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(57) ABSTRACT

The invention discloses a method and a system for predict-
ing the corrosion fatigue life of prestressed concrete bridges.
A corrosion level of the strand is predicted to obtain the
residual tension force of a structure. A stress concentration
factor is integrated to consider the stress concentration effect
caused by pitting corrosion, and a growth model of the
elastic stress of the strand under the coupled effect of
corrosion and fatigue is proposed. A growth model of the
plastic stress of the strand is established using a cross-
section loss of the strand as a fatigue damage parameter
based on a degenerated elastic modulus of the concrete after
fatigue. Failure criteria for the concrete, the strand, and a
longitudinal tension bar are defined, so that a set of methods
for analyzing the life of a prestressed concrete bridge
subjected to corrosive environment and fatigue load are
formed.

Phestie maodetus of concrate

Acvupplative rostilas
strast of the vonenety

Corrosion rate of @ stesl stsand snd
aresdual prosuass of a stachaee

s e '
E swroes o common siesd bar

Rermmining

A o% the ot sivored sad
onainisg sress of thevontaon steel b

¥




US 2021/0199560 A1

l Old

BV
10 snpnpour HISER
ug Jo uonepiiag

peoy ansney
et SAPLIG B0

MIRIDUOD AP
O UIBNS ONSBLY e

Jul. 1, 2021 Sheet 1 of 3

Patent Application Publication

AANIBY «
AonHY § IeQ oS I9Q (9015 TSN 343 |
mams.mmm, || wowwmoo o) pug |1 puw puvns pogs o Ly mowwgﬁumg ”
PUBLIS To28 2 10 SDSSIIS [RNPISAL $5018
10 SO852138 [BI0L U $0882038 DUSPL

¥ PUBES (9915 7
JO BOBOLO)

VA AAE AR Ahy hAE Apy OIA I IR TS I RS

IBQ 2015 BOUIUOD

B J0 $5018
opsun) JUnnBuIoy purys fanis
o1 30 $5001800 fasee

v Jo osuaoad

!

o N R i, S S W

Sl v i W RN

pUEnS
19918 D41 JO 550115
215U Sunneay

R R R A S

AN NAD AR AMML N D0 WANY N SNVONRAN N W7




Patent Application Publication Jul. 1,2021 Sheet 2 of 3 US 2021/0199560 A1

73
B

FIG. 2

7
#
T

e 49

®
®
b

f 1
o
X

-~

azj rsrssrsrssrossrsoss.

S‘gf" v

%
i




Patent Application Publication Jul. 1,2021 Sheet 3 of 3

Rlart

¥

afartal props

¥

Scteal bridge losd and |
i HTRS patneter

¥

s}

cvaand a
ASEion: FrOperty ane nput

US 2021/0199560 A1

¥ 3

sepid

¥

Flastio modaius of concrgle

¥

Acvunmtative restdand
strann of S conerete

Corrosion vate of @ steel strand aad
& residual prostrass of a stuchare

¥

Rematveing valid aves
of w st strand

3

Cogmprossive hoight of a croassaotiogs 3nd ag

inestin oot o & crakinad crosssction

¥

Edsstioshrain sta'hyp
Sfthsomerty

Bomadning inita fowile
sirens of thie geol sttand

¥

Flastio stress of the stoel strand and an elastic
sivess 0 & comumon steel fuy

Komsdoing stessuof the 8
veadting Atooss of the o

syend and a
o steet ey

ﬁ*‘zztigm Hfew s (}t&tpiﬁ/

(o )
FIG. 3




US 2021/0199560 Al

METHOD AND SYSTEM FOR PREDICTING
CORROSION FATIGUE LIFE OF
PRESTRESSED CONCRETE BRIDGES

BACKGROUND

Technical Field

[0001] The invention relates to the field of safety assess-
ment of in-service bridges, and in particular, to a method and
a system for predicting the corrosion fatigue life of pre-
stressed concrete bridges.

Related Art

[0002] Prestressed concrete bridges have a strong span
capability, which account for a large proportion in highway
bridges. In recent years, the durability problem gradually
appears in such type of bridges. For a post-tensioned pre-
stressed concrete bridge, in a construction technology, grout-
ing is required after tension of strands. However, in early
construction of the post-tensioned prestressed concrete
bridges, insufficient grouting generally occurs as a result of
the imperfect grouting technique or the constructional defi-
ciency. Insufficient grouting accelerates the invasion of
corrosive ions and leads to corrosion of strands. Corrosion
decreases the cross-section area of strands, and therefore
increase sits actual stress amplitude. In addition, an in-
service bridge repeatedly bears continuously increasing
vehicle loads that will accelerate the damage accumulation
of the bridge. The combined action of corrosion and fatigue
significantly increases the failure probability of an in-service
bridge.

[0003] At present, the widely used residual fatigue life
prediction of prestressed concrete bridges are based on the
empirical formula obtained from laboratory fatigue test.
However, some factors such as the degeneration of elastic
modulus of concrete, an increased stress on strands, and the
interaction of corrosion and fatigue are not considered.
Fatigue life prediction considering these factors simultane-
ously is a very complicated work. In laboratory fatigue test,
the failure of test beams often initiates with the fracture of
longitudinal tension bars. With an increase of corrosion
level, the fatigue failure gradually turns to strands fracture.
How to effectively consider strands corrosion, vehicle loads,
degeneration of elastic modulus of concrete, and stress
concentration in fatigue life prediction is urgent to be
resolved.

SUMMARY

[0004] A technical problem to be resolved in the invention
is to provide a method and a system for predicting the
corrosion fatigue life of prestressed concrete bridges that are
proper, highly adaptable, and closer to actual damage evo-
Iution of the bridge to overcome a disadvantage of the prior
art.

[0005] Inorder to resolve the foregoing technical problem,
a technical solution used in this invention is a method for
predicting the corrosion fatigue life of prestressed concrete
bridges, including the following steps:

[0006] step 1: calculating the elastic strain and plastic
strain of concrete in compression zone under fatigue load,
and calculating the continuously degenerating elastic modu-
lus of concrete;
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[0007] step 2: representing a corrosion rate of the strand
using a corrosion current density and predicting the mass
loss of strands; calculating the residual effective tension
force of strands;

[0008] calculating an elastic strain of the strand caused by
the fatigue load according to a deformation coordination
condition, degeneration of the elastic modulus of the con-
crete, and an influence on a strain growth of the strand from
stress concentration caused by pitting corrosion; and calcu-
lating an irrecoverable plastic strain of the strand according
to an influence of the plastic strain of concrete in compres-
sion zone, to obtain a stress of the strand under a combined
action of corrosion and fatigue;

[0009] step 3: obtaining an initial stress of longitudinal
tension bars according to an influence of tension and anchor-
ing of the strand on a prestress of the longitudinal tension
bars; calculating the elastic stress of longitudinal tension
bars under fatigue load; and calculating a plastic stress of a
longitudinal tension bar according to an influence of the
plastic strain of the concrete in the compression zone, to
obtain a total stress of the longitudinal tension bar under the
combined action of corrosion and fatigue; and

[0010] step 4: performing real time stress-strain calcula-
tion on the concrete, the longitudinal tension bar and the
strand in response to an increased fatigue load, and deter-
mining the failure modes of a structure based on a stress-
strain growth relationship model and the failure criterion of
concrete, longitudinal tension bar and strand, to evaluate the
fatigue life of structures.

[0011] Step 1 includes the following.

[0012] Under fatigue load, the strain of the concrete in the
compression zone includes an elastic strain £_,” and an
irrecoverable plastic strain €,,”.

[0013] First, the elastic strain &_.” of the edge of the
concrete compression zone is calculated as:

o My =My D, W

U A iy
ce —1
ErTT,

where E"! and M,"! are elastic modulus of concrete and
the bending moment effect caused by an effective tension
force of the strand after (n-1) times of fatigue load, respec-
tively, and M,”, x,, and 1", are the cross-section bending
moment, the height of the compression zone, and the inertia
moment of the cracked cross-section caused by vehicle load
after n times of fatigue cycles, respectively. For x,, refer to
the method for calculating the height of the compression
zone in partially prestressed concrete-bending member.
[0014] The strain of concrete includes an elastic strain and
a plastic strain. An influence of a variable stress process on
degeneration of the elastic modulus of concrete is consid-
ered, to quantify the strain growth mechanism of the con-
crete.
[0015] The inertia moment of the cracked cross-section
can be expressed as:
L300 Ay, Ry O A =)+
aEs"As,e"(yn—as')z 2),
where b is a width of the cross-section, y,, is a distance
between the neutral axis of the cracked cross-section and an
edge of the concrete compression zone after n times of
fatigue load, h,, h,,, and a,' are distances from the center of
longitudinal tension bar, the center of strand, and the center
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of compression steel bars to the edge of the compression
zone of concrete respectively, (if longitudinal tension bar
and strand have the same cross-section loss, h,, h,,, and a;’
are constant values in the fatigue period); a.z", and a /" are
the ratio of an elastic modulus of the strand to the elastic
modulus of the concrete E*, and the ratio of an elastic
modulus of the longitudinal tension bar to the elastic modu-
lus of the concrete E"' after n times of fatigue load,
respectively; A, ", A ", and A, " are the effective residual
cross-sectional areas of strands, tension longitudinal bars,
and the steel bars in the compression zone, respectively.

[0016] Secondly, the stress correlation coeflicient a.,,, of
the concrete in the compression zone after n times of fatigue
load is calculated as follows:

g, £max,n ~ U{,min,n 3
BT
where O_ ..., /and o, mm,nf are maximum and minimum
elastic stress of the edge of the compression zone after n
times of fatigue load, respectively o . » J=F ™'¢ €omac and
Gc JTRER E ot ce,minn'
[0017] A plastic strain " of the edge of the concrete

compression zone is:

0 n 0.8382 o)
& =—C{ n‘-[1g1(4.0935a,,‘-—8.5576)]} ,

where £.° is an initial compressive strength of concrete; E_°
is an initial elastic modulus of concrete; n, is the number of
the i fatigue load (n is related to a vehicle load and is a
function of t).

[0018] Then, the elastic modulus of the concrete after n
times of fatigue load is obtained as follows:

. L e ©)]
E= Lmaxn fc 0.5382
ot {; i [1g(4.0935 - @,; - 8.5576)1 )
where E_” is the elastic modulus of the concrete after n times

of fatigue load; correction coefficient f§ is a statistical result
(for C20-C50, $=0.61, and for C60-C70, $=0.875).

[0019] A failure criterion for the concrete in the compres-
sion zone is as follows:

&,,"20.4e, (6),

where €, is an ultimate compressive strain of the concrete
under static load.

[0020]

[0021] A peak stress g, ,,, of the strand under fatigue
load has three items: an initial tensile stress o,," caused by
a residual effective tension force T,, at a time t, an elastic
stress 0, caused by fatigue load “and pitting corrosion-
induced stress concentration, and a stress 0,,,” caused by
plastic deformation of the concrete in the compression zone.

Step 2 includes the following.
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[0022] A mass loss rate can be expressed as:
1.169x1075 (v, @
Pmg = ————— 'Rf iccor(D)dl,
: T X
where i_,,, 1S a corrosion current density; L is a corrosion

length; R is a corrosion variation coefficient for different
types of steel bars in the structure. For the strand, R=1.
[0023] Theresidual effective tension force prt at the time
tis: ’
Tp,,,W:EPSP(l—Pmp,z)AP“(l—Pmp,z)'To (®),
where E, and e, are an elastic modulus and a strain of an
uncorroded strand, and T, is an initial tension force, respec-
tively.
[0024] A fatigue crack generally appears at the corrosion
pit location of strand under fatigue load, and the fatigue
crack continuously grows until the strand fractures. If the
strand fractures after N times of fatigue load, a residual
effective cross-sectional area of the strand is A, ", ~ and a
total area loss of the strand is (A=A, M. A maximum stress
of the strand under the n” time of fatlgue load is denoted as
O, max,» a0d therefore the residual effective cross-sectional
area of the strand after fatigue fracture under the character-
istic load is:

T pmaxn 9
AN, = a,. Tomen )}

Pk

where f,, is the ultimate tensile strength of strand.
[0025] It is assumed that an area of strand decreases
linearly with the fatigue load. After n times of fatigue load,
the residual cross-sectional area of strand A, ” is

10

Z—(A — Ak,

where N,_, is a life value corresponding to the S-N curve of
the strand under a stress amplitude after (k-1)" time of
fatigue load.

[0026] At the time t, the tensile stress 0,,,"; of the strand
caused by the residual effective tension force pr’t is:

o0 =T, /4

50" = Loy o/ Apc” (11).
[0027] A decrease of the residual cross-sectional area of
the strand and the degeneration of the elastic modulus of
concrete in the compression zone lead to stress redistribu-
tion, and the height of the compression zone, the stress-
strain relationships of strand and longitudinal tension bar
change accordingly.

[0028] The elasticity of the strand o,,” caused by fatigue
load is:

L (hy —x,) (12)
=E, 7)‘; ks,

where k, is a stress concentration coefficient caused by
pitting corrosion.

[0029] After n times of fatigue load, the plastic strain of
concrete at the edge of compression zone is €,,”, and the
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height of the compression zone is X,,. The plastic strain of the
strand caused by €_,” can be obtained according to the plane
section assumption and the deformation coordination con-
dition between concrete and strand:

Ry =Xy, (13)

n

[0030] The stress of the strand ©,,” caused by plastic
deformation of the concrete in the compression zone is:

0,,"=E,¢,," (14).
[0031]

O =00 +0,1"+0,5" (15).
[0032]

Opomar’ u (16).

[0033] In the invention, the reduction of the residual
effective tension force of the corroded is considered. The
area loss of the strand is used as a fatigue damage parameter,
and the stress concentration effect caused by non-uniform
pitting corrosion of the strand is considered. The total stress
of the strand includes three items, and each item is a
dynamic process varying with time and load.

[0034] Step 3 includes the following.

[0035] The peak stress of the longitudinal tension bar
Oy max. Under fatigue load has three items: a compressive
stress a,” of the longitudinal tension bar caused by the
residual effective tension force of the strand T,  at the time
t; the elastic stress o,”, caused by the fatigue "iﬁo’ad; and the
stress 0,,” caused by the plastic deformation of the concrete
in the compression zone.

[0036] Because the action of the effective tension force of
the strand (that is, M,"") has been considered during the
calculation of the elastic strain of concrete, 0,,” is denoted
as 0 to avoid repetition.

[0037] The elastic stress o, of the longitudinal tension
bar caused by fatigue load is:

The stress of the strand o i

p.max

can be expressed as:

A failure criterion for the strand is as follows:

- en (hy —x,) & (12)
sl = £ —Xn 1
[0038] The plastic strain of the longitudinal tension bar

n

caused by €., can be obtained according to the plane
section assumption and the deformation coordination con-
dition between concrete and steel bars.

N = (13)
S =" T
[0039] The stress o.,” of the longitudinal tension bar

caused by plastic deformation of the concrete in the com-
pression zone is:

0" =Ege,," (19).

[0040]
as follows:

The stress o, i

s, max

of the longitudinal tension bar is

n_ n n n
Osmax — —Os0 1051 +0 (20).
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[0041] A failure criterion for the longitudinal tension bar
is as follows:
Oy "2 @1).

where {, is the yield strength of longitudinal tension bar.
[0042] In the invention, because a structural failure may
start from the fracture of longitudinal tension bar, the stress
of the longitudinal tension bar is divided into three sections.
Similarly, each section changes dynamically.

[0043] Step 4 includes the following.

[0044] A process of calculating the fatigue life of pre-
stressed concrete bridge is as follows. First, for given n, the
stress calculation formulas (5), (15) and (20) of the concrete,
the strand, and the longitudinal tension bar are substituted
into an equilibrium equation (an internal force equilibrium
equation and a moment equilibrium equation) to obtain
corresponding stress values; and then it is determined
whether the structure encounters a fatigue failure based on
the failure criteria of materials in the formulas (6), (16) and
(21); if the structure does not fail, increasing n and repeating
the above steps, and so on, to perform cyclic iterative
calculation until a material fails. Current fatigue cycles n is
the fatigue life of the structure.

[0045] Accordingly, the invention further provides a sys-
tem for predicting the corrosion fatigue life of prestressed
concrete bridges, including:

[0046] a calculating unit configured to: calculate a con-
tinuously degenerating elastic strain €_.”, and irrecoverable
plastic strain £, at the edge of concrete in the compression
zone under fatigue load and a degenerated elastic modulus
of concrete;

[0047] a predicting unit configured to: predict a corrosion
level of a strand to obtain a residual tension force of
structure, and calculate continuously-increasing strand
stress 0, ... and longitudinal tension bar stress o, ,,.,, in a
tensile region under a coupled action of corrosion and
fatigue using the elastic strain ¢_.”, the irrecoverable plastic

strain €_,", and the degenerated elastic modulus of the
concrete and using a cross-section loss of a corroded strand
as a fatigue damage parameter; and

[0048] an evaluating unit configured to: perform real time
stress-strain calculation on the concrete, the longitudinal
tension bar, and the strand in response to an increased
number of fatigue load cycles, and determine a failure mode
of the structure based on a stress-strain growth relationship
model and the failure criteria of concrete, a longitudinal
tension bar, and a strand, to evaluate a fatigue life of the
structure, where the evaluating unit specifically implements
the following operations:

[0049] a): under typical fatigue load, when n=1, calculat-
ing the irrecoverable plastic strain €., of the concrete, a
total stress value o,, ... of the strand, and a total stress value
O, max. Of the longitudinal tension bar, where n is the number
of fatigue cycles;

[0050] b): determining whether a beam encounters a
fatigue failure according to the fatigue failure criteria for the
component materials in the following formulas, where the
failure criterion for the concrete in the compression zone is
€., 20.4¢4, and £, is an ultimate compressive strain of the
concrete under static load; the failure criterion for the stand
i8 O, .. >1,, and 1, is the ultimate tensile strength of a
strand; and the failure criterion for the longitudinal tension
bar is 0, .. =1, and 1, is the yield strength of the longitu-

dinal tension bar; and
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[0051] c¢): if the beam does not fail, increasing n, and
repeating steps a) and b) until a material fails, where the
current fatigue cycles n is the fatigue life of the structure.

[0052] A load effect of a key cross-section is obtained
based on the vehicle load information, and the stresses of the
strand, the longitudinal tension bar and the concrete under
the coupled effect of corrosion and actual load are cyclically
calculated. The corrosion fatigue life of the structure is
assessed based on the failure criteria of materials.

[0053] The technical effects of the invention are as fol-
lows. For a prestressed concrete bridge structure with insuf-
ficient grouting, the peak stress of the strand and the
longitudinal tension bar are respectively divided into three
sections considering the factors such as corrosion of the
strand, stress concentration, degeneration of elastic modulus
of the concrete, a residual strain, etc. and stress growth
models of the strand and the longitudinal tension bar are
proposed; and a vehicle load is incorporated, so that a set of
methods for analyzing the fatigue life of the prestressed
concrete bridge subjected to corrosive environment and
vehicle load are formed. The method is proper, high adapt-
able, and closer to actual damage evolution of a bridge, and
can be used to provide effective support for the fatigue life
assessment of an in-service prestressed concrete bridge.

BRIEF DESCRIPTION OF THE DRAWINGS

[0054] FIG. 1 is an overall schematic diagram of fatigue
life assessment according to the invention.

[0055] FIG. 2 is a schematic diagram of strains of con-
crete, a longitudinal tension bar, and a strand. In FI1G. 2, ¢, ;"
is the strain of the strand under a residual effective tension
force; €, ,” and ¢,,” are an elastic strain of the strand and an
elastic strain of the longitudinal tension bar under fatigue
load, respectively; and ¢,,” and &,,” are an irrecoverable
plastic strain of the strand, and an irrecoverable plastic strain
of' the longitudinal tension bar caused by plastic deformation
of concrete in a compression zone, respectively.

[0056] FIG. 3 is a calculating flowchart according to the
invention.

DETAILED DESCRIPTION
[0057] (1). An elastic strain of concrete in compression

zone under fatigue load is determined. First, the elastic strain
g, of a top of the concrete compression zone is calculated
as:

. (M - M, (69)
T Bt

where B! and M,"* are elastic modulus of concrete and
the bending moment effect caused by an effective tension
force of the strand after (n-1) times of fatigue load, respec-
tively, and M,”, x,, and 1., are the cross-section bending
moment, the height of the compression zone, and the inertia
moment of the cracked cross-section caused by vehicle load
after n times of fatigue cycles, respectively. For x,, refer to
the method for calculating the height of the compression
zone in partially prestressed concrete-bending member.
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[0058] The inertia moment of the cracked cross-section
can be expressed as:

Icr":1/3byn3+aEPnAp,e"(hp—yn)z"'aEs"As,e"(hs—yn)2+

apgd, S @,-a,) @,

where b is a width of the cross-section, y,, is a distance
between the neutral axis of the cracked cross-section and an
edge of the concrete compression zone after n times of
fatigue load, h,, h,,, and a,' are distances from the center of
longitudinal tension bar, the center of strand, and the center
of compression steel bars to the edge of the compression
zone of concrete respectively, (if longitudinal tension bar
and strand have the same cross-section loss, h,, h,, and a'
are constant values in the fatigue period); oz, and oz are
the ratio of an elastic modulus of the strand to the elastic
modulus of the concrete E**, and the ratio of an elastic
modulus of the longitudinal tension bar to the elastic modu-
lus of the concrete E*' after n times of fatigue load,
respectively; A, *, A, ", and A " are the effective residual
cross-sectional areas of strands, tension longitudinal bars,
and the steel bars in the compression zone, respectively.
[0059] A stress correlation coeflicient o, , of the concrete
in the compression zone after n times of fatigue load is
calculated as follows:

o = g, £max,n - U{,min,n &
wm= - 5

12 = 0L inn
where o S and o S are maximum and minimum

A c,max,mu c,min m N
elastic stress of the edge of the compression zone after n
times of fa}igue 1load, respectively, Gcamax,nf:Ecn_lﬁcg,max"

- n
and Gc,min,n _Ec £ce,min .

[0060] An irrecoverable plastic strain ¢, of the edge of the
concrete compression zone is:

0 n 0.8382 )
& =—C{ n‘-[1g*1(4.0935a,,‘-—8.5576)]} ,

where £.° is an initial compressive strength of concrete; E_°
is an initial elastic modulus of concrete; n, is the number of
the i fatigue load (n is related to a vehicle load and is a
function of t).

[0061] Then, the elastic modulus of the concrete after n
times of fatigue load is obtained as follows:

) L ©
E; = T 05382

I, c Tle-! i —

e EO{; nillg~ (409350, ~8.5576)]}

where E " is the elastic modulus of the concrete after n times
of fatigue load; correction coefficient f§ is a statistical result
(for C20-050, $=0.61, and for C60-C70, 3=0.875).

[0062] When the irrecoverable plastic strain of the con-
crete meets the following formula, it is determined that the
concrete collapses and the structure cannot bear a load any
more:

&,,"20.4e 4" (6),

where €, is an ultimate compressive strain of the concrete
under static load.
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[0063] (2). A residual effective tension force after strand
corrosion is determined.

[0064] The strand forms a weak corrosion current under a
corrosive environment. A corrosion rate of the strand is
represented using a corrosion current as:

1.169x 1073 a3 @)
Pmg = ———F—— -Rf fecor(D)dL,
: T :
[0065] where i_,, is a corrosion current density; L is a

corrosion length; R is a corrosion variation coefficient for
different types of steel bars in the structure. For the strand,
R=1.

[0066] An area loss of the strand leads to a decrease of a

prestress. A residual effective prestressed value T, , at the
time t is:
Tp,,,p,:l“:PsP(1 P AP~ 1=Prm . To (8),

where E, and e are an elastic modulus and a strain of an
uncorroded strand, and T, is an initial tension force, respec-
tively.

[0067] (3). A residual effective area of the strand under
fatigue load is determined.

[0068] A fatigue crack generally appears at the corrosion
pit location of strand under fatigue load, and the fatigue
crack continuously grows until the strand fractures. If the
strand fractures after N times of fatigue load, a residual
effective cross-sectional area of the strand is A ", a total

e

loss area of the strand is (AP—AP,QN). A maximum stress of

the strand under the n” time of load is denoted as O i
and therefore the residual effective cross-sectional area of
the strand after fatigue fracture under the characteristic load

is:

T pmax; 9
An =, Teme ©
fu

where f, is the ultimate tensile strength of strand.

[0069] It is assumed that an area of the strand decreases
linearly with the fatigue load. After n times of fatigue load,
the residual cross-sectional area A, " of the strand is:

n S 1 k-1 (10)
An =4, —; N e AR,

where N,_, is a life value corresponding to the S-N curve of
the strand under a stress amplitude after (k-1)” time of
fatigue load.

[0070] (4) Three items of the peak stress value of the
strand are determined.

[0071] The peak stress value of the strand includes three
items: a tensile stress 0,,," caused by the residual effective
tension force T,,,, , at the time t, an elastic stress 0,,,” caused
by fatigue load and pitting corrosion-induced stress concen-
tration, and a stress 0,,,” caused by plastic deformation of the
concrete in the compression zone.

[0072] At the time t, the tensile stress o, ;" of the strand
caused by the residual effective tension force pr’t is:

00" =T, /Aps" (11).
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[0073] A decrease of the residual effective area of the
strand and the degeneration of the elastic modulus of con-
crete in the compression zone lead to stress redistribution,
and the height of the compression zone, the stress-strain
relationships between strand and longitudinal tension bar
change accordingly.

[0074]
load is:

The elasticity of the strand o,,” caused by fatigue

&b (hp — %) (12)

o =E, ke

xn

where k, is a stress concentration coefficient caused by
pitting corrosion.

[0075] After n times of fatigue load, the plastic strain of
concrete at the edge of the compression zone €., and the
height of the compression zone is X,,. The plastic strain of the
strand caused by €_,” can can be obtained according to the
plane section assumption and the deformation coordination
condition between concrete and strand:

Ry =Xy, (13)

[0076] The stress o,,", of the strand caused by plastic

deformation of the concrete in the compression zone is:
0,5"=E,¢,," (14).

[0077]
O max =0p0 +0,1"+0,5" (15).

[0078]
[ (16).

[0079] (5). Three peak stress values of a longitudinal
tension bar are determined.

[0080] The peak stress value of the longitudinal tension
bar includes three items: a compressive stress o, of the
longitudinal tension bar caused by the residual effective
tension force of the strand T, at the time t; the elastic
Jompy

stress 0,”, caused by the fatigue load; and the stress o,,”
caused by the plastic deformation of the concrete in the
compression zone.

[0081] Because the action of the effective tension force of
the strand (that is, M,"") has been considered during the
calculation of the elastic strain of concrete, 0., is denoted
as 0 to avoid repetition.

[0082] The elastic stress o,,” of the longitudinal tension
bar caused by fatigue load is:

The stress of the strand o i

p.max

can be expressed as:

A failure criterion for the strand is as follows:

&b (hp — %) o (17

xn

oq =Es

[0083] The plastic strain of the longitudinal tension bar
caused by €., can be obtained according to the plane
section assumption and the deformation coordination con-

dition between concrete and steel bars.
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N = (18)
S =" T
[0084] The stress o,,” of the longitudinal tension bar

caused by plastic deformation of the concrete in the com-
pression zone is:

0" =Egt,) (19).
[0085] The stress o, ,,,,” of the longitudinal tension bar is
as follows:

O max ==050 +0,1"+0 5" (20).
[0086] A failure criterion for the longitudinal tension bar
is as follows:

SR @1).

where 1, is the yield strength of longitudinal tension bar.
[0087] (6). A failure mode of a structure is determined to
predict a fatigue life.

[0088] A process of calculating the fatigue life of pre-
stressed concrete bridge is as follows. First, for given n, the
stress calculation formulas (5), (15) and (20) of the concrete,
the strand, and the longitudinal tension bar are substituted
into an equilibrium equation (an internal force equilibrium
equation and a moment equilibrium equation) to obtain
corresponding stress values; and then it is determined
whether the structure encounters a fatigue failure based on
the failure determining criteria of materials in the formulas
(6), (16) and (21); if the structure does not fail, increasing n
and repeating the above steps, and so on, to perform cyclic
iterative calculation until one of the three types of materials
fails. In this case, the structure fails. Current fatigue cyclic
n is the fatigue the structure can bear, and a time t corre-
sponding to n is the fatigue life of the structure.

1. A method for predicting a corrosion fatigue life of
prestressed concrete bridges, comprising the following
steps:

1): calculating a continuously degenerating elastic strain
e, and an irrecoverable plastic strain oz at a edge of
the concrete in a compression zone under a fatigue
load, and a degenerated elastic modulus of the con-
crete;

2): predicting a corrosion level of a strand to obtain a
residual tension force of a structure, and calculating a
continuously-increasing strand stress o,, ... and a lon-
gitudinal tension bar stress o, ,..” in a tensile region

under a coupled action of corrosion and fatigue using

the elastic strain e_”, the irrecoverable plastic strain

€. » and a degenerated elastic modulus of the concrete
and using a cross-section loss of a corroded strand as a
fatigue damage parameter; and

3): performing a real time stress-strain calculation on the
concrete, the longitudinal tension bar, and the strand in
response to an increased quantity of times of the fatigue
load, and determining a failure mode of the structure
based on a stress-strain growth relationship model and
the failure criteria of the concrete, a longitudinal ten-
sion bar, and a strand, to evaluate a fatigue life of the
structure.

2. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 1,
wherein in step 1), the elastic strain at an edge of the
compression zone under the fatigue load is
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n n—1
L (MM,
Eee = En-ljn ’
e for

E_"! and M, are an elastic modulus of the concrete and a
bending moment effect caused by an effective tension force
of the strand after (n-1) times of the fatigue load, respec-
tively, and M, x,, and 1.” are a cross-section bending
moment, a height of the compression zone, and an inertia
moment of a cracked cross-section caused by a vehicle load
after n times of fatigue cycles, respectively; and

the irrecoverable plastic strain €_," at the edge of the

compression zone is

o( n 0.8382
o =—C{ n‘-[1g*1(4.0935a,,‘-—8.5576)]} ,

{.° is an initial compressive strength of the concrete; E_° is
an initial elastic modulus of the concrete; n, is the number of
the i fatigue load, and .., is a stress correlation coeflicient
at the edge of the compression zone after i”-level fatigue.

3. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 1,
wherein in step 1), the elastic modulus of the concrete after
n times of the fatigue is

E = T maxn
05382

© Olman fO(n [1g-1(4.0935-a,.; — 8.5576
BT+ T e 40935 085576

P is a correction coeflicient, £.° is an initial compressive
strength of the concrete, E_° is an initial elastic modulus of
the concrete, and n, is a number of the i” fatigue load,
wherein Gc,max,nf :Ec"'lsce,max", €eomax 15 @ Maximum value
of the elastic strain; and E"' is a elastic modulus of the
concrete after (n—1) times of the fatigue load.

4. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 2,
wherein an inertia moment [,” of the cracked cross-section
is expressed as I_/=Ysby,’ +(xEP"Ap,e”(hp—yn)2+aES"As,e”
(h-y,)*+0"A, [ (v,~a,)°, b is a width of the cross-sec-
tion, y,, is a distance between a neutral axis of the cracked
cross-section and the edge of the compression zone of the
concrete after n times of fatigue, h,, h,, and «' are respec-
tively distances from a center of the longitudinal tension bar,
a center of the strand, and a center of longitudinal compres-
sion bars to the edge of the compression zone of the concrete
(if the longitudinal tension bar and the strands have a same
cross-section loss in a diameter direction, h, h,,, and o' are
constant values in a fatigue period); o " and oy are
respectively a ratio of an elastic modulus of the strand to the
elastic modulus E_*! of the concrete and a ratio of an elastic
modulus of the longitudinal tension bar to the elastic modu-
lus E* of the concrete after n times of fatigue; A, ALT,
and A, " are respectively residual cross-sectional area of the
strand, the longitudinal tension bar, and the longitudinal
tension bar in the compression zone.

5. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 1,
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wherein in step 2), the stress of the strand under the
combined action of the corrosion and the fatigue is
Opmax. =Opo +0,1"+0,,", 0,,4" is a tensile stress of the strand
caused by a residual effective tension force T,, _at the time
t,0,," is an elastlc stress of the strand caused by the fatigue
load and 0,,” is a plastic stress of the strand caused by a

plastic deformation of the concrete in the compression zone.

6. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 5,
wherein the residual effective tension force at the time t is
Tpm,:EPffP(l_pm,p,t)APz(l_pm,p,t)'TOs Ep and €, spare an
elastic modulus and a strain of an uncorroded strand, and T,

is an initial tension force, respectively;

1.160x 1073 !
Pmg = ———F—— -Rf fccor(D)dl,
, 2 A

R is a corrosion variation coefficient for different types of
steel bars in the structure, i__, is a corrosion current density,
L is a corrosion length, and A, is an initial cross-section area
of the strand.

7. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 5,
wherein 0,,"=T, /Ap ., the residual cross-sectional area
of the strand after n times of the fatigue is

n
1

A% =A,— Y —(A, - AN

s e A

N, is a life value corresponding to the S-N curve of the
strand under a stress amplitude after (k-1)” time of the
fatigue load;

& (hy — x,
=K, el ; _n) ki,
n

k, is a stress concentration coefficient caused by a pitting
corrosion, E,, is an elastic modulus of the uncorroded strand,
A, is the 1n1t1a1 cross-section area of the strand, A, JFlisa
remalmng effective cross-section area of the strand after
(k-=1)" times of the fatigne load, h, is a distance from a
center of the cross-section of the strand to the edge of the
compression zone of the concrete, €,,” is an irrecoverable
plastic strain of the concrete at the edge of the compression
zone after n times of the fatigue load;

o( n 0.8382
&= —C{ n‘-[1g*1(4.0935a,,‘-—8.5576)]} ,

£° is an initial compressive strength of the concrete, E_° is
an initial elastic modulus of the concrete, n, is the number of
the i? fatigue load, and x,, is the height of the compression

zone after n times of the fatigue load; and ,,,”"=E,¢,,”, and
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€,, 1s the plastic strain of the strand.

8. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 1,
wherein a total stress of the longitudinal tension bar is
O o =00 +0"+0,,", 00" 15 0,

s, max

oo s = X
Ef”( Xn)

xn

o= ki,

and 0,"=Ese ", €,

tension bar,

” is a plastic strain of the longitudinal

h, is a distance from a center of a cross-section of the
longitudinal tension bar to the edge of the compression zone
of the concrete, E, is the elastic modulus of the longitudinal
tension bar, k, is the stress concentration coefficient caused
by the pitting corrosion, and x,, is a height of the compres-
sion zone height after n times of the fatigue load.

9. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 1,
wherein a specific implementation process of step 4) com-
prises:

a): under a typical fatigue load, when n=1, calculating the
irrecoverable plastic strain €_,” of the concrete, a total
stress value o, .~ of the strand, and a total stress
value o ,,." of the longitudinal tension bar, wherein n
is the number of fatigue cycles;

b): determining whether a beam encounters a fatigue
failure according to the fatigue failure criteria for the
component materials in the following formulas,
wherein the failure criterion for the concrete in the
compression zone is &.,"20.4e.,", £, is an ultimate
compressive strain of the concrete under a static load;
the failure criterion for the stand is 0, ,,,,">1,; and f,, is
the ultimate tensile strength of a strand; and the failure
criterion for the longitudinal tension bar is 0, ,,,," 21,
and f,, is the yield strength of the longitudlnal tens10n
bar; and

c): if the beam does not fail, increasing n, and repeating
steps a) and b) until a material fails, wherein the current
fatigue cycles n is the fatigue life of the structure.

10. A system for predicting the corrosion fatigue life of

prestressed concrete bridges, comprising:

a calculating unit configured to: calculate a continuously
degenerating elastic strain €_.”, and irrecoverable plas-
tic strain €.,” at the edge of the concrete in the com-
pression zone under a fatigue load and a degenerated
elastic modulus of the concrete;

a predicting unit configured to: predict a corrosion level of
a strand to obtain a residual tension force of structure,
and calculate continuously-increasing strand stress
O, max and longitudinal tension bar stress o ., in a
tensile region under a coupled action of corrosion and
fatigue using the elastic strain &_.”, the irrecoverable

ces
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plastic strain &,,,”, and the degenerated elastic modulus
of the concrete and using a cross-section loss of a
corroded strand as a fatigue damage parameter; and

an evaluating unit configured to: perform real time stress-
strain calculation on the concrete, the longitudinal
tension bar, and the strand in response to an increased
number of fatigue load cycles, and determine a failure
mode of the structure based on a stress-strain growth
relationship model and the failure criteria of the con-
crete, a longitudinal tension bar, and a strand, to evalu-
ate a fatigue life of the structure, where the evaluating
unit specifically implements the following operations:

a): under a typical fatigue load, when n=1, calculating the
irrecoverable plastic strain €,,,” of the concrete, a total
stress value o, " of the strand, and a total stress
value o ,.." of the longitudinal tension bar, where n is

the number of fatigue cycles;

b): determining whether a beam encounters a fatigue
failure according to a fatigue failure criteria for the
component materials in following formulas, where a
failure criteria for the concrete in the compression zone
is Opmax "20.4e ", and e, is an ultimate compressive
strain of the concrete under the static load; a failure
criteria for the stand is o, ,,,,/">T,, and 1, is an ultimate
tensile strength of a strand; and a failure criteria for the
longitudinal tension bar is o, ,,,."21,, and 1, is a yield

strength of the longitudinal tension bar; and

c): if the beam does not fail, increasing n, and repeating
steps a) and b) until a material fails, where the current
fatigue cycles n is the fatigue life of the structure.

11. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 2,
wherein in step 1), the elastic modulus of the concrete after
n times of the fatigue is

f
U—c,max,n

E' = s
L ann fc 05382
- 1 o
" {Zn‘ 187140935 -, - 8.5576)]}

C‘*

B is a correction coefficient, £.° is an initial compressive
strength of the concrete, E_° is an initial elastic modulus of
the concrete, and n, is a number of the i” fatigue load,
wherein o, J=E_ - le € coman s Ece max " is a maximum value

of the elastic strain; and E 71 is a elastic modulus of the
concrete after (n-1) times of the fatigue load.

12. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 2,
wherein in step 2), the stress of the strand under the
combined action of the corrosion and the fatigue is
Opmax. =Opo +0,1"+0,,", 0,," is a tensile stress of the strand
caused bya res1dua1 effectlve tension force T, atatimet,
0,," is an elast1c stress of the strand caused by the fatigue
load and 0,,” is a plastic stress of the strand caused by a
plastic deformation of the concrete in the compression zone.

13. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 3,
wherein in step 2), the stress of the strand under the
combined action of the corrosion and the fatigue is
Opmax. =Opo +0,1"+0,,", 0,,4" is a tensile stress of the strand
caused by a residual effective tension force T, at atime t,

0,,” is an elastic stress of the strand caused by the fatigue
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load, and ©,,” is a plastic stress of the strand caused by a
plastic deformation of the concrete in the compression zone.

14. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 4,
wherein in step 2), the stress of the strand under the
combined action of the corrosion and the fatigue is
Oy max —Opo +0,,"+0,,", 0,5" is a tensile stress of the strand
caused by a res1dua1 effectlve tension force T, atatimet,
0,," is an elastlc stress of the strand caused by the fatigue
load and 0,," is a plastic stress of the strand caused by a
plastic deformation of the concrete in the compression zone.

15. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 5,
wherein in step 2), the stress of the strand under the
combined action of the corrosion and the fatigue is
Op max =Opo +0,1"+0,,", 0,,4" is a tensile stress of the strand
caused bya res1dua1 effectlve tension force T,, ata timet,
0,,” is an elastic stress of the strand caused by the fatigue
load and 0,," is a plastic stress of the strand caused by a
plastic deformation of the concrete in the compression zone.

16. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 12,
wherein the residual effective tension force at the time t is
prt Bptp(1-p,, . )A~(1-p,,,, ) To, B, and €, are an elas-
tic modulus and a strain of an uncorroded strand and T, is
an initial tension force, respectively;

1.169% 1073

7
R lccor(t)
T fol 0]

R is a corrosion variation coefficient for different types of
steel bars in the structure, i, is a corrosion current density,
L is a corrosion length, and A, is an initial cross-section area
of the strand.

17. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 13,
wherein the residual effective tension force at the time t is
Tpm’p’t:EPsP(l_pm,p,t)APz(l ~Prp.) Lo, B, and g, are an elas-
tic modulus and a strain of an uncorroded strand, and T, is

an initial tension force, respectively;

Pms =

1.169% 1073

7
R lccor(t)
T fol 0]

R is a corrosion variation coefficient for different types of
steel bars in the structure, i___, is a corrosion current density,
L is a corrosion length, and A, is an initial cross-section area
of the strand.

18. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 14,
wherein the residual effective tension force at the time t is
TPW’ZZEP%:P(I—pm,p,t)APz(l ~Prp.) Lo, B, and g, are an elas-
tic modulus and a strain of an uncorroded strand, and T, is

an initial tension force, respectively;

Pms =

1.169x 1073 ?
pmi = R f fecor(D),
L 0
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R is a corrosion variation coefficient for different types of
steel bars in the structure, i_,, is a corrosion current density,
L is a corrosion length, and A, is an initial cross-section area
of the strand.

19. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 15,
wherein the residual effective tension force at the time t is
Tpm’p’t:EPsP(l_pm,p,t)APz(l ~Prp.) o, B, and g, are an elas-
tic modulus and a strain of an uncorroded strand, and T, is

an initial tension force, respectively;

1.169%x 1073 a3
Pmg = ——— R f iccor(D)dL,
: T :

R is a corrosion variation coefficient for different types of
steel bars in the structure, i_,, is a corrosion current density,
L is a corrosion length, and A, is an initial cross-section area
of the strand.

20. The method for predicting the corrosion fatigue life of
the prestressed concrete bridges according to claim 12,
wherein Gpon:TpW,/Ap,en; the residual cross-sectional area
of the strand after n times of the fatigue is

n
1

A=A —§ — (A, - A

pe {4 T Nk—l( {4 pe >

N, is a life value corresponding to the S-N curve of the
strand under a stress amplitude after (k-1)” time of the
fatigue load;
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” (h —x,
gee(hy X)-k

Xn

o

o1 =

P 1>

k, is a stress concentration coefficient caused by a pitting
corrosion, E,, is an elastic modulus of the uncorroded strand,
A, is the initial cross-section area of the strand, Ap,gk'1 isa
remaining effective cross-section area of the strand after
(k-1)" times of the fatigne load, h, is a distance from a
center of the cross-section of the strand to the edge of the
compression zone of the concrete, €., is an irrecoverable
plastic strain of the concrete at the edge of the compression
zone after n times of the fatigue load;

o( n 0.8382
o =—C{ n‘-[1g*1(4.0935a,,‘-—8.5576)]} ,

£° is an initial compressive strength of the concrete, E_° is
an initial elastic modulus of the concrete, n, is the number of
the i fatigue load, and x,, is the height of the compression

zone after n times of the fatigue load; and 0,,"=E ¢,,,", and

€, 1s the plastic strain of the strand.
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