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ABSTRACT: In recent years, traffic loads and vehicle speeds on both existing steel and concrete bridges have
increased to provide fast and sufficient transportation service in China. Chinese government and bridge engineers are
paying more attention to the structural fatigue life, service safety, maintenance intervals and the ability to improve
capacity of such infrastructure. To study evaluation methods using modern technologies to achieve economical
maintenance and extend the sustainable service life, a deterministic evaluation approach was proposed in this paper
based on investigation of linear fatigue-damage accumulation theory and fracture mechanics, in which the fatigue
failure behaviour of existing steel and concrete bridges was reflected. According to the stochastic fatigue failure
mechanism of existing bridges, the member fatigue reliability assessment models were proposed using probabilistic
fracture mechanics. Furthermore, based on a Monte-Carlo method, a fatigue reliability analysis program was
developed to calculate member fatigue failure probability of existing bridges. The deterministic and probabilistic
assessment methods proposed in this paper were applied to evaluate typical existing steel and concrete bridges.
According to assessment results, the deterministic and probabilistic remaining fatigue life, safe inspection intervals
and maintenance strategies were determined, which can avoid fatigue failure accidents and reduce the life-cycle cost
of these bridge structures.
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1. INTRODUCTION

Existing steel and concrete bridges are aging and experiencing increased levels of fatigue
deterioration due to increased demands in traffic volume, vehicular weights and environmental
corrosion. As a result, the service safety of existing steel and concrete bridges is declining. In
recent years, bridge engineers are paying more attention to the actual fatigue life, service safety,
maintenance intervals and load carrying capacity of such infrastructure. Researchers devoted to
develop effective evaluation methods, and then provide structural behavior prediction for existing
steel and concrete bridges, which can make reasonable maintenance and management decisions to
ensure the structural safety [1-5].

To acquire reliable fatigue life evaluation technique, this paper proposed deterministic and
probabilistic evaluation approaches, which reflect fatigue failure behavior of existing steel and
concrete bridges. According to the stochastic fatigue failure mechanism of existing bridges, the
fatigue reliability assessment models for member were proposed using probabilistic fracture
mechanics. Furthermore, based on a Monte-Carlo method, a fatigue reliability analysis program
was developed to calculate member fatigue failure probability of existing bridges. To verify the
effectiveness of proposed evaluation approaches, five typical existing steel bridges and concrete
bridges were selected as case studies. Continuous dynamic monitoring technique was adopted to
acquire real fatigue stress spectrum, in order to evaluate the real fatigue life of existing bridges.
Based on evaluation results, the deterministic and probabilistic remaining fatigue life, safe
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inspection intervals and maintenance strategies were determined, which can avoid fatigue failure
accidents and reduce the life-cycle cost of these bridge structures.
2. OVERVIEW OF THE EVALUATION AND CASE STUDY BRIDGES

The general evaluation procedure is conducted by the following eight steps. Firstly, investigation of
the existing archives is conducted to collect the original design documents, each repairing record,
and the results of each in-situ test. Secondly, three-dimensional finite element models (3D-FEM) of
existing bridges are established. Thirdly, derivation of traffic load spectrum is conducted. Fourthly,
it is to calculate the stress spectrum by means of both the 3D-FEM and the traffic load spectrum as
well as by in-situ measured stress histogram. Fifthly, it is to estimate of the service fatigue life and
inspection priority using conventional fatigue method on the basis of stress spectrum. Sixthly, the
remaining fatigue life is evaluated using fracture mechanics method. Seventhly, the probable
remaining fatigue life is assessed by probabilistic fracture mechanics method. Eighthly, decision of
the maintenance strategy is proposed based on the fatigue safety evaluation results of existing steel
bridges. The fifth to eighth steps mentioned above are introduced in details in the following
sections.

The frame of deterministic and probabilistic assessment approaches of existing steel bridges is
demonstrated by Ganjiang River Bridge, which is a typical old riveted bridge. The case study
structure, Ganjiang River Bridge, is a combined railway and highway riveted steel through-truss
bridge with nine simple supported spans of 64m. The two main trusses are spaced 9.7m apart and
loaded through a floor system consisting of transverse floor beams and longitudinal stringers. Each
side of the main trusses is one 4.5m-width traffic lane. The bridge is part of the Chinese Jingjiu Rail
mainline system, built in 1962, and carried only one track before 1995. In 1995, the service status
changed greatly and the bridge began to carry double tracks. In recent years, the volume of train
and truck has been increased. Therefore, Jiangxi Railway Management Bureau and the bridge
owner paid attention to the service safety of this bridge, and decided to evaluate the remaining
fatigue life and the service safety.

Houdingxiang No.l Bridge shown in Figure 1 is selected as the typical modern steel box girder
bridge with orthotropic steel bridge (OSD) to evaluate the fatigue life of OSD. The steel box girder
is composed of three small box chambers with 3.75-meter wide and 3-meter high. The distance
between two diaphragms is 3 meters. The thickness of top plate and diaphragm is 16mm and 10mm,
respectively. The thickness of U-shaped ribs is 8mm. The structural steel used in the bridge is
weathering steel Q345qENH. Weld among deck plate, diaphragm and stiffeners is fillet-weld joint.
In-situ deck-to-deck joints are single-surface weld with two-side shaped and field rib-to-rib joints
are high-strength bolted connections.

Two typical prestressed concrete (PC) T-girder bridges, i.e., a simple-supported PC girder bridge
and a continuous PC girder bridge are chosen to evaluate the fatigue life using different methods.
The simple-supported PC girder bridge shown in Figure 2(a) is a freeway bridge built in 1992,
which contains two separate parts composed of 12 T-girders with the total width of 26.2m. The
continuous one was open to traffic in 2013, which is parallelling to the old simple-supported PC
girder bridge. As shown in Figure 2(b), the cross-section contains 8 T-girders with the total width
of 19.75m. The every span length of both bridges is all 30m. These two bridges are in the same
district, the traffic volume and vehicle kinds are similar.

The Qilangwo Yellow River Bridge is taken as a case study of existing concrete bridges, which is
built in 1971. After having been used for 35 years, the serious fatigue cracks and damages were
found in the reinforced concrete deck T-beams. For ensuring the bridge service safety, the old deck
T-beams were replaced by the new reinforced concrete deck Il-beams in 2006. In order to
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evaluate the fatigue safety of the retrofit bridge decks, the 24-hour in-situ dynamic strains of the
bottom concrete surface were monitored at mid-span sections of new concrete deck beams in 2008.
According to the monitoring data, the characters and effect of overloading and oversize trucks can
be analyzed for the further research. The stress history of reinforced bars could be gained by further
calculation, and the stress spectrums of rebar could also be obtained using the rain-flow counting
method.

(a) Steel Box Girder with OSD (b) Heavy Truck Crossing the Bridge

Figure 1. Houdingxiang No.l Bridge with OSD

(a) Simple-supported PC T-girder Bl'ri-dge (b) Continuous PC T-girder Brige

Figure 2. The Two PC T-girder Bridges

3. FATIGUE LIFE EVALUATION BY USING S-N CURVE

The procedure of fatigue life evaluation for all the tension members in existing steel bridges or the
tension steel bar in existing concrete bridges based on S-N curves includes three steps. Firstly, the
fatigue strength and parameters for S-N curves should be confirmed. Secondly, the load history and
stress spectrum should be developed. Finally, the used life and the remaining fatigue life can be
evaluated by using the Miner’s cumulative damage rule as shown in Figure 3. If using the recent
traffic load spectrum to evaluate fatigue life, the result is more conservative, because the traffic
load in the past is not heavier than present. Nevertheless the inspection priority can be ranked
according to the assessment results. Figure 4 shows the S-N curves in Eurocode 3 [6].

4. FRACTURE MECHANICS EVALUATION MODEL

In remaining fatigue life prediction results of the tension members or steel bar in the existing
bridges based on S-N curve method are very conservative due to the over-estimated load history. In
this section the fracture mechanics to be applied for the calculation of fatigue crack growth from
the visualized or detected initial crack in structural members or the assumption, that the crack size
is just the limit of visualization or detection. If the traffic load through the existing bridges will not
change in future service condition remarkably, the recent traffic load spectrum can be used for the
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calculation of remaining fatigue life. The general procedure to determine the remaining fatigue life
of existing bridges based on fracture mechanics can be divided into the following four steps: (1)
identification of the vital elements or steel bar to be analyzed from bridge system; (2) calculation of
the critical crack size; (3) simulation of crack growth from the initial crack size to the critical crack
size; (4) determination of the remaining fatigue life and economical inspection intervals as shown

in Figure 5.
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Figure 3. Fatigue Life Evaluation Based on S-N Curve
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4.1 Evaluation Approach Based on Fracture Mechanics for the Existing Steel Bridges

In the old riveted steel bridges all members are built up by rivet with plates and angles, so the main
crack configurations can be simplified into two types of fracture mechanics models: CCT-Centric
Crack Tension and DECT-Double Edge Crack Tension. According to the chemical component
analysis and the material test results for bridge steel using in the riveted construction time, the

material strength and toughness values can be determined as R, = 240MPa , K. = 50MPa m’. In

this paper ultrasonic detection is applied to determine the initial crack size. If the fracture occurs
before net section yielding with only local yielding at the crack tips, this failure mode commonly is
called “brittle” failure. The critical crack size a, can be defined as Eq. (1).

2
1 K
a = —| ———— 1
" H[Yﬁmaxj M

Where Y is geometry function for CCT or DECT models; o, is the max-stress of dead and live

load. If the fracture failure occurs after net-section yielding, the failure mode is ductile. In this
case,a, = a,, the practical values of a, for CCT or DECT can be calculated using Eq. (2) and Eq.

> “er

3).
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Where W is half width of specimen. Based on investigation of riveted members fatigue test results,
the fatigue crack propagation cannot exceed the width of angle leg. Though the critical crack size
can be proposed as Eq. (4).

a; =min(ay,a,.,a,, ) 4)

Where «__ is the width of angle leg.

max

The fatigue crack growth rate in structural steel may be proposed to follow a power law as Eq. (5).

0 AK < AK
ﬂ_{ th (5)

dN |C(AK"-AK})  AK>AK,

Where da/dN is fatigue crack growth rate; Cand m are crack growth coefficients; AK, is the

threshold stress intensity factor range; AK =YAoc~/na .The crack growth coefficients can be taken

as C=6.889x10™", m=3 according to the experiment results of old riveted steel [7]. The
threshold stress intensity factor range can be determined according to the empirical relation in BSI
PD 6493 [8], as shown in Eq. (6).

170-214R R<0.S5

AR (R) = { 63 R>05 (©)

Where R is the stress ratio.
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According to linear elastic fracture mechanics theory and fatigue crack initiates and propagates
regularly in modern steel bridges, the stress intensity factor range AK , for a surface semi-elliptical
crack in welded joints (indicated in Figure 6) subjected to tension and bending loads, can be
expressed by Eq. (7) [9-10].

AK =K, -K, =MY(o,+Ho,) /ng 7)

For 0<a/c<1.0,0<a/t<1.0,¢/b<0.5,and 0<g<m.
Where o, is membrane stress range; o, is shell bending stress range; M, is stress concentration

1.65
correction factor considering geometry effection of welded joints ; ¢ :1“'464(3] ;
C

H=H, +(H,—H,)sin’ ¢; p:0.2+g+0.6%; H1:1—0.34%—0.11%(3j; H2=1+G1(%)+G2(?)2;
C (4

G =-122-012(%); G,=0.55 —1.05(2)0‘75 + 0.47(3)1‘5 ; a is the crack depth; c is the crack half-length; ¢
[ C C

is plate thickness; b is plate half-width; The geometry function Y can calculated by Eq. (8).
YZ[M1+M2(7) +M3(7) ]gf(pfw (8)

Where M1:1.13—0.09(£); M2=—0.54+0.89/(O.2+£); M3:O.5—;+14(1—£)“;
c c 0.65+alc c
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In modern welded steel bridges the other fatigue crack type is the end corner crack subjected to
tension and bending loads (indicated in Figure 7). Its stress intensity factor range AK can be
expressed by Eq. (9) [9, 11].

AK:(0m+abH)%FI(%,%,%,¢) ©)

For 0.2<a/c<2, al/t<l, OS¢S%, c/w<0.5.

Where c is the crack length; w = plate width; and Fi and H can be calculated by Eq. (10) and Eq.

(11).
F=[M+M,(a/t)’+M,(al)*1g,g,f, /., (10)

H=H, +(H,-H,)sin’ §. (11)
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For a/c<1:

1.06
03+alc
g, =1+[0.08+0.4(a/t)’)(1-sing)’; g, =1+[0.08+0.15(a/?)*](1-cosg)’;

M, =1.08-0.03(a/c); M, =—0.44+ : M,=-05+025(a/c)+14.8(1-a/c)";
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Figure 6. Surface Semi-elliptical Crack Model Figure 7. End Corner Crack Model
4.2 Evaluation Approach Based on Fracture Mechanics for the Existing Concrete

Bridges

The remaining service life of reinforced concrete bridges or bridge elements is controlled by the
reinforcement when inspection shows that concrete is in good condition. In this section, the fatigue
life of reinforced concrete bridges is evaluated based on the steel bar fatigue failure using Paris
Law. Fracture of rebar occurs, when the depth of crack reachesa = a_ or the applied stress is equal
to the resistance of the remaining cross section. The brittle fracture and fracture by yielding are two
existing fracture modes. Usually, the depth of critical brittle fracture crack size a  can be calculated

by Eq. (1). If the remaining cross section is yielding, the crack depth a =ayis determined by
calculating the necessary area-reduction, and ay can be calculated by Eq. (12) [12].

O
A =4 |1-2 12
(a,) ( 7 J (12)

y

Where 4, is the cross section area of the undamaged rebar; A(ay)is the cross section area of

yielding state for the damaged rebar. Then the failure crack size is proposed as Eq. (13).
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a, —mln(a a, 2r) (13)

cr?

Where r is the radius of the rebar.

Parameters of rebar are not well known in fracture mechanics. In order to calculate the crack
propagation, the initial flaw on a cylindrical steel bar is assumed as a semi-circular crack (Figure 8),
which has a depth of @ =a,. The plane, in which the semi-circular crack lies, is perpendicular to

the steel axis. The stable crack growth from initial crack is calculated using Paris law.

Figure 8. The Cross Section of Rebar with Initial Flaw and Crack Propagation [12]

The number of cycles N;; from the crack depth a=a; to a,can be obtained by integrating Eq. (5)

without considering the effect of threshold stress intensity factor range, shown in Eq. (14). Y is
assumed to be constant when ranging from «; toa;.

1 I a)
= = da = — |- & 14
J. Cﬁ K J. YmAO_m m/2 m/2 Caﬂ_mﬂymAGm aia (GJ ( )

Where o is integration constant, and can be expressed asa=m/2—1; Y is correction factor

depends on radius r of the rebar and the depth of the crack. BS 7910 [13] gives formulas for 7,
shown as Eq. (15).

1.84{ [naj/na}“
——< tan 47 47 3
y=-" P 10752 42,020 L |40.3741-sin| 22 (15)
(na) 2r 4r
COS| —
4r

The remaining fatigue life of steel reinforcement N, shown in Eq. (16), can be estimated by Eq.

(14) from the initial crack size a, to the critical crack sizea, .

_ /21 R P Y (16)
Carn™ Y"Ac" a/ a

Furthermore, an analysis program based on the linear elastic fracture mechanics evaluation method
is developed to calculate the fatigue life of reinforced concrete bridges using monitoring stress data.
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4.3 Evaluation Approach Based on Probabilistic Fracture Mechanics for
Existing Steel Bridges

Uncertainties in the fatigue loading, material fatigue properties, geometry effects, and fatigue crack
non-destructive inspection (NDI) are significant and must be considered explicitly in any
comprehensive fatigue assessment procedure [14-15], so the probabilistic fracture mechanics model
using the Paris equation and the Monte-Carlo simulation technique is developed for determining
the fatigue failure probability of existing ‘steel bridges in this study (Figure 9).

Fatigue
Reliability Fatigue Reliability
Curve
Target Fatigue
Reliability

Probabilistic

Time
Remaining Fatigue Life J

|
Figure 9. Probabilistic Remaining Fatigue Life Evaluation

At first a deterministic fracture mechanics calculation of crack growth with stochastic inputs for
crack growth rate, fracture toughness, initial and critical crack size, and load history is proposed.
According to the stochastic fatigue failure mechanism of existing steel bridges, the limit-state
functions of two probabilistic fatigue failure models — brittle and ductile are defined as Eq. (17) and
Eq. (18).

For brittle failure:

N(

Zy=a,—a,=a, — {ai + j CS"B)'Y" (a)(na)""? dn} (17)
0

For ductile failure:
N(

7, =a,—a, =ay —{ai + CS'"B;"Y’"(a)(na)'"”dn} (18)
0

Where a_ is the critical crack size of brittle failure (random variable); a, is the critical crack size
of ductile failure (random variable); q,is the initial crack size (random variable); a is crack size;
Cis Paris coefficient (random variable); m is Paris exponent (constant); Sis the stochastic
simulation stress range; B,is a random variable defining the random character of geometry
function; N, is the number of cumulative stress cycles. For the reliability analysis, the uncertainties

associated with all the basic variables must be quantified. According to the research results [14-17],
the statistical characteristics of the random variables are given in Table 1.

According to the fatigue failure mechanism of riveted members, a double-angle probabilistic
fatigue failure model (DAPFFM) for riveted bridge members is proposed as shown in Figure 10.
For the riveted member fatigue failure models including brittle and ductile, the riveted member
must be investigated as parallel systems. Therefore, the fatigue failure probability and fatigue
reliability of DAPFFM can be calculated as Eq. (19) and Eq. (20).
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Table 1. Statistical Characteristics of the Random Variables

Variables Type Mean Value Coefficient

ai Lognormal a, 0.1

an Lognormal ay 0.1

der Lognormal a, 0.5

C Lognormal 4.7423 X 10712 0.6

m Constant 3 0

By Lognormal 1 0.1

S Stochastic Simulation

P.=P(F)= P(ﬁFlj:ﬁPﬂi (19)

P =P(F)= P(Oi}l—ﬁ(l—e,g (20)

Furthermore, a reliability analysis program DAPFFM, based on Monte-Carlo method, is developed
to compute the fatigue failure probability of DAPFFM for riveted steel bridges [18].

Rivet Gusset Plate

Ja) I

 — 1 —
(> v \j o
Crack  Crack Failure Angle

Figure 10. DAPFFM of Riveted Member

5. CASE STUDIES
5.1 Fatigue Life and Service Safety Evaluation of the Existing Steel Bridges
5.1.1 Main Truss Girder of Ganjiang River Bridge

According to the analysis of full-scale fatigue experiments [19], the Eurocode Detail Category 71 is
adopted to evaluate the fatigue damage of Ganjiang River Bridge, and the cut-off limit is 29 MPa
[6]. Fatigue life of all the vital members in Ganjiang River Bridge is evaluated by using the Miner’s
cumulative damage rule. The fatigue life of downstream suspender U1L1 of Ganjiang River Bridge
(61 years) is the shortest. Therefore, the inspection priority of downriver suspender UIL1 is much
higher than others in Ganjiang River Bridge.
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The remaining fatigue life and safe inspection intervals of members in Ganjiang River Bridge are
evaluated using fracture mechanics model and the safety factor is taken as 2.0. The calculation
results show that the upriver suspender U1L1 are critical for this riveted truss bridges. It is
suggested that the ultrasonic detection intervals of main truss is 3 years for Ganjiang River Bridge.
The inspection should be arranged before the coming cold winter.

Based on the sensitivity and detection results of ultrasonic instrument and steel mechanical
property for Ganjiang River Bridge, the mean values of initial crack size and critical crack size for
brittle and ductile failure model shown in Table 2 and Table 3 can be calculated using Eq. (1), Eq.

(2) and Eq. (3), where R, = 280MPaand K, =95MPa- m’ [17].

Table 2. Mean Value ofa, , a,, a, for Members at Integrity State (mm)
Mean Value of =~ Mean Value of

Members Mean Value of a; p 4
N cr
Upriver UIL1 16.5 64.681 82.201
Downriver U1L1 14.5 63.342 80.960

Table 3. Mean Value ofq, , a,, a_ for A or B Angle at Fatigue Failure State (mm)
After A or B Angle Brittle Failure After A or B Angle Ductile Failure

Members
an dcr an dcr
Upriver UIL1 55.885 74.034 59.635 77.514
Downriver UlL1 54.297 72.567 58.047 76.038
3.001 —=— Calculated Fatigue Reliability
275¢ —o— Target Fatigue Reliability
2,50+
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Figure 11. The B- t Curve of Downriver Suspender U1L1
In this paper, the target fatigue reliability index plotted in Figure 11 is assumed to be 2.0 [16]. From
Figure 11 the safe inspection intervals can be determined according to the probabilistic remaining
fatigue life of downriver suspender U1L1. The safe inspection intervals of upriver and downriver
suspender U1L1 are all about 4.5 years.

5 60 65

5.1.2  Orthotropic Steel Decks of Houdingxiang No.1 Bridge

In order to acquire real stress histogram, continuous monitoring technique was adopted and
different methods were used to calculate the fatigue life of fatigue-sensitive details. Figure 12
shows the 20-day continuous recorded dynamic stress spectrum of four fatigue-sensitive details in
OSDs of Houdingxiang No.1 Bridge. S-N curve used in fatigue life evaluation of orthotropic steel
bridge deck is suggested in Eurocode 3[6]. For free edges of diaphragm cutouts and bolted splice
plate, the initial crack model used in LEFM evaluation is assumed as end corner crack (shown in
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Figure 7), when fatigue crack propagates through the diaphragm or bolted splice plate, the model
changes into single-edge crack. For rib-to-deck joint and rib-to-diaphragm joint, the initial crack
model is assumed as surface semi-elliptical crack (shown in Figure 6), and fatigue failure occurs
when the crack propagate through the deck plate or the rib web.
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Figure 12. Recorded Dynamic Stress Spectra for Fatigue Details in OSDs

Recorded dynamic stresses of deck-to-rib joint are smaller than the constant amplitude fatigue limit
(CAFL), so the fatigue life is infinity; fatigue life of free edges of diaphragm cutout is 46 years;
fatigue life of rib-to-diaphragm joint is 204 years, and bolted splice plate is 3420 years. The steel
used in OSDs of Houdingxiang No.l Bridge is Q345qENH, based on previous research, C can be
taken as C=4x10"" and C =8x10"" for base metal and weld metal, respectively, and m has the
same value of m =3. Based on LEFM models for the typical details in OSDs, the depth of initial
cracks is assumed as 0.5mm and 1.0 mm, and fatigue lives evaluation results are shown in Table 4.
As monitoring recorded stress spectrum of deck-to-rib joint is relatively low, fatigue life of this
detail is 1746 years and 868 years; fatigue life of free edges of diaphragm cutout is 299 years and
109 years; fatigue life of rib-to-diaphragm joint is 186 years and 67 years; and bolted splice plate is
infinity and 1820 years.

Fatigue life of free edges of diaphragm cutout is far short than design service life based on S-N
curves. For LEFM approach, with the depth of initial cracks increase, fatigue life of sensitive
details in OSD decrease sharply, so fabrication quality of OSD should be controlled
strictly.Actually, fabrication errors, low welding quality and high residual stress are always existed

in OSD. If these factors are considered with the increasing traffic volume and overloading together,
the fatigue life of sensitive details will be shortened sharply. Therefore, in the future management,
regular inspection and continuous monitoring are needed to ensure the service safety of OSD.
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Table 4. Fatigue Life Evaluation Results of OSDs

Fatigue life (Year)
Detail LEFM
S-N Curve Depth of initial crack(mm)
0.5 1.0
Deck-to-rib joint Infinity 1746 868
Free edges of
diaphragm cutout 46 299 109
R1b—toid1.aphragm 204 136 67
joint
Splice plate 3420 Infinity 1820

5.2 Fatigue Life and Service Safety Evaluation of the Existing Concrete Bridges
5.2.1  Main Girder of PC Bridges

To evaluate the fatigue life of the PC T-girder bridges, in-situ dynamic strain monitoring was
conducted continuously over one month, and traffic volume was recorded manually. Figure 13(a) is
the cross section of simple supported PC T-girder bridge, which is built in 1992. Carbon steel wires
are used in prestressing steel tendons, and every tendon contains 24 wires with Smm in diameter.
Longitudinal steel bar in the bottom part of T-girder is 20mm in diameter. Figure 13(b) is the cross
section of continuous PC T-girder bridge, prestressing steel strands (9-7®5) and 20-diameter steel
bars are used in T-girders. Since the steel bars and prestressing steel tendons or strands in the lower
position are subject to more fatigue damage, the lowest longitudinal steel bar and the lowest
prestressing steel wires or strands are selected to evaluate the fatigue life. S-N curve for
longitudinal steel bar used in this paper is from European Convention for Constructional Steelwork
(ECCS) [20], S-N curve for prestressing steel wires is proposed by Song [21], and S-N curve for
prestressing steel strand is suggested by Ma [22].

In order to considering contributions of corrosion and low stress ranges, fatigue categories of steel
bars and prestressing steel wires or strands are lowered to the 65% [23]. Considering contributions
of low stress ranges, fatigue life of the lowest steel bar in simple supported PC girder bridge is
4421 and 9380 years for girders under the heavy lane and light lane, respectively; and fatigue life of
lowest prestressing steel wire is 1390 and 1616 years. Fatigue life of lowest steel bar in continuous
PC girder bridge is 145389 and 333211 years for girders under the heavy lane and light lane,
respectively; and fatigue life of lowest prestressing steel wire is 32100 and 46751 years. Based on
LEFM and the depth of initial cracks are assumed as 1.0mm considering the corrosion pit flaws,
fatigue life of the lowest steel bar in simple supported PC girder bridge is 1094 and 1287 years for
girders under the heavy lane and light lane, respectively; and fatigue life of lowest prestressing steel
wire is 1734 and 2326 years. Fatigue life of lowest steel bar in continuous PC girder bridge is
29186 and 39763 years for girders under the heavy lane and light lane, respectively; and fatigue life
of lowest prestressing steel wire is 24773 and 26661 years, as indicated in Table 5.



318 Fatigue Service Life Evaluation of Existing Steel and Concrete Bridges

Prestressing

S L steel strand
Il 16 O}- Prestressing
fn ool o] steel tendon
NP CALEICA Steel bar (Sg;(l))bar
o iR (@10) o
o o
o o
N S\
Carbon steel wire 9-7®5
TS5
24-®5 —
Slol o The lowest :tgzll%?t
2lals steel strand
The lowest
)—@—{ steel wire

(a) Simple supported PC Girder (b) Continuous PC Girder
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Table 5. Fatigue Life Evaluation Results of PC Bridges

Fatigue life (Year)
Bridge Position Object
S-N Curve LEFM
Prestressing steel wire 1390 1734
. Heavy Lane
Simple Steel bar 4421 1094
supported PC
bridge Prestressing steel wire 1616 2326
Light Lane
Steel bar 9380 1287
Prestressing steel wire 32100 24773
Heavy Lane
Continuous PC Steel bar 145389 29186
bridge Prestressing steel wire 46751 26661
Light Lane
Steel bar 333211 39763

From the two PC bridges evaluation results, it can be concluded that under the similar traffic load,
the fatigue life of continuous PC girder bridge is longer than simple supported PC girder bridge.
For PC girder bridges, fatigue life of steel bar and wire calculated by LEFM method or S-N Curve
method is more large than the bridge design service life (100 years), but the fatigue life should be
shortened sharply considering the overloading, concrete crack, corrosion fatigue and durability
damage.

5.2.2  RC Deck Beams

Conservative S-N curve of ECCS [20] is applied to evaluate the fatigue life of Qilangwo Yellow
River Bridge. On the basis of monitoring data and considering traffic volume increase prediction,
the evaluation result showed that the fatigue life of RC deck beams for Qilangwo Yellow River
Bridge is 418 years. Due to reinforced concrete structure is permitted cracking in service life,
corrosion of steel reinforcement can cause the reduction of fatigue strength. According to previous
research [23], a reduction factor for fatigue strength, which defined as stress range, was 1.35
(pitting causing loss of cross section up to 25 percent). By corrosion fatigue re-evaluation, the
fatigue life was reduced to 93 years. Through the calculation above, corrosion of rebar would
greatly reduce the fatigue life of RC bridges.
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Then the LEFM evaluation method is applied to calculate the fatigue life of RC deck beams for
Qilangwo Yellow River Bridge. The crack growth coefficients C and m for rebar of RC deck
beams can be taken as C=2x10""", m =4 according to the suggestions in the reference [12], and
the initial crack size is assumed as 1mm considering the weld defects in the steel bars. The fatigue
crack propagation curve of rebar was calculated using the LEFM model based on monitoring strain
data. Figure 14 shows that the fatigue life of RC deck was about 102232 days (280 years).
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Figure 14. The Fatigue Crack Growth Curve of Steel Bar

CONCLUSIONS

Based on investigation of linear fatigue-damage accumulation theory and fracture mechanics, a
deterministic evaluation approach was proposed in which the fatigue failure behavior of existing
steel and concrete bridges was reflected. Following conclusions can be obtained:

(1

)

3)

According to the stochastic fatigue failure mechanism of existing steel bridges, the member
fatigue reliability assessment models were proposed using probabilistic fracture mechanics.
Furthermore, based on a Monte-Carlo method, a fatigue reliability analysis program was
developed to calculate member fatigue failure probability of existing steel bridges.

From the case study of Ganjiang River Bridge for an existing steel bridge, it is concluded that:
the inspection priority of downriver suspender U1L1 is much higher than others in Ganjiang
River Bridge; The analytical results according to the fracture mechanic based concept show
that the upriver suspender U1L1 has the shortest remaining fatigue life of 5.1 years, and
ultrasonic detection intervals of main truss is 3 years; Based on fatigue reliability assessment of
main truss members, the safe inspection intervals of Ganjiang River Bridge is about 4.5 years.

For orthotropic steel bridge decks, based on S-N curves and LEFM, fatigue lives of sensitive
details in OSDs are calculated. Fatigue life by S-N curves of deck-to-rib joint, free edges of
diaphragm cutout, rib-to-diaphragm joint and bolted splice plate is infinity, 46 years, 204 years
and 3420 years, respectively. Based on LEFM approach, the depth of initial cracks is assumed
as 0.5mm and 1.0 mm, fatigue lives of deck-to-rib joint, free edges of diaphragm cutout,
rib-to-diaphragm joint, bolted splice plate are: 1746 years and 868 years, 299 years and 109
years, 186 years and 67 years, infinity and 1820 years. If considering fabrication errors, low
welding quality, high residual stress, the increasing traffic volume and overloading together,
the fatigue life should be shortened sharply.
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(4) S-N curves and LEFM approaches are verified by fatigue life evaluation of two PC girder
bridges. The simple supported PC bridge fatigue life by S-N curves of is at least 1390 years,
and continuous PC girder bridge is 32100 years. Fatigue life by LEFM approach of simple
supported PC girder bridge is more than 1094 years, and continuous PC girder bridge is 24773
years. Fatigue life by S-N curves of RC deck beams for Qilangwo Yellow River Bridge is 418
years, which will decrease to 93 years when taking corrosion into consideration; fatigue life by
LEFM approach is about 280 years. Based on the fatigue safety evaluation of existing concrete
bridges, the following conclusions could be gained: (a) The S-N curve and LEFM approaches
could be effectively applied to evaluate the fatigue safety of actual PC girders and RC deck
beams. (b) Combined with other factors of deterioration such as corrosion, corrosion fatigue
could cause the remarkable reduction of fatigue life for concrete bridges. (c¢) Furthermore, the
effect of overloading and oversize trucks should be investigated in-depth.

(5) The deterministic and probabilistic assessment methods proposed in this paper were verified by
fatigue life evaluation of typical existing steel and concrete bridges. According to assessment
results, the deterministic and probabilistic remaining fatigue life, safe inspection intervals and
maintenance strategies were determined, which can avoid fatigue failure accidents and reduce
the life-cycle cost of these transportation structures.
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