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Abstract: This paper presents a fatigue assessment model that was developed for corroded reinforced concrete (RC) beams
strengthened using prestressed carbon fiber-reinforced polymer (CFRP) sheets. The proposed model considers the fatigue prop-
erties of the constituent materials as well as the section equilibrium. The model provides a rational approach that can be used to
explicitly assess the failure mode, fatigue life, fatigue strength, stiffness, and post-fatigue ultimate capacity of corroded beams
strengthened with prestressed CFRP. A parametric analysis demonstrated that the controlling factor for the fatigue behavior of the
beams is the fatigue behavior of the corroded steel bars. Strengthening with one layer of non-prestressed CFRP sheets restored the

fatigue behavior of beams with rebar at a low corrosion degree to the level of the uncorroded beams, while strengthening with 20-

and 30%-prestressed CFRP sheets restored the fatigue behavior of the beams with medium and high corrosion degrees, respec-
tively, to the values of the uncorroded beams. Under cyclic fatigue loading, the factors for the strengthening design of corroded RC
beams fall in the order of stiffness, fatigue life, fatigue strength, and ultimate capacity.
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1. Introduction

Infrastructure such as bridges and marine structures are
prone to corrosion, and these structures are usually subjected
to repeated loading. Corrosion reduces the steel area,
worsens the steel properties, weakens the bond between the
concrete and steel bars, and results in cracking and spalling
of the concrete cover (Bigaud and Ali 2014; Almusallam
2001). Fatigue is a process of progressive and internal
structural changes in a material that is subjected to repetitive
stresses. For example, the primary girders of bridges are
subjected to many traffic loading cycles every day, which
can lead to failure due to these repetitive tensile stresses.
Although corrosion and fatigue processes have been exten-
sively studied, the coupled effect of these two processes has
rarely been studied (Bastidas-Arteaga et al. 2009; Ai-Ham-
moud et al. 2011; Yi et al. 2010). Several experimental
studies have shown that localized corrosion leading to pit-
ting may provide sites for fatigue crack initiation and that
corrosive agents increase the fatigue crack growth rate
(Bastidas-Arteaga et al. 2009; Ai-Hammoud et al. 2010).
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The interactive effect of corrosion and fatigue is more
damaging than the sum of the damage caused by the com-
ponents individually. The loss of strength and stiffness can
thus be exaggerated if corrosion is combined with fatigue
loading (Bastidas-Arteaga et al. 2009; Masoud et al. 2001).

Structural engineers face the challenge of assessing the
vulnerability of deteriorated structures and deciding on
appropriate strengthening methods. Externally bonded car-
bon fiber-reinforced polymer (CFRP) sheets have been
widely used to restore or increase the capacities of reinforced
concrete (RC) beams due to their advantages including their
low weight, high strength and stiffness, high durability, and
ease of application (Kang et al. 2012; Ouezdou et al. 2009;
Grelle and Sneed 2013; Ren et al. 2015). Many studies have
been conducted to study the effect of CFRP sheets on the
performance of RC beams (Al-Rousan and Issa 2011; Oudah
and El-Hacha 2013a, b; ElSafty et al. 2014; Kang et al.
2014). However, several researchers have demonstrated that
applying CFRP sheets as externally bonded strips for flex-
ural strengthening of RC structural elements uses only
20-30% of their strength (Motavalli et al. 2011). Addition-
ally, the serviceability of RC beams is not generally affected
by CFRP sheet repair due to the relatively small increase in
stiffness provided by CFRP sheets. The strips are better used
when the CFRP material is prestressed. Similar to the
advantages of conventional prestressed concrete compared
to RC, prestressed, externally bonded reinforcement has
several advantages over externally bonded reinforcement
including reduced crack widths, reduced deflections, reduced
stress in the internal steel, and increased fatigue resistance
(Michels et al. 2013; Correia et al. 2015). Triantafillou et al.
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(1992) tested beams strengthened with prestressed CFRP
sheets and found that prestressed CFRP sheets significantly
contributed to the improved cracking and deflection of the
strengthened beams. El-Hacha et al. (2001) provided a
general summary of the prestressed CFRP sheet application,
including feasible prestressing techniques for concrete
structures. Kim et al. (2008) tested prestressed RC beams
that had been strengthened with prestressed CFRP sheets
and found that using prestressed CFRP sheets resulted in less
localized damage and that the level of prestress in the sheets
significantly contributed to the ductility and cracking
behavior of the strengthened beams. Wang et al. (2012)
investigated the flexural behavior and long-term prestress
losses of RC beams strengthened with post-tensioned CFRP
sheets and noted that the prestress losses of CFRP sheets in
the post-tension system could be primarily attributed to the
anchorage set, while the time-dependent losses caused by
creep, concrete shrinkage and relaxation of the CFRP sheets
were relatively small. Rosenboom and Rizkalla (2006)
investigated the fatigue behavior of prestressed concrete
bridge girders strengthened with various CFRP systems
using various strengthening levels, prestressing configura-
tions, and fatigue loading ranges. The test results showed
that CFRP strengthening could reduce crack width, crack
spacing, and the induced stress ratio in the prestressed
strands under service loading conditions. Although a suffi-
cient number of studies have investigated the strength, ser-
viceability, prestress losses, and CFRP systems in general,
few studies have investigated the fatigue performance of
members with prestressed CFRP sheet applications. The
fatigue performance of corroded RC beams strengthened
with prestressed CFRP sheets has not yet been discussed.
Additionally, the development of a fatigue assessment
model (FAM) for corroded members is not an easy task due
to the many relevant parameters and variables that determine
the fatigue behavior. Several attempts have been made to
develop an FAM for corroded beams. The most common
approaches are the stress-life and strain-life models (Ma
et al. 2014; Elrefai et al. 2012). These models provide the
fatigue life of members but do not predict the strain and
stress distributions across the beam. Song and Yu (2015)
tested beams with corroded steel reinforcement (corroded
beams) strengthened with CFRP sheets and proposed an
analytical fatigue prediction model (FPM) to assess the
fatigue behavior of the CFRP-strengthened corroded beams.
In this study, the effect of prestressed CFRP systems on the
fatigue behavior of corroded RC beams was not studied.
None of the available FAMs are capable of accurately
assessing the fatigue behavior of corroded beams strength-
ened with prestressed CFRP. This paper presents the second
phase of a research project conducted to quantify the effect
of CFRP systems on the fatigue behavior of corroded RC
beams. The first phase of the project (Song and Yu 2015)
aimed to examine the effect of steel corrosion and the non-
prestressed CFRP systems on the fatigue behavior of cor-
roded RC beams. The results showed that non-prestressed
CFRP systems are applicable to RC beams with only low
corrosion degrees (0—4.6%). The second phase intends to

develop an overall assessment model capable of assessing
the fatigue behavior of corroded RC beams strengthened
with prestressed CFRP sheets and to discuss whether pre-
stressed CFRP systems are applicable to RC beams with
medium and high corrosion degrees.

In this study, an FAM was developed to consider the
fatigue behavior of corroded beams with prestressed CFRP
sheets. The model provided a rational approach that can be
used to explicitly assess the failure mode, fatigue life, fatigue
strength, stiffness, and post-fatigue ultimate capacity of
CFRP-strengthened corroded beams under fatigue loading
by considering the influences of different corrosion degrees,
load ranges, and prestressed levels.

2. Fatigue Assessment Model

An FAM based on the fatigue properties of the constituent
materials and cross-sectional stress analysis was proposed to
assess the fatigue behavior of corroded beams strengthened
with prestressed CFRP sheets. The fatigue properties of the
constituent materials of the CFRP-strengthened corroded
beams are discussed first, followed by a study of the fatigue
bond properties and the cross-sectional stress under cyclic
loading; finally, the step-by-step procedure used to imple-
ment the developed model is presented.

21 Fatigue Properties of the Constituent
Materials

To assess the fatigue behavior of a composite member, the
effects of cyclic loading on each constituent component must
first be understood. If any of the constituent components
reaches its fatigue limit prior to the required life of the
member, the member will not be capable of carrying the
required loads. These loading cycles contribute to the con-
tinuous deterioration of the constitutive materials. The
models of the fatigue deterioration of concrete, corroded
steel bars, and CFRP sheets are detailed in the following
paragraphs.

2.1.1 Concrete

Bridge girders are one of the most common structural
components that are subjected to cyclic loading. The beam
test results showed that the concrete softened for all of the
applied compression stress ranges, resulting in a decrease in
the concrete elastic modulus and a corresponding increase in
the concrete strain (Hefferan et al. 2004). Therefore, it is
necessary to examine the effect of fatigue loading on the
strength and strain of concrete to accurately determine the
fatigue behavior of CFRP-strengthened RC beams (Oudah
and El-Hacha 2013a, b). To evaluate the concrete fatigue
damage, Holmen (1982) proposed that the total ¢ is the sum
of two components: the first component is related to the
endurance of the specimen ¢, and the second component is
the strain increment or plastic strain & related to the loading
conditions and the number of cycles. The strain increment of
concrete describes the unrecoverable component of concrete
deformation. After n cycles between the minimum and
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maximum stresses of ¢, .. and o .., the plastic strain is
expressed as follows (Song and Yu 2015):

Eor = g—CnO” log™"'(3.920, — 4.66) (1)

C

where f; is the concrete compressive strength, E. is the initial
Young’s modulus of the concrete, # is the number of loading
cycles, and o, is the stress ratio coefficient, which is
expressed as follows:

o = Uc,max - O—c,min (2)

fC - O-c‘min

The Young’s modulus of the concrete under repeated
loading can be written as:

g
Ef _ ¢,max 3
¢ (8L'8 - 800) + Ecr ( )

where & is the strain under sustained loading, which is
equal to o¢max/Ec, and & is the initial tensile strain of the
concrete related to the level of prestress in the CFRP sheets.
Then, the evolution of the Young’s modulus induced by
fatigue loading can be derived from Egs. (1) and (3):

- :

Ef =6 max / { °E“‘ — &0 +-fE—° xn®?1g1(3.920, — 4.66)}
Cc C

(4)

Fatigue is a process of progressive internal damage in a
material that has been subjected to repeated loading and is
attributed to the propagation of internal micro-cracks; fatigue
typically results in a significant increase in unrecoverable
strain. The test results showed that fatigue failure of concrete
is likely to occur when the plastic strain &, reaches a
threshold criterion. The fatigue-failure criterion of concrete
can be estimated as follows (Song and Yu 2015):

eor > 0.41./E, (5)

2.1.2 Corroded Steel Bars

The corrosion of steel reinforcement has commonly been
associated with both the carbonation of concrete and chlo-
ride ingress. The former causes a more uniform attack with a
relatively limited reduction of the rebar cross-sectional area,
while chloride may cause severe pitting in the rebar with
highly localized reductions in the cross-sectional area;
therefore, corrosion due to chloride ions is discussed in this
section. Pitting corrosion decreases the steel cross-sectional
area via small pit nucleation. These pits propagate over time
due to corrosion, and localized corrosion that leads to pitting
may provide sites for fatigue crack initiation. Experimental
studies have shown that pitting corrosion is responsible for
the nucleation of fatigue cracks. In this case, corrosion pits
tend to increase the formation of fatigue-crack nucleation
points and crack growth (Bastidas-Arteaga et al. 2009).
Fatigue-crack evolution further reduces the cross-sectional
area of steel rebar, thus increasing steel stress. The reduced

cross-sectional area becomes critical when the actual stress
in the steel exceeds the yield strength of the steel, thus
causing fatigue failure. Therefore, the reduced cross-sec-
tional area of steel rebar can effectively denote the evolution
of fatigue damage. The combined action of corrosion and
fatigue loading significantly degrades the strength and
deformability of rebar and decreases the ratio between the
yield strength and ultimate strength of the rebar. To ensure
the safety of a corroded beam, the steel stress is assumed to
be equal to the yield strength when rebar fatigue failure
occurs. Because the fatigue load range is constant through-
out the fatigue loading process, the residual cross-sectional
area of the corroded steel bar can be calculated as follows:

Ag(N) = 05 max 'ASC/fyC (6)

where Af(N) is the residual cross-sectional area of the cor-
roded steel subjected to N cycles of repeated loading, o,
is the nominal maximum stress applied to the steel, 4 is the
initial cross-sectional area of the steel, 4. is the cross-sec-
tional area of the corroded steel bars, and fy. is the yield
strength of the corroded steel.

The evolution of fatigue cracks in metal can generally be
subdivided into three stages: fatigue crack nucleation, crack
growth, and instability. The second stage is dominant and is
characterized by a constant crack growth rate. As mentioned
previously, corrosion pitting increases fatigue crack nucle-
ation and provides sites for fatigue crack initiation, which is
the cause of the fatigue crack propagation of corroded steel
bars in the second stage. The fatigue damage area is assumed
to follow a linear relationship with the ratio of the number of
cycles to the fatigue life n/N; then, the fatigue damage area
under every loading cycle is equal to [ — Af(N)]/N. The
residual area of the corroded steel 4f(n) after being sub-
jected to n cycles of repeated loading can be calculated as:

Ag(l’l) = Asc - E [Asc - Ag(N)]

— A, [1 — (n/N)- (1 - asvmax/fyc)} (7)

Corrosion not only affects the steel area but also alters the
steel’s mechanical properties over time. The yield strength of
corroded rebar can be expressed in terms of the strength of
uncorroded rebar and the corrosion degree as follows (Song
and Yu 2015):

A 0 e
Jye = o A—Zcfyo = 1Tcnsfyo (8)

where fyo is the yield strength of the uncorroded steel bars,
Ay 1s the cross-sectional area of the uncorroded rebar, o, is
an empirical coefficient, and 7, is the average degree of
corrosion of the rebar. Based on experimental data, the
coefficient o is considered to be equal to 1 — 1.196#, (Song
and Yu 2015).

The fatigue life N is commonly determined using the
stress-life S—N method. In Eq. (7), the fatigue life N is
evaluated based on the constant stress amplitude fatigue test
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of steel samples at p = 0.1, where p = 0 min/0s max (SOnNg
and Yu 2015):

IgN = (24.427 +3.4n,) — (7.6597 + 2.1p) IgAc  (9)

where Ao = (Omax — Omin) is the average nominal stress
range and is determined by the first cycle.

Considering the test results in the literature, new studies must
consider the effects of other fatigue variables, including the p
ratio, the stress concentration, and the pre-compressive stress,
on the fatigue life of corroded steel. The stress-life S—N curve of
corroded steel rebar in RC beams can be modified as follows:

IgN = (24.427 + 3.45,) — (7.6597 + 2.1y,

X ngLKf(Kp - p)(amax - USO) (10)
where K,,, K, and K; are the fatigue strength coefficients
induced at stress ratio p, the stress concentration factor
induced at cracks in the concrete, and the corrosion pitting
factor induced in the corrosion pit in the steel bars, respec-
tively, and & is the initial compressive stress of the steel
bars related to the prestress level of the CFRP sheets. The
values of the coefficients K,,, K1, and Ky are detailed in the
following paragraphs.

The fatigue strength coefficient K, can be determined by
(Song 2006):

- 0.938 (11)
1 —0.6165p

The test data of an RC beam loaded in four-point
bending (Heffernan 1997) showed that the localized stres-
ses in the tensile steel reinforcement at the concrete cracks
deviated significantly from the nominal stress; These values
were consistently 20—40% higher than the average stress
(Hefferan et al. 2004). Deng et al. (2007) tested RC beams
strengthened with prestressed aramid fiber-reinforced
polymer (AFRP) sheets and found that the prestressed
AFRP sheets significantly affected the cracking and stress
range of steel reinforcement. A regression analysis was
performed based on the experimental test results reported
by Heffernan and Deng, and the form of the equation is
given as follows:

K — { 1.30 — o Eogapgo.m‘,Mf > Mo)

1.05 0.24 <o, ML, > M) (12)

st

where M{ is the maximum fatigue flexural moment, Mj is
the decompression flexural moment of the strengthening
beams, and o, is the effective partial prestressing ratio

(PPR), which is defined as:

(M), A
(Mo)yen ™~ Af + A

PPR = o, = (13)

where (M,), and (M,),, are the ultimate moment of the
prestressed CFRP sheets and the total ultimate moment,
respectively, A¢ is the area of the CFRP sheet, and ffg is the

ultimate tensile strength of the CFRP composite.

As mentioned previously, pitting corrosion produces a
localized reduction in the steel cross-sectional area, but
accurately measuring the pit configuration, depth, and
distribution is difficult. Therefore, a large deviation exists
between how the degree of corrosion and the reduction in
steel area are defined based on the corrosion pit depth.
Thus, the degree of corrosion in rebar (1) is quantified
based on the average mass loss. In Eq. (6), the cross-
sectional area of the corroded steel rebar A4y is also the
average cross-sectional area of the rebar. The average mass
loss does not account for the influence of local corrosion
pitting on the rebar mechanical properties. The test data of
RC beams showed that the localized stresses at the cor-
rosion pits were greater than the theoretical average
stresses (Ai-Hammoud et al. 2011). For the fatigue anal-
ysis of corroded steel reinforcement, the influence of a
notch on the stress range should be reflected in factor K.
Due to the scarcity of published data on the effect of the
corrosion notch depth on the range of steel stresses in
CFRP-strengthened RC beams under fatigue loading, a
linear regression analysis was performed based on the
experimental test results reported by Ai-Hammoud et al.
(2011). The form of the equation is given as follows
(R? = 0.942):

Kr = 021244 1.0 (14)

where 4 is the maximum pit depth.

The relationship between the maximum cross-sectional
corrosion degree #,,, and the average mass loss 7, was
calculated as shown in reference (An et al. 2005):

=0.0345 + 12561,  (n, < 50%) (15)

ns,amx
Next, the corrosion pitting factor K¢ can be derived from
Egs. (14) and (15):

Kr = 1.0+3.39(1 —\/1.0—1.25;75) (16)

Corrosion pits provide sites for fatigue crack initiation,
and fatigue crack evolution under repeated loading further
reduces the cross-sectional area of rebar. As the fatigue
cracks grow, the effective stress reaches the yield stress at
some locations. The bar is assumed to abruptly break at
failure when the localized fatigue stress of,  reaches the
yield stress, as shown in Eq. (17): '

Ug,max Zf)‘/c (17)
f

where o ... is the rebar stress corresponding to the maxi-
mum fatigue load at n cycles of repeated loading.

2.1.3 Carbon Fiber-Reinforced Polymers

For a fiber-reinforced polymer (FRP) composite, fatigue
loading decreases the modulus Ef, as observed by Bigaud
and Ali (2014) and Ferrier et al. (2011). Based on these
studies, the deterioration coefficient Dgy of a prestressed
CFRP composite can be expressed as:
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Dgy=1-10.0511logn (18)

The ultimate tensile strain &, is assumed to be constant
over time, and the modulus Ef and residual strength f;
decrease as the number of cycles increases according to the
expression:

Ef(n) = E} x D (19)
fir(n) = fa2 X Diy (20)

where E? and f;) are the initial modulus and the ultimate
tensile strength of the CFRP composite, respectively.

The fatigue failure process indicates that CFRP sheets fail
when the maximum fatigue stress a?max reaches the residual
strength of the CFRP fj;; thus, the residual strength provides
a safe fatigue failure criterion, which is defined by the fol-

lowing equation:

O-g,max 2 ffl'(n) (21)

2.2 Fatigue Bond Properties

The classical FPM for RC beams strengthened with CFRP
sheets assumes a perfect bond between the tension rein-
forcement and the surrounding concrete. However, previous
fatigue experiments showed considerable non-linearity in the
strain variation across the beam section under fatigue load-
ing because slippage of the steel reinforcement is likely to
occur during fatigue loading. Therefore, it is difficult for the
classical FPM to accurately predict the strain and stress
distributions across the beam section. Oudah and El-Hacha
(2013a, b) developed an FPM that considers the effect of
fatigue loading on the degradation of the tension reinforce-
ment bond. The compatibility equations of RC beams
strengthened with CFRP sheets is described as follows:

h — “4n
oo — ( 0% )/ (22)

h — x,
= 3 2
o = (12 23)

n

where ¢ is the strain in the tensioned steel at the cracked
section, & is the strain in the CFRP, ¢ is the strain in the
concrete at its top fiber, 4 is the depth from the top fiber to
the level of the tensioned steel, / is the depth from the top
fiber to the CFRP level or the beam height, x, is the depth
from the top fiber to the neutral axis, y, is the strain
compatibility factor for the steel, and y; is the strain
compatibility factor for the CFRP. The values of y, and )¢
depend on the bond properties of the steel reinforcement and
the CFRP sheets, respectively. The average value of 7y; is
approximately 0.88 (Song and Yu 2015). The average value
of v, for the corroded beam is selected based on a regression
analysis of the experimental data (Song and Yu 2015):

7s = —1.1257p,+0.9124 (5, <0.30) (24)

2.3 Cross-Sectional Stress
of the Beam

The development of the FAM for corroded RC beams
strengthened by prestressed CFRP sheets depends on the

following basic assumptions:

Analysis

e The compressive strain variation of the concrete zone is
linear from the neutral axis to the outer fiber, and the
strains and stresses follow Hooke’s law.

e The tensile resistance of the concrete is neglected.

e The thickness of the CFRP sheets is neglected when the
resisting moment is calculated.

e Premature delamination failure of CFRP sheets is not
considered because the anchorage prevents such a failure
from occurring.

e To simulate the fatigue behavior of the CFRP-strength-
ened corroded beams, the analysis is conducted in
increments of cycles, and the concrete, steel, and CFRP
fatigue properties are updated at the end of each cycle
increment.

Based on these assumptions, strains that exist in a
strengthened corroded beam subjected to a fatigue flexural
moment M’ can be modeled as shown in Fig. 1. The beam
has a width of b, an effective depth of /4, a steel strain of ¢,
a concrete strain of ¢, a total CFRP sheet strain and an initial
CFRP sheet strain of ep; this beam is reinforced by steel
rebar with a cross-sectional area of A and is strengthened by
a CFRP sheet with an area of A;.

Based on the above assumptions and Egs. (22)—(24), the
compatibility equations of the strengthened beams are stated
as follows:

Vscbe &

= 25
Xn ho — xp (25)

Vee & — &p
o (26)
where ¢ and &g are the total strain and the initial effective
strain related to the prestress level of the CFRP sheets,
respectively.

Equating the tensile and compressive force yields the
following relationship:

1
5E{,gczmn = A'Eses + ArEfer (27)

where Ef is the fatigue deformation modulus of concrete
under repeated loading (Ef = 0.76E").

Equating the applied moment and the internal forces yields
the following relationship:

M' = A'Ege, (ho - %) + A¢Efer (h - %) (28)

2.4 Fatigue Analysis Flowchart for the Beam

The above model was implemented in the fatigue analysis
of the strengthened corroded beams following the steps lis-
ted in Fig. 2. Additional details are provided below:

International Journal of Concrete Structures and Materials (Vol.11, No.2, June 2017) | 251



Corroded beam

Cross section Strain

Fig. 1 Stress and strain distributions in beam cross-section.
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[ Solve strain and stress of concrete, steel bars, CFRP ]

¥

stress of the steel

N .
Determine the strain and Determine the strain and Solve the strain increment
stress of CFRP

of concrete

No No No
Solve the residual Solve the residual modulus Solve the compressive
steel area by Eq.7 and strength of CFRP by Young’s modulus by Eq.4
Eq.18 and 19
=i+l
v v
[ Failure of concrete or steel bar or CFRP ]

END
Output data

Fig. 2 Fatigue analysis flowchart for the prestressed strengthened corroded beam.

(1) Input the loading scheme, initial material parameters,
and specimen configuration, including the fatigue load
M f), the initial material parameters (4, Es, fy0, #s, E.,
fes A, Ex, fr, and &p), and the specimen configuration
(b, h, and hy).

(2) Determine the stress and strain in the concrete, rebar,
and CFRP sheets at the end of each group of cycles
during the fatigue life of the structure using Egs. (25)—
(28).

(3) Assess the fatigue states of the concrete, rebar, and
CFRP sheets using Eqgs. (5), (17), and (21),
respectively.

(4) In the subsequent fatigue cycles, update the material
properties, including the deformation modulus of the

concrete (Eg), the residual cross-sectional area of the
corroded steel (Ag), and the elastic modulus of the
CFRP sheet (E;) using Egs. (4), (7), and (19), respec-
tively. Then, return to step (2).

(5) End the program, and output the gathered information.

2.5 Validation of the Proposed Analysis Model

The available literature provides only limited test infor-
mation on the fatigue performance of corroded beams
strengthened with prestressed CFRP; additionally, most
published studies have presented an insufficient quantity of
test results. The proposed FAM is validated by the experi-
mental results of two uncorroded beams that were
strengthened with prestressed CFRP sheets and were tested
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by He et al. (2011). The beams had dimensions of
150 mm x 300 mm x 2000 mm with spans of 1800 mm.
The diameter of the tensioned longitudinal rebar was
14 mm, and the average compressive strength and modulus
of elasticity of the concrete were 32.5 MPa and 35.6 GPa,
respectively. The yield strength of the 14 mm diameter
deformed bars was 335 MPa. The mechanical properties of
the cured CFRP system were tested and showed an ultimate
strength of 3208 MPa and a modulus of elasticity of 234
GPa. A single prestressed layer of CFRP sheet that was
140 mm wide and 0.167 mm thick was used to strengthen
the beam in flexure. The initial prestressing level in the
CFRP sheets was 59 and 60% of the ultimate strength of the
CFRP sheets for Beam 1 and Beam 2, respectively. The
maximum and minimum flexural moments in the fatigue
load cycles were 21.1 and 6.3 kN m for Beam 1 and 27.3
and 8.2 kN m for Beam 2, respectively.

Beam 1 experienced two million cycles of loading without
failure. Conversely, Beam 2 experienced fatigue failure in its
rebar that was accompanied by a sudden extension of the
flexural cracks and a sudden increase in deflection, eventually
resulting in the partial rupture of the CFRP sheets. The
assessment results showed that the two specimens failed via
rupture of the steel rebar, which is identical to the failure mode
of the tested items. Figure 3 shows the plots of the fatigue life
curve for Beam 2 after different prestress losses. The assess-
ment results with 17.7% prestress loss correlated well with the
experimental data. Figure 4 shows the plots of the strain
curves after different numbers of fatigue loading cycles for
two beams with 17.7% prestress loss. The figures clearly show
that the assessment results correlated well with the experi-
mental data in all stages of loading behavior up to failure. The
scatter of the strain values in the beams occurred because the
cross section was at the mid-section of the beams in the
assessment and the tests even though the fracture cross section
in the tests may deviate from the mid-section.

3. Model Application

3.1 Corroded RC Beams
The fatigue behavior of beams was modeled using the
FAM, and the results produced were verified using He’s

1000
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experimental data. He’s test beams were used to study the
effect of the steel corrosion degree, the fatigue load range,
and the prestress level on the fatigue life, fatigue strength,
stiffness, and post-fatigue ultimate capacity. The test beams
were assumed to be corroded at a low level (i.e., 0-5%
average mass loss), a medium level (i.e., 5-10% average
mass loss) and a high level (i.e., 10-20% average mass loss)
and were subsequently strengthened with a single layer of a
prestressed CFRP sheet. The ACI Committee 440 (2000)
recommends that the maximum prestressed tensile stress of
CFRP sheets is limited to 0.55 of their ultimate strength to
avoid brittle fracture. Previous studies have also shown that
the loss of prestress in CFRP sheets averages 10-30% of the
control tensile stress (Yang and Li 2010). Thus, in the model,
the maximum tensile prestress of the CFRP sheets was
limited to 0.55 of the ultimate strength, and the effective
prestress levels in the CFRP sheets were 0, 2742, and 4113
pe, which were approximately 0, 20, and 30% of the ulti-
mate strain of the CFRP sheets, respectively. The minimum
fatigue flexural moment was determined to be 8.2 kN m, and
the maximum fatigue flexural moments were 13.4, 14.9,
16.4, and 17.9 kN m, which represented 45.0, 50.0, 55.0,
and 60.0% of the ultimate strength of the uncorroded,
unstrengthened beam, respectively.

3.2 Fatigue Life

The RC beam was corroded to different levels and sub-
sequently strengthened with one layer of CFRP flexural
sheets. Under cyclic fatigue loading, the unstrengthened and
strengthened beams exhibited similar primary fatigue failure
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modes. In all cases, the failure was due to brittle fatigue
fracture of the steel reinforcing bars. Figure 5 shows the
effect of corrosion and prestressed CFRP strengthening on
the beam fatigue life. The vertical arrows at the beginning of
the fatigue curve indicate that the specimen did not fail after
200,000,000 cycles. The fatigue lives of the uncorroded,
unstrengthened beams under 0.50, 0.55 and 0.60 of the
ultimate strength were 2,176,000 cycles, 1,127,000 cycles
and 587,000 cycles, respectively. The beam fatigue life is
sensitive to the amount of corrosion present in the steel bars.
Using one layer of non-prestressed CFRP sheets to repair the
beams with 0-20% corrosion increased their fatigue life by a
factor of 2.35-4.35. In contrast, one layer of non-prestressed
CFRP sheets restored the fatigue life of the beam with 4.6%
corrosion to a level nearly equal to that of the uncorroded
beam. The strengthening effect was more significant in the
beams repaired with prestressed CFRP sheets. Using the
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Fig. 5 Fatigue life versus average degree of corrosion: a 0.5
load level, b 0.55 load level, ¢ 0.60 load level.

20%-prestressed CFRP sheets to repair the beams with
0-20% corrosion increased their fatigue life more than 10.0
times on average, and using the 30%-prestressed CFRP
sheets to repair the beams with 0-20% corrosion increased
their fatigue life by more than 45.0 times on average. Using
the 20- and 30%-prestressed CFRP sheets to repair the
beams with 14.8 and 20.0% corrosion, respectively, restored
their fatigue life to approximately that of the uncorroded
beams. These results indicate that corrosion has a significant
effect on the fatigue life and that strengthening beams with
one layer of non-prestressed CFRP sheets at low corrosion
degrees can restore the fatigue life of corroded beams to the
level of the uncorroded beams. The strengthening effect was
more significant for prestressed CFRP sheets, which can
restore the fatigue life of corroded beams with a high cor-
rosion degree to the level of the uncorroded beams.

3.3 S-N Curves

The amplitude of cyclic loading significantly affects the
fatigue performance, and the S—N relationship was deter-
mined for loads that were 0.20, 0.25, 0.30, and 0.35 of the
uncorroded, unstrengthened beam’s ultimate capacity. Fig-
ure 6 shows the load-fatigue life curves of the uncorroded
beam, the beams strengthened with non-prestressed CFRP,
and the beams strengthened with prestressed CFRP. The
results indicated that the corrosion degree affects the fatigue
life degradation percentage more significantly than the fati-
gue strength reduction percentage. Using one layer of non-
prestressed CFRP sheet restored the fatigue capacity of only
the beam with 5% corrosion to a level approximately equal
to that of the uncorroded beam. Using the 20- and 30%-
prestressed CFRP sheets to repair the beams with the 15 and
20% corrosion degrees, respectively, restored the fatigue
capacity to the level of the uncorroded beams. These
increases can be primarily attributed to the longitudinal
prestressed CFRP sheets that stiffened the beams and
reduced the stresses and the stress ratio in the steel rein-
forcing bars as the fatigue failure of these bars led to the
failure of the beams.

3.4 Stiffness Degradation

The stiffness after each fatigue loading cycle was calcu-
lated to provide a quantitative measurement of the stiffness
degradation in the beams. The calculation method involved
recording the strain in the steel rebar ¢, the strain at the top
fiber of the concrete at the mid-span ¢, the effective beam
depth beam £k, and the predicted curvature radius; the
stiffness was then calculated from the curvature radius and
the fatigue load for each loading cycle. For each beam, the
obtained stiffness values were normalized with respect to the
initial stiffness of the uncorroded unstrengthened control
beam before fatigue loading was applied.

Figure 7 plots the stiffness degradation versus the number
of cycles of the beams under 0.55 of the ultimate load level.
The results show that steel corrosion in RC beams does not
significantly decrease the initial stiffness before fatigue
loading but can significantly increase the stiffness degrada-
tion rates under fatigue loading. Using one layer of non-
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prestressed CFRP sheets restored the fatigue stiffness of only
the beam with a low corrosion degree (i.e., 0-4.6%) to a
level nearly equal to that of the uncorroded beam. Com-
paring the strengthened and unstrengthened beams, the ini-
tial stiffness increased by 26 at 5% corrosion, 22 at 10%
corrosion, 20 at 15% corrosion, and 19 at 20% corrosion for
the beams with 20%-prestressed CFRP flexural sheets; fur-
thermore, the initial stiffness increased by 41 at 5%
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Fig. 7 Normalized stiffness degradation versus number of
cycles: a 5% corrosion degree, b 10% corrosion
degree, ¢ 15% corrosion degree, and d 20% corrosion
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corrosion, 36 at 10% corrosion, 30 at 15% corrosion, and 25
at 20% corrosion for the beams with 30%-prestressed CFRP
flexural sheets. Comparing the strengthened and
unstrengthened beams, the stiffness degradation rates were
0.17 times higher at 5% corrosion, 0.48 times higher at 10%
corrosion, 1.36 times higher at 15% corrosion, and 4.16
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times higher at 20% corrosion for the beams with 20%-
prestressed CFRP flexural sheets; furthermore, the stiffness
degradation rates were 0.05 times higher at 5% corrosion,
0.14 times higher at 10% corrosion, 0.37 times higher at
15% corrosion, and 1.02 times higher at 20% corrosion for
the beams with 30%-prestressed CFRP flexural sheets. The
results show that repairs with one layer of CFRP sheets that
were 0% (i.e., non-prestressed), 20, or 30% prestressed
restored the fatigue stiffness of the beams with low (0-5%),
medium (5-10%), and high (10-20%) corrosion degrees to a
level nearly equal to that of the uncorroded beams.

Figure 8 shows the stiffness degradation versus the num-
ber of cycles for the beams with 15% corrosion. Comparing
the strengthened and unstrengthened beams, the stiffness
degradation rates were 0.43 times higher at the 0.45 load
level, 0.80 times higher at the 0.50 load level, 1.35 times
higher at the 0.55 load level, and 1.97 times higher at the
0.60 load level for the beams with 20%-prestressed CFRP
flexural sheets; furthermore, the stiffness degradation rates
were 0.06 times higher at the 0.45 load level, 0.17 times
higher at the 0.5 load level, 0.37 times higher at the 0.55
load level, and 0.65 times higher at the 0.60 load level for
the beams with 30%-prestressed CFRP flexural sheets. The
stiffness of the beams with the 0.60 load level strengthened
with one layer of 20%-prestressed CFRP sheets after cyclic
loading was still less than that of the uncorroded control
beam. These results indicate that the load level significantly
affected the fatigue stiffness degradation of the beams. The
loss of stiffness is exaggerated when corrosion is combined
with fatigue loading.

The change in stiffness is related to the opening and
propagation of flexural cracks, which implies a relative slip
between the concrete, steel reinforcement, and the CFRP
sheet as well as fatigue damage of the constituent materials
and tensile failure of the concrete. The prestress in the CFRP
sheets is the primary reason for the increase in stiffness
because prestressed CFRP sheets confine the tensioned face
of the beams, reduce the widening of flexural cracks and
delay the damage evolution of the steel bars during fatigue
cyclic loading.

3.5 Post-Fatigue Ultimate Strength

The ultimate strength after each fatigue loading cycle was
calculated to provide a quantitative measure of the capacity
degradation of the beams. The obtained strength values were
normalized with respect to the initial ultimate strength of the
uncorroded control beam before fatigue loading was applied,
as shown in Fig. 9. Compared to the uncorroded RC beam,
the initial capacity of the corroded beams with 10.0% cor-
rosion at the 0.55 load level increased by 52.0, 56 and 57.0%
with the 0-, 20-, and 30%-prestressed CFRP sheets,
respectively; however, the strength degradation rates of the
beams with one layer of non-prestressed CFRP flexural
sheets were still less than that of the uncorroded control
beam. The beams with 15.0% corrosion at the 0.60 load
level showed similar trends. The beams with a low corrosion
degree that were strengthened with one layer of non-pre-
stressed CFRP sheets restored the strength degradation rate
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Fig. 8 Normalized stiffness degradation versus number of
cycles: a 0.45 load level, b 0.5 load level, ¢ 0.55 load
level, and d 0.60 load level.

to a level approximately equal to that of the uncorroded
beams. Using the 20- and 30%-prestressed CFRP sheets to
repair the beams with 15 and 20% corrosion, respectively,
restored the ultimate strength to that of the uncorroded
beams. The initial capacity of the beams with prestressed
CFRP sheets was more than 4-5% greater that of the beams
with non-prestressed CFRP sheets, which could be attributed
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to the compressive prestress action in the beams provided by
the prestressed CFRP sheets. These results indicated that the
steel bar corrosion reduced the initial capacity and signifi-
cantly increased the ultimate strength degradation rates of
the structure; the prestressed CFRP sheets were shown to
effectively restore the ultimate strength of the corroded
beams to that of the uncorroded beams.

4. Conclusions

An FAM based on the fatigue properties of the constituent
materials and a cross-sectional stress analysis was proposed
to assess the fatigue behavior of corroded beams strength-
ened with prestressed CFRP sheets. Based on the analysis
results, the following conclusions can be drawn:

(1) The controlling factor for the fatigue behavior of the
beam is the fatigue behavior of the corroded steel bars.
The failures of the unstrengthened beams, the beams
strengthened with non-prestressed CFRP sheets and the
beams strengthened with prestressed CFRP sheets were
caused by rupturing of the steel reinforcement.

(2) Using one layer of non-prestressed CFRP sheets to
repair beams with rebar at low corrosion degrees
increased the beam fatigue life and strength to
approximately the values of the uncorroded beams.
Using prestressed CFRP sheets restored the beam

fatigue life and strength with rebar at medium and high
corrosion degrees to the values of the uncorroded
beams.

(3) Steel rebar corrosion was shown to reduce the initial
stiffness and ultimate strength and to significantly
increase the stiffness degradation rates and the ultimate
strength degradation rates of the structure. Using one
layer of non-prestressed CFRP sheets increased the
initial stiffness and strength and decreased the stiffness
degradation rates and the strength degradation rates;
however, the stiffness and strength of the CFRP-
strengthened beams after the loading cycles were still
less than the stiffness and strength of the uncorroded
control beam. Strengthening with 20- and 30%-
prestressed CFRP sheets restored the stiffness and
strength of the beams with rebar at medium and high
corrosion degrees, respectively, to the levels of the
uncorroded beams.

(4) Similar to strengthening with non-prestressed CFRP
sheets, the factors for the design of prestressed CFRP
strengthening of corroded RC beams fall in the order of
stiffness, fatigue life, fatigue strength, and ultimate

capacity.
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