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ABSTRACT

The fatigue of concrete structures will gradually appear after being subjected to alternating loads for a long time,
and the accidents caused by fatigue failure of bridge structures also appear from time to time. Aiming at the problem of
degradation of long-span continuous rigid frame bridges due to fatigue and environmental effects, this paper suggests
a method to analyze the fatigue degradation mechanism of this type of bridge, which combines long-term in-site
monitoring data collected by the health monitoring system (HMS) and fatigue theory. In the paper, the authors mainly
carry out the research work in the following aspects: First of all, a long-span continuous rigid frame bridge installed
with HMS is used as an example, and a large amount of health monitoring data have been acquired, which can provide
efficient information for fatigue in terms of equivalent stress range and cumulative number of stress cycles; next, for
calculating the cumulative fatigue damage of the bridge structure, fatigue stress spectrum got by rain flow counting
method, S-N curves and damage criteria are used for fatigue damage analysis. Moreover, it was considered a linear
accumulation damage through the Palmgren-Miner rule for the counting of stress cycles. The health monitoring data
are adopted to obtain fatigue stress data and the rain flow counting method is used to count the amplitude varying
fatigue stress. The proposed fatigue reliability approach in the paper can estimate the fatigue damage degree and
its evolution law of bridge structures well, and also can help bridge engineers do the assessment of future service
duration.
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1. Introduction

Due to the influence of materials ageing, environ-
mental corrosion, increasing traffic flow and other
factors, at present, a large number of concrete struc-
tures in China and other countries in the world are
gradually ageing, and the deterioration of structures
is becoming more and more serious '"*
in damage accumulation and resistance attenuation.

Therefore, the fatigue properties of concrete struc-

, resulting

tures and their components have been paid more and
more attention by people around the world.

The fatigue reliability assessment of reinforced
concrete structures has been studied by many ex-
perts and scholars, and many research results have
been published " Generally, the fatigue failure of
concrete structures is mainly caused by the stress
cycle. In most cases, the stress cycle of the concrete
structure is a variable amplitude stress cycle, for
example, temperature, vehicle live load, etc., rath-
er than the constant amplitude stress cycle used in
the test, and the combination of variable amplitude
stress is too much, and so it is difficult to simulate
in the test. Hence, there are few research results on
the fatigue performance of concrete bridges based on
in-situ measured data. John P. Li Z X, Chan TH T

et al. %"

paid attention to developing a methodol-
ogy for fatigue damage assessment and life predic-
tion of bridge-deck sections of existing bridges with
monitoring data of online HMS, and applied the
method to the Tsing Ma Bridge for the fatigue dam-
age assessment. By using the Palmgren-Miner rule
and S-N curves, Guo, Tong, Li, et al. 12l made an as-
sessment for welded joints in orthotropic steel decks
based on monitored field data from the Runyang
Bridge. Kwon K and Frangopol D M ¥ focus on
fatigue reliability assessment of steel bridges by us-
ing probability density functions of equivalent stress
range based on field monitoring data and they sug-
gested the method should be applied to two bridges.
Yang D, Youliang D, Aiqun LI, et al. "'
reliability assessing methodology of fatigue life for
welded details in steel box girder based on the long-
term monitoring data, and the application research

is presented with examples of welded rib-to-deck

suggest a
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details in Runyang Bridges. Newhook and Rahman
Edalatmanesh """ explained that the concepts of
reliability and HMS can be integrated to do bridge
assessments and make decision systems. Junges P et
al. " assess the fatigue life of the bridges with only
120 days of monitoring data and using S-N curves
from international standards. Mankar A. et al. !
suggested a probabilistic reliability framework for
the assessment of future service duration for civil
infrastructure, including probabilistic modelling of
actions with a large amount of monitoring data, and
also containing probabilistic modelling of fatigue
resistance by test data, and a case study is presented
for the steel-reinforced concrete slab.

In brief, the in-situ monitoring data of pre-
stressed concrete bridge structures are either with
short monitoring time or no monitoring data. Hence,
in the paper, applying a large amount of strain mon-
itoring data, based on structural fatigue damage
accumulation theory, a method is presented to study
the evolution of fatigue properties and the cumula-
tive changing law of fatigue damage of a prototype
bridge, which is Long-span continuous rigid frame
bridge with HMS.

2. Basic theory of fatigue effects

2.1 Miner theory

The cumulative damage theory of fatigue is need-
ed to estimate the effects of varying amplitude stress
cycles on structures. The theory of linear fatigue
cumulative damage means that under cyclic load,
fatigue damage can be linearly accumulated, and
each stress is independent and unrelated to the other.
When the cumulative damage reaches a certain val-
ue, fatigue damage of specimens or components will
occur. A typical linear cumulative damage theory is
Palmgren-Miner theory, referred to as the Miner the-
ory "*1. Under variable amplitude load, the damage
formula caused by n cycles can be written as fol-
lows:

@D
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The theory states that if the material is subjected

O .

ai

to a load of magnitude with repeating N, times
of failure, the damage can be distributed linearly to

each cycle; that is, the damage to the material per

cycle is I If the load of magnitude o, rings n,, the
n.
damage of the material is V Under different load
. 1 .
effects, the damage is NN respectively. When
1 2

the total damage reaches 1, the structure fatigue fail-
ure occurs. That is, the criterion of material fatigue
failure is:

. +i:]
N,

n

@

where, D is the damage degree of the structure; n; is
the number of stress cycles that the structure actually
experiences with the magnitude Ao;; N, is the fatigue
life of the structure under the action of Ao;.

2.2 Fatigue damage theory of concrete mate-
rials used in the prototype bridge

In order to conduct fatigue reliability analysis of
bridge members or structural details, it is necessary to
understand the time history of stress amplitude in the
member or structure, and conduct statistical analysis
of load effects Ao, ; that is, the variation situation of
amplitude variation repeated stress in the details under
the action of actual loads. By monitoring the stress
history of the main components or details, the stress
time history curve of the components or details under
the action of actual load effects can be obtained.

In addition to the fatigue stress spectrum, S-N
curves and damage criteria are also needed for fa-
tigue damage analysis. An overview of experimental
research on the fatigue working characteristics of
concrete under multi axial complex stress states has
been conducted by Song Yupu et al. from the Dalian

University of Technology !"”!

, which comprehensive-
ly and deeply describes the changes in mechanical
properties of concrete under multi-axial fatigue
states, and the S-N curve method for calculating the

fatigue strength of concrete under various working
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states has been established. The research results can
be applied to the fatigue design of concrete bridges,
crane beams, offshore platforms, concrete sleepers,
nuclear safety shells, pressure vessels, and other
structures, and provide references for the formula-
tion of relevant specifications. So, in this paper, the
research results of Song Yupu et al. are adopted. The
ratio of minimum stress to maximum stress is taken
as the third variable in the S-N curve. The S-N rela-
tionship of concrete under pressure can be expressed
as follows:

Oax | Jon =1=P=R)Ig N
In the formula, f,

cm

©)
is uniaxial compressive
strength of concrete; R=0,,,/0,, is the minimum
stress to maximum stress ratio in the stress cycle;
S =0.072 is the material constant. The fatigue dam-
age criterion adopts Miner linear cumulative damage
criterion, as shown in Equations (1) and (2).
Assuming that the maximum and minimum
stresses of the mid-span web and bottom plates of
the bridge acquired by the monitoring system are
AG, and A%, respectively, according to Miner
theory and Equation (3), we can get:

A O max

Jon
1-R, .
N, = 1070 Rse)

1—

@

where, N,, is the number of fatigue failure cy-
cles under the amplitude varying stress Ao,
R,, =A0,, / AC, .. Then, the fatigue damage of the
positions embedded with sensors caused by one load
of the amplitude varying stress Ao; is as follows:

Ao,

1= 2% max

1

e e ]
10 PR )

Ao;
Ao;

Combining the Miner’s rule of linear damage ac-
cumulation and Equation (5), an evaluation formula
is formulated as follows:

Ay

]—— 7
o (T
L(Ts)=1—2210 B(-Ryy,)

i=1 j=1

©)

In the formula, 7, is the service duration of the
bridge structure; m is the observed number of the
different amplitude varying stress Ao ; n is the ob-
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served number of the specific amplitude stress Aoy,

3. Background bridge introduction
with HMS

3.1 The health monitoring system installed on
the bridge

The sample bridge adopted in the paper is located
in Guangdong Province. The structure of the main
beam of the bridge is a (51.4 + 94 + 4 x 144 + 87)
m, shown in Figure la pre-stressed concrete con-
tinuous box-beam system, with 8 main piers and 7
main spans. The box girder is a single box and single
room section, and the full width of the box girder is
12.5 m, and the width of the bottom plate is 6.8 m.
The transverse slope of the bridge floor is 2.0%, and
the longitudinal slope of the bridge floor is 0.15%.
The whole bridge has 6 closing sections, and the
main beam cross section heights change from 8 m
to 2.8 m in accordance with the 1.6 order power pa-
rabola from the cantilever root to the mid-span. The

base plate thickness varies from 1 m to 0.32 m, and
the web plate thickness varies from 0.9 m to 0.45
m. The prestressed tendons are 15®/15.24 mm steel

strands with strength: R} =1860MPa, 24/12.7mm

steel strands with strength:R;’ =1395MPa and high
strength rebar respectively.
The measuring points of the bridge HMS in the

main beam are arranged at the root of the cantilever,
L/2 span, L/4 span and other key positions, and the
bridge has 8 cantilever end sections, 8 L/4 sections
and 4 L/2 sections respectively, as shown in Figure
1b. Figure 1c is the actual photo of the concrete
bridge, and the embedded positions of sensors on
each section are shown in Figure 2. The string type
strain gauge (JMZX-215) used in the bridge HMS is
shown in Figure 3, which can measure the temper-
ature simultaneously and so it is able to compensate
for temperature effects. The measuring time interval
of the sensor is 1 hour. The parameters of the sensor
are shown in Table 1 and the basic parameters of
high performance concrete applied in the bridge are
displayed in Table 2 “**". Among them, the tensile

Sl dm Gdm | 144m | 144m | 144m | 144m | GTm ]
main pieri# main pierza main pierz# main pier 4 pain piers main piers
(a) the length of each span of the bridge
Zhaoqing(Z) Gaoyao(G)
——.
3G1# 4G1# 5G1# 6Z1#
2G1# 2GY% 379% 3G9% 4794 4G9# SZ9% 5G9% 6L9%
2-3MID 3718 3-4MID Z18 4-5MID 5-6MID
2# main pier 3# main pier 4# main pier 5# main pier 6# main pier

(b) Sketch of the cross section locations with the embedded sensors

(¢) The actual photo of thé concrete bridge

—_—

Figure 1. Sketch of the cross section locations with the embedded sensors and the the length of each span.
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Table 1. Parameters of the strain gauge.

Name Range Sensitivity

Gauge length Remarks

Intelligent digital

o - + 1500 He
vibrating strain gauge

| ue

157 mm Strain gauge embedded in concrete

Table 2. The basic parameters of high performance concrete used in the bridge.

Parameters Young’s modulus (units: MPa) Tensile strength (units: MPa) Compressive strength (units: MPa)
Mean value 3.45x10° 3.278 55.12
Standard deviation 0.361 6.063

and compressive strength parameters of the concrete
used in the bridge are obtained from actual measure-
ments. The HMS installed in the bridge is still oper-
ating normally.

The monitoring data of this bridge has the char-
acteristics of large data volume and multiple types
of data. In order to effectively store data, meet
multi-user and multi-task requests, and achieve re-
mote real-time display, query, download, and other
functions of data, The research group has designed
a centralized data management system. The system
is composed of three parts: data storage, remote dis-
play, and early warning.

|
L Supporting

base

Sensors
L/4 span .
‘ Mid-span

Figure 2. The embedded sensors are locations in the bridge half-
span.

Figure 3. Picture of the JIMZX-215 sensor.

3.2 The monitoring data processing

In the paper, the data acquired from the sensors

35

named 2-3MID-1, 2-3MID-2, 5-6MID-2, 4Z9h-1
and 4G1h-1 are taken as samples to display the pro-
file of the monitoring data, and the selected time pe-
riod is from March 2006 to April 2010. The pre-pro-
cessed method of transforming the initial data into
strain data is elaborated in detail in the papers ***.
Figure 4 shows the outline of the strain data after
several pre-processed steps. The data interval in the
figure below is mainly due to the loss of monitoring
data caused by system failure.

0 23MD2 T Lk
-200 ‘. “ n
= Rl
g
E -400 ' ”
Y “ 1
2-3MID-1
0 8000 16000 24000 32000

Time (hour)
Figure 4. The profile of strain data transformed from the moni-
tored data.

It is assumed that concrete material in the early
stage of bridge operation is in the stage of linear
elastic change. Combining the Young’s modulus val-
ue in Table 2 and the transformed strain data, we can
get the stress data. In this paper, the data collected by
sensor number 2-3 mid-1 located in the mid-span top
plate between the main pier 2# and the main pier 3#,
and sensor number 3-4 mid-2 located in the bottom
plate between the main pier 3# and the main pier 4#
are selected as samples, because the measured data
converted to stress data of the mid-span sensors is
similar to the principal stress. The selected data of
the sensors are located in the middle of the span, and
so the converted stress date is basically similar to
the principal stress at this position. Figures 5 and 6
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show the outline of the stress data after pre-process-
ing. As the sensor is embedded in the concrete, the
measured data is a comprehensive reflection of the
influence factors such as temperature, vehicle load,
shrinkage and creep etc. Since the traffic of the back-
ground bridge was opened in June 2006, we adopted
the data from 2009 for fatigue safety analysis, be-
cause the traffic flow, shrinkage and creep and other
factors tended to be stable at this time. In order to fa-
cilitate data processing by using the rain flow count-
ing methodology, the stress time-history diagram
obtained takes stress as the horizontal coordinate and
time as the vertical coordinate, as shown in Figures
4 and 5. The sample size is 5067 in Figure 4 and the
sample size is 2660 in Figure 5, and it is sufficient
for statistical analysis.

The compressive stress safety reserve values are
converted by the data collected by the sensors during
the time after the background bridge is completed
and before traffic release. The traffic opening time
of the background bridge is in September 2006, and
so the stress data acquired at this time is used as the
compressive stress safety reserve in accordance with
the positions of the sensors 3-4 mid-2 and 2-3 mid-
1, and the specific data are shown in Table 3. After
deducting the compressive stress safety reserve, the
stress data can be used for statistics.

Table 3. The compressive stress safety reserve values are in accord-
ance with the positions of the sensors 3-4 mid-2 and 2-3 mid-1.

Sensor number 3-4 mid-2 2-3 mid-1
Compressn./e stress safety 151589 15.8639
reserve (units: MPa)

10000 T T T T

6000 4

': L |
2000 u
04 1— 4
-24 -2‘2 »2‘0 ’IIS -’IIB

Stress range (MPa)

Figure 5. The profile of stress-time curve collected from the
sensor 2-3 mid-1 in the whole year 2009.
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8000 T T T T
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1 —+— 3-4mid-2| T
6000 — -
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= 4000 -] 4
= 3000 -
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Figure 6. The profile of stress-time curve collected from the
sensor 3-4 mid-2 in the whole year 2009.

4. Results and discussion

4.1 Introduction to rain flow counting method

Two British engineers M. Matsuishi and T. Eno-
do first presented * the rain flow counting method
in the 1950s. The rain flow counting method’s main
function is simplifying the measured load history
into several load cycles for estimating the fatigue life
and compiling the fatigue test load spectrum. Ac-
cording to the two-parameter methodology, dynamic
strength (amplitude) and static strength (mean value)
are considered, which is in line with the inherent
characteristics of fatigue load itself. The method-
ology is widely used in engineering, particularly in
fatigue life calculation. The basic counting rules are
as follows:

(1) The rain flow successively flows down the
slope from the inner side of the peak position of the
load time history;

(2) Rain flow starts from a peak point and stops
flowing when it encounters a peak greater than its
initial peak;

(3) When the rain stream meets the rain stream
flowing down above, it must stop flowing;

(4) Take out all the full cycles and record the am-
plitude of each cycle;

(5) Equivalent the remaining divergent conver-
gence load time history after the first stage to a con-
vergent and divergent load time history, and then the
rain flow count in the second stage is carried out.
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The total number of counting cycles is the sum of
the counting cycles of the two counting phases.

The main point of the rain flow method is that
each part of the load-time history is counted and
counted only once, and the damage caused by a large
amplitude is not affected by the small loops that
truncate it, and the truncated small loops are super-
imposed on the larger loops and half loops. There-
fore, according to the cumulative damage theory, the
S-N curve obtained from the constant amplitude ex-
periment and the processing results of the rain flow
method can be input into the electronic computer to
estimate the fatigue life of the component. Finally,
the rain flow counting method is realized by pro-

gramming with Matlab software **',

4.2 Statistical results and analysis of stress
data with rain flow counting method

For the stress time history data in Figures 5 and 6,
we treated them with rain flow counting method, and
then we got the amplitude varying stress A0, and the
mean with a quantity of 422 each of the data of Fig-
ure 5, the amplitude varying stress A0; and the mean
with a quantity of 362 each of the data of Figure 6.
Then, we perform a histogram statistical analysis
on the obtained data of the amplitude varying stress
Ao, and the mean, the specific statistical results are
shown in Figures 7 and 8:

I Amplitude coordinate

From 0.00207 MPa to 4.543 MPa with amplify 0.454093MPa
I Amplitude frequency

[ Mean coordinate

From -22.935 MPa to -17.358 MPa with amplify 0.5577MPa
[ Mean frequency

Frequency

Figure 7. The histogram of the data dealt with in the whole year
2009 of the sensor 2-3 mid-1.
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I Amplitude coordinate
From 0.00207 MPa to 2.0493 MPa with amplify 0.204723MPa
[ Frequency

[ Mean coordinate
From -19.422 MPa to -16.101 MPa with amplify 0.3321MPa
[ Frequency

F requency

Figure 8. The histogram of the data dealt with in the whole year
2009 of the sensor 3-4 mid-2.

As seen from Figures 7 and 8, the range of stress
amplitude Aoy false variation is 0.0027 ~ 4.543 MPa
and the range of mean variation is —7.0711 ~—1.4941
MPa in Figure 7; the range of stress amplitude Ao
false variation is 0.0027 ~ 2.0493 MPa and the range
of mean variation is —4.2631 ~ —0.9421 MPa of Fig-
ure 8.

4.3 Fatigue damage calculation and evolution
law of the prototype bridge

Due to the sensor used in the background bridge
equipped with the function of collecting temperature
data simultaneously, Li et al. % have carried out sta-
tistical analysis by using 1 year’s temperature mon-
itoring data, and it is found that there are two wave
peaks, as shown in Figure 9. In the meanwhile, the
range of seasonal temperature variation of the bridge
is obtained by statistics of the monitoring tempera-
ture data, and the temperature stress envelope of the
top plate and bottom plate of the bridge is calculated
by simulation software, seen in Figure 10. It can be
seen from the temperature stress envelope diagram
that the maximum temperature combined stress var-
iation of the top and bottom in the mid-span is about
6 MPa. Therefore, we believe that the temperature
induced stress changes account for a major part of
the internal force of the bridge structure. Due to the
slow change period of temperature and other chang-
es, the computation times of fatigue damage calcula-
tion in this paper are calculated by half a year.
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i

Fitting curve
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Figure 9. The measured seasonal temperature probability densi-
ty with the fitting curve of the prototype bridge.
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Axial coordination (m)

Figure 10. The outline of the temperature stress envelope of the
top plate and bottom plate of the bridge.

Combining Equation (5), using the data processed
in Section 4.2, we can get the fatigue damage varia-
tion law corresponding to the embedded sensor po-
sition during the design basis period of 100 years, as
seen in Figures 11 and 12.

05] T T T T —
o
0.74 . i
o 067 ./ 4
o)
g 0.5 /./'/ i
o]
O 04 . ]
%)
2 03 e -
£ _
2 o2- A 1
S |
O o014 ./ 4
00 -/ ]
0.1 T T T T T
0 50 100 150 200
Time(unit:half a year)

Figure 11. The change of the cumulative damage in 100 years is
calculated by the monitoring data of 2-3 mid-1.

At the mid-span top plate, the one-year damage
value is 0.0037338 which is obtained by using the

monitoring data of the sensor 2-3 mid-1, and the cu-
mulative damage value during the design basis peri-
od (100 years) is 0.7468; At the mid-span web plate,
the one-year damage value is 0.0002648 which is
obtained by using the monitoring data of the sensor
3-4 mid-2, and the cumulative damage value during
design basis period (100 years) is 0.053. Based on
the data in Figures 11 and 12, using Equation (6),
we got L(T)) > 0 in the design basis period of the
bridge. Then, we can draw a conclusion that the cal-
culated damage variation rules and damage degree
are in line with the design requirements of relevant
specifications of the concrete bridge structures. At
the same time, compared with the bridge web plate,
the position of the top plate is more sensitive to fa-
tigue damage, and the main reason may be the large
variation range of live load stress at the position of a

top plate of the bridge.
0.06 T T T T T
—e— 34mid2 .
0.05 m
././

8, 004 / i
g e
S o003 Ve i
2 S
é 0.02 ./ m
S 001 . /-/ i

0.00 ./ m

0 50 100 150 200
Time(unit:half a year)

Figure 12. The change of the cumulative damage in 100 years is
calculated by the monitoring data of 3-4 mid-2.

5. Conclusions

Adopting a large amount of strain monitoring
data collected from the HMS of the bridge, com-
bining fatigue damage theory and Miner rule, in the
article, we proposed a method for calculating the
fatigue damage of bridge structures, and the main
conclusions are:

(1) By using S-N curves of the concrete material
used in the bridge and linear accumulation damage
with the Miner rule, the formulas of fatigue damage
calculation and accumulation are derived.

(2) Based on a large amount of stress data trans-
formed from the strain monitoring data, using the

38
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rain flow counting method, the fatigue stress spec-
trum of the bridge was obtained, and it is found by
calculation that the damage degree is consistent with
the design requirements of the specifications, and
also found that the position of the top plate is more
sensitive to fatigue damage.

(3) The fatigue damage value calculated in this
paper may be small, mainly due to the small num-
ber of traffic flow statistics and the deterioration of
concrete material strength. So, it is necessary to use
actual traffic flow survey data and the change law of
concrete strength to correct the fatigue damage value
during different service periods of the bridge calcu-
lated in this paper.

(4) In the next step of work, we should focus on
the framework for the integration of fatigue damage
analysis and HMS concepts into bridge maintenance
management decision making. At the same time,
considering the components and system reliability
would be helpful for the development of mainte-
nance strategies during the fatigue design basis peri-
od.
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