, “concrete fatigue fracture and size effect size research,” 2000,
Dalian University of Technology: Dalian.

[31] X. P. Shi, T. F. Fwa and S. A. Tan, “Flexural fatigue strength of plain
concrete,” Materials Journal, vol. 90, no. 5, 1993, pp. 435-440.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




