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ABSTRACT

In this paper, the fatigue performance of strengthened steel plate girders with CFRP strips
was investigated using numerical models. The cracked plate girders were strengthened by
different reinforcement configurations at high damage level of web plate. The research
confirmed that the strengthening by CFRP strips leads to a significant increase in fatigue
life and a reduction in crack propagation, especially the strengthening for both flange and
web. Moreover, the study proposed V-Shape strengthening system by CFRP strips around
the crack in the web plate. Consequently, the results demonstrated that U-shape
strengthening system with prestressed CFRP has the best efficiency for fatigue
strengthening. On the other hand, the fatigue analysis based on stress life method was
performed by using S-N curve to predict the actual total fatigue life for the steel plate
girder without initial damage. Therefore, the results showed that the fatigue damage of
plate girders starts to appear at maximum loading (0.3 F). Furthermore, the load capacity
and the age at which the strengthening should start were studied as parameters. Finally, the
results concluded that an early repair for plate girders is more efficient in improving the
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fatigue performance, especially when the bridge is subjected to heavy loads.

Fatigue behavior, Cracked steel plate girders, CFRP strips, SMART crack

1 INTRODUCTION

High fatigue loads cause great stresses on the beams,
leading to the appearance of fatigue cracks that reduce
durability of beams. Therefore, it is required to repair
this damaged steel elements by using the development
strengthening methods. So, the previous research studied
this requirement of efficient repair techniques with
CFRP on fatigue life of strengthened elements as
Colombi and Fava. [1] strengthened cracked steel beams
by two layers of CFRP reinforcement to increase fatigue
life and reduce crack propagation. Besides, Colombi, et
al. [2] investigated that completely covering with CFRP
for cracked elements was more effective than partially
covering. Colombi and Fava. [3] added the studying of
strain distribution in CFRP strips and value of stress

intensity factor (SIF) at crack tip [1]. Furthermore, Kim
and Harries. [8] showed that the fatigue life of
strengthened beams was significantly affected by the
stress range while the damage propagation wasn’t
affected by the stress range up to 60% fatigue life.
Whereas, Islam, et al. [37] showed the strengthening for
beams with higher slenderness of web gave better fatigue
performance. It is found a review for Kamruzzaman, et
al. [17] used different types of CFRP reinforcement
including (HM, HS, UHM and the effect of the load
application angle with various initial crack length was
studied by Chen, et al. [16] on improving the fatigue life
of strengthened specimens with CFRP. In addition, the
number of layers was increased with used different
configuration of CFRP by Yue, et al. [18] for giving
more efficient in the strengthened crane girder. Li,
Anbang, et al. [35] showed the corrosion degree and
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CFRP stiffness affected on fatigue mode. The effect of
inclined angle of crack including (100 to 900) was
considered to study fatigue behavior of strengthened
steel plate at mixed tension and shear loading by Aljabar,
et al [26]. The objective of the study of research for
Deng, et al. [13] was giving an integrated closed-form
solution to determine the interfacial stresses of
strengthened steel beams with CFRP plates. It is found
the importance of studying the fatigue performance at
different crack length, so Hmidan, et al. [6] showed that
the effect of degree of fatigue damage for strengthened
cracked steel beams was significant on load capacity and
the repaired beams serviceability. Besides, the study at
different initial crack lengths for Yu, et al. [4] conducted
that the early strengthening with CFRP was more
efficient in pooling the total fatigue life. Furthermore,
Aljabar, et al. [27] studied the effect of inclined angle of
crack with two different damage levels to improve the
fatigue performance under mixed mode (tension & shear)
crack propagation. In addition, Yu, et al. [29] showed
that the fully coverage for crack at various initial damage
level was more effective strengthening than double sided
partially coverage for central notched steel plate. Due to
using of different FRP composite plates significantly
affected on the fatigue crack growth, Wu, et al. [5]
investigated the fatigue behavior of reinforced cracked
steel beams using different types of CFRP material
including (HM, HS) CFRP and (SW-BFRP), welded
steel plate. Besides, Jiao, et al. [24] showed that the
fatigue performance of strengthened steel beams with
CFRP plates was more improved than that of
strengthened with CFRP sheets. For predicting the
effectiveness of different CFRP configurations on the
real cracked elements, Lepretre, et al. [25] used steel
specimens including mild steel from old structures and
wrought iron plates from the dismantling of an old
riveted railway bridge. The effectiveness of
strengthening with CFRP was studied in two cases of
central notched plate and edged notched plate by Wang,
et al. [28]. Furthermore Ghafoori, et al [9] used two
mechanisms including mechanism 1 by increasing
stiffness and mechanism 2 by applying pre-stress force to
study their effect on mean stress and stress ratio.
Consequently, the strengthening by prestressed CFRP
has proven its significant efficiency in repairing cracked
steel elements, Hosseini, et al. [21] investigated fatigue
tests on strengthened steel beams by prestressed CFRP at
different pre-stress level for calculation of required
minimum pre-stressing to arrest the fatigue crack.
Besides, the effect of bonded adhesive system and un
bonded with prestressing CFRP was studied by Ghafoori,
et al. [22]. In addition to the fatigue life increased and the
fatigue crack was completely arrested at prestressing
level 20% were concluded by Ghafoori, et al. [23]. The
comparing between two strengthening system on fatigue
life including non-prestressed bonded and prestressed
unbonded was performed by Hosseini, et al. [10]. While
Deng, et al. [33] showed combining the (SMA) alloy

with (CFRP) was able to achieve the prestressed
strengthening technique. Therefore, the mechanical
clamping system was proposed by Hosseini, et al. [30] to
fix CFRP plates instead of using adhesive layer. Besides,
Yu and Wu. [19] showed that the using of mechanical
anchorage schemes for fixing the CFRP layer were
efficient in fatigue crack strengthening. In addition to the
application of extra mechanical anchorage, Yu and Wu.
[20] used two types of adhesives including (Araldite
420& Sikadur30) to compare between their efficiency.
So Teng, et all. [12] used three different lengths of CFRP
to predict the debonding failures occurred for repaired
cracked steel beams. But Zheng, et al. [31] used other
parameters including the maximum magnitude of the
applied far-field stress(cf), the interfacial stiffness(k), the
interfacial shear strength(t0) and the energy release
rate(G) to predict the size and shape of the debonding
region. Where Yashar, et al. [34] demonstrated the
fatigue crack growth affected by debonding of CFRP.
Hmidan, et al. [14, 15] predicted the correction factor
(Y) to calculate the (SIF) for strengthened cracked W-
Shape girders by using some parameters depend on the
CFRP area ratio and crack depth ratio. The fatigue
behavior influenced by the presence of CFRP
reinforcement with welded elements. So, Wu, et all. [7]
studied a negative effect of welded steel joints on the
efficiency of CFRP reinforcement in increasing fatigue
life. Besides, Wang, et all. [11] performed the fatigue test
on strengthened welded corrugated steel web with
tension flange by CFRP and shot peening at different
stress range. Also, Lewei et al. [36] demonstrated the
strengthening of butt-welded steel plates decreased stress
concentration and thus crack propagation. Previous
research focused on studying the fatigue behavior of
repaired standard rolled sections of beams with CFRP at
bottom flange only. In practice, there is a need to
simulate the fatigue behavior of the real built-up plate
girders even initially cracked or not, and strengthened or
not.

Therefore, the present study at first covered the
previous research gaps by evaluating different methods
of strengthening for bottom flange and web of cracked
steel plate girders. Moreover, parametric study was
carried out to figure out the most important parameters
that affect fatigue performance of these girders. On the
other hand, previous research also focused on studying
the improvement for the fatigue performance of damaged
steel beams using strengthening with CFRP plates.
Without measuring this improvement resulting from the
reinforcement in the fatigue performance by the original
performance of the beams without initial damage. So, the
present study carried out fatigue analysis to predict the
actual total fatigue life for the steel plate girder without
initial damage. The finite element method was used to
perform the fatigue analysis.
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2 FINITE ELEMENT MODEL
VERFICATION

In this paper, the simulation was conducted using
ANSYS workbench. The accuracy of the present finite
element models was examined by comparing with the
experimental and analytical results that performed by [1]
and [3]. The objective of finite element simulation was to
investigate the effectiveness of the reinforcement of
cracked steel beams on the fatigue performance. ANSYS
workbench is a well-known computational software for
simulation of engineering structures using finite element
method. The new version of ANSYS R19.0 implements
a new feature known as Smart Crack Growth, to perform
the analysis of the stress intensity factor (SIF), crack
propagation and number of cycles. The fatigue analysis
was performed using the Paris’ law equation under
constant amplitude loading. Based on the Paris’ law, the
fatigue lifetime was predicted according to:

da C AK™ 1)
N
where da/dN is the crack propagation rate as a function
of the number of cycles, € and m are experimental
testing constant for materials and 4K is the range of SIFs
through the life cycle. As shown in Table (1), € and =
parameters were used for the steel type S275Jo as in [3].

Table 1. Estimated fatigue crack growth
parameters for steel S275Jo.

Parameters Values
[ 2660 %107
m 3.307

2.1 Finite Element Analysis

The experimental study showed that the hydraulic
actuator test machine was used to perform the fatigue test
under constant amplitude cycling loads with different
frequencies. In addition, the load of the actuator was
distributed to the tested beams using spreader beam at
two points of loading. So, the all simulation beams were
subjected to four-point flexural loading. The un-
strengthened beams were tested under fatigue loading
range F = 6~15 kN and other beams were tested under
P = 28~70 kN with load ratio & = 0.4 which is the ratio
between the minimum load and the maximum load. The
model was conducted using a cracked steel beam (IPE
120) of steel grade S275J0 and a span length
(L=1000mm). Besides, the initial 20 mm long and 2.5
mm width crack that was created at midspan of the beam.
Then the bottom side of flange was strengthened with
one layer of CFRP strip that had 60 mm width and 800
mm length. The experimental study [1] also showed that
two identical specimens (B3 and B4) were used in the
case of reinforcement with single layer of CFRP. The
present three-dimensional finite element model included

two geometries. The first one represents the steel cross
section and the other represents the CFRP reinforcement.
These geometrics were modelled using SOLID187
element [39, 40, 41] which is a higher order 3-D, 10-
node element and well suited to model irregular meshes,
as shown in Fig.1(a). Both the steel and the CFRP
reinforcement were modelled as linear elastic isotropic
material. Besides, the properties of the model materials
were considered from [1] and [2] as shown in Table (2).

Table 2. Material properties of model geometries.

Material mo;ﬁzlsl%éPa) Poisson’s ratio
Steel 208 0.3
CFRP 210 0.3
Epoxy 45 0.3

The contact between the bottom flange and the CFRP
reinforcement was modelled using “bonded contact”
type. In this way, the material properties of the adhesive
layer were not included in the model. Debonding area
was modelled in the finite element which was assumed
to be elliptical shape based on the experimental evidence
of [1] and [2].

—w)o—

(a)
crack
web size
flange

(b)

Figure 1: (a) The 3D finite element for the geometry and
(b) debonding area close to the crack region.
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As shown in Fig.1(b), the major axis of the ellipse was
set to be equal to the width of the tension flange (&),
while the minor axis was supposed to be equal to 2a/3
where & is the crack size. The SMART used tetrahedron
mesh [39, 40, 41], as shown in Fig.2, for both the steel
beam and CFRP layer. The size of the mesh around the
crack plays a major role in performing correct simulation
for the fatigue crack growth results. Therefore, it was
necessary to carry out a special mesh around the crack.
Thus, the present study designed two forms of the mesh
around the crack. The first, a mesh around the crack tip
only as Fig.2(a) with two different mesh sizes including
coarse mesh size, fine mesh size to show the effect of
mesh size on the calculated number of cycles (N). The
second, a mesh around the entire crack region as shown
in Fig2(b) with fine mesh size. Fig. 3 shows that number
of cycles using fine mesh size in the two forms of the
mesh around the crack is closer to the counterfort
experimental results than that obtained by using the
coarse mesh size.
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Figure 2: (a) Tetrahedron mesh and detail of mesh

around the crack tip only and (b) detail of the mesh
around the entire crack region.
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Figure 3: Effect of mesh size.

While, Fig.3 shows based on number of elements that
using the fine mesh size around the crack tip only
reduces the solution time significantly and gives more
accurate results than using fine mesh around the entire
crack region. Based on the results of Fig.3, the fine
mesh size around crack tip is the best mesh to use for
this simulation of the fatigue crack growth.
Furthermore, determining the value of the maximum
crack-growth increment for the model with special
mesh around crack tip led to more precise value of the
stress intensity factor at crack tip. Consequently, the
simulation produced fatigue crack growth curves
which is very similar to that of the corresponding
experimental results.

2.2 Validation of Finite Element Analysis

From the results, it could be realized that there is a
good agreement between previous experimental,
analytical results and present finite element analysis. The
finite element model was capable to predict the crack
path which is very similar to that of the experimental one
as shown in Fig.4.

Figure 5 shows the crack propagation curves which is the
relationship between the number of cycles and the crack
length for the un-strengthened cracked steel beam. The
present finite element model shows a very good
agreement with both experimental [1] and analytical [3]
results. Figure 5 also shows that when the fatigue crack
grew to a final crack size, ag = 60 mm, the number of the
present FE cycles reached the same number of both the
experimental and the analytical cycles that were 233,500
duty cycles. In addition, Figure 6 shows the crack
propagation curves for strengthened cracked steel beam
using CFRP reinforcement layer. Thus Figure 6 shows
that the present finite element model was very close to
one of the two identical experimental specimens for [1]
that was specimen (B3) and was very similar to the
analytical results [3]. Finally, it could be concluded that
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the present 3-D finite element model can accurately
simulate the fatigue behavior.

Steel beam
fractured

000 5090 10000 (mem)
— —
25,00 75.00

Figure 4: Agreement between the FE simulation and the
experimental crack path.

60

55 | —o—Colombi and Fava, [1], (Exp.)

50 | ——Colombi and Fava, [3], (Analy.)

45t

—+—Present FE
4 F

K

Crack length, a, mm

30 f

25 F

20 Vs L L L J
0.0 0.5 1.0 15 2.0 25

No. ofcycles, N, x 105

Figure 5: The crack propagation curves for the steel
beam without CFRP under loading (P = &~15 kN).
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Figure 6: The crack propagation curves for single
reinforcement layers under (P = 28~70 kN).

3 THE PARAMETRIC STUDY

3.1 Specimens Description

The major focus of this research is on the fatigue
behavior for cracked steel plate girders repaired with
CFRP and to simulate the reality. To do so, the plate
girder was supposed to be part of a major roadway
bridge that its cross-section is shown in Fig. 7. Also, a
parametric study was carried out to investigate the main
parameters affecting the behavior of such plate girders.
In addition, the parametric study investigated different
strengthening systems using CFRP strips for both web
and bottom flange of cracked steel plate girder. The
dimensions of the plate girders were considered similar
for all the specimens. The girder had a span (L = 20 m)
with two applied point loads at (L/3 and 2L /3) as shown
in Fig.8(a). The girder cross section as shown in Fig.8(b)
was deduced from the design equations according to the
Egyptian code. All girders were notched by initial crack
with 2 mm width and initial depth (a;) equals to 0.25 of
web depth (ay = h,/4). A 2 mm tip was added to the
crack depth to generate more stress concentration to
induce the vertical fatigue crack propagation in the web.
The initial notch details are shown in Fig.8(c).
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Figure 7: Cross-section of roadway bridge.
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Figure 8: Specimen geometry: (a) beam geometry, (b)
beam section and(c) crack details (not to scale).
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3.2 Properties of Materials

All The plate girders were made of steel S355Jo, in
addition, tested mechanical properties and fatigue crack
parameters (C.m) of the steel according to [32] are
shown in Table (3). For strengthening the specimens, the
UT70-30 CFRP strips with JH-01 structural adhesive
was used. The mechanical properties of the used CFRP
strips and the adhesive material according to [18] are
shown in Table (4).

Table 3. Material mechanical property and fatigue crack
parameters of steel.

Properties Values
Elastic modulus 210 MFa
Poisson ratio 0.3
c 2x 107
m 3.605

Table 4. Material properties of CFRP strips and structural

adhesive.
Properties CFRP StructL_JraI
adhesive
Elastic modulus 245 GPa 2.50 GPa
Poisson’s ratio 0.30 0.35
Tensile strength 4306 MPa 40.96 MPa
Thickness 0.167 mm ---

3.3 Fatigue Loading

The steel plate girders were subjected to constant
amplitude cyclic load. The maximum applied load, By |
was equal to 10% of the yield load. The yield load was
calculated from vyield stress law F, = M, /Z ,based on
the properties of the deduced cross section and the
resulted moment value from the loading case for the
girder as in Fig.8(a). While the adopted loading ratio
R =Ppin/Prax = 0.1. Where it was found that this
loading ratio of 0.1 is commonly used in fatigue testing
for steel members that strengthened with CFRP. This is
for ease of comparing performance between un-
strengthened and strengthened specimens as shown in
most previous research. So, the used fatigue crack
parameters (L, m) of the steel grade in Table (3) were set
at this loading ratio as in [32].

3.4 Patch Configuration

Different configurations of the CFRP reinforcement
were proposed to study the fatigue performance of the
strengthened cracked steel plate girders. Therefore, the
parametric study proposed strengthening system using
the CFRP strips around the crack in web of cracked steel
plate girder as well as the strengthening system at bottom
flange. Four horizontal reinforcement configurations
with CFRP for both flange and web with a length 10 m

and a height up to half the depth of the web (h,, /2) were
used. First (method) configuration was made using
separate strengthening for both flange and web with
CFRP. While the second method used continuous U-
Shape strengthening for both web and flange. The third
method used U-Shape strengthening for flange only.
Finally, the last method used separate prestressed CFRP
strengthening as shown in Fig. 9. The prestressing level
of 20% of the tensile strength of CFRP according to [23,
25, 10] was applied. This prestressing level, mentioned
in most of the previous research, is the best value
because it was able to significantly reduce cyclic fatigue
crack propagation and may lead to its arrest. Besides, it
was suggested to use V-shape web-strengthening around
the crack including single and double system as well as
the bottom flange strengthening as in Fig.10. Therefore,
an opening was made through the web plate to allow the
CFRP layer to pass through it. The opening is 10 cm
away from the crack position and CFRP layer is 2.50 m
length and 25 cm width. Then, the horizontal
reinforcement configurations for both flange and web as
in Fig. 9 were added to double V-shape strengthening
around the crack as shown in Fig.11. So as to study the
influence for the application of V-shape strengthening
system around the crack with the horizontal
strengthening for both flange and web on the fatigue life
and crack growth rate.

@) ) © 0
nncovered uncovered
%‘@ = -

Figure 9: Methods of plate girder strengthening: (a)
separated strengthening for flange and web with CFRP, (b)
U-Shape strengthening for flange and web together, (c) U-
Shape strengthening for flange only and (d) separate
strengthening with prestressed CFRP.
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Figure 10: Inclined web strengthening (a) single V-shape
strengthening (b) double V-shape strengthening.

OOk & 353 Oadach e o a0 B0 Dyedhoh B s a it

Figure 11: Strengthening with combined double V-shape
strengthening around the crack and the horizontal
strengthening system.

3.5 Patch Configuration
3.5.1 Geometry and Mesh

A three-dimensional finite element model made of 3-
D SOLID187 element to simulate the model geometries.
The steel plate girders and CFRP reinforcement layer
were modelled as shown in Fig.8. In addition, the special
mesh around crack tip was used as indicated in the finite
element model verification. Crack definition and fatigue
crack growth analysis and loading.
The initial crack was defined using the singularity-based
SMART approach. Pre-meshed crack [39, 40] was
applied to define initial crack by selecting the crack
front, top and bottom faces of the crack and the crack
coordinate system. Stress intensity factor, SIF, was
defined for the fracture parameters. The number of
contours for solution was set to 10. These were indicated
to “loops” through the mesh around the crack tip that are
used to estimate SIF by integrating the crack tip region
strain energy [39, 40]. The life cycle, LC, method was
used for fatigue analysis with a maximum crack-growth
increment of 5.0 mm. The simulation was performed

under applied fatigue loading Frax = 1025 KN wjith
load ratio & = 0.1,

3.5.2 Material Model and Interface Behavior

Both the steel and the CFRP reinforcement were
modelled as linear elastic isotropic material, and their
properties are shown in Table (4). Debonding area was
modelled in the finite element which was assumed to be
elliptical shape as previously shown in the previous
section of finite element model verification.

3.5.3 Results and Discussion

In this section, the finite element study discusses
the effectiveness of strengthening by CFRP strips for
both flange and web of the cracked steel plate girders. By
comparing the fatigue behavior of un-strengthened and
strengthened steel girders using CFRP strips, the
strengthening leads to a significant increment of the
fatigue life and reduction of the crack propagation. The
strengthening for bottom flange of the cracked
specimens by CFRP strips significantly prolonged the
fatigue life by four times that for the un-strengthened
specimens as shown in Fig.12. Then, the V-shape
strengthening system was added to the bottom flange
strengthening system to add more improvement to the
fatigue performance. Therefore, the strengthening by V-
shape was presented by two configurations including
single and double layer around the crack in the web plate
of the specimens as shown in Fig.10. It was observed
that using the double V-shape strengthening of web
along with the bottom flange strengthening increased the
fatigue life by five times more than the un-strengthened
ones as shown in Fig.12.
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Whereas there is a slight improvement in the final
fatigue life of the strengthened specimens by single V-
shape system with the bottom flange strengthening
system over the one with the bottom flange strengthening
only as in Fig.12. This is probably, due to the inclination
angle of strengthening as well as the effective tensile
force of CFRP sheet for single V-shape strengthening
system that was bridging the crack opening can cover a
little part of the crack cross section. In contrast, in the
double V-shape strengthening system, the effective
tensile force can cover a larger part of the crack cross
section. Then, the horizontal strengthening for the flange
and the web together was performed by four
reinforcement configurations with CFRP as in Fig. 9.

The comparison of four reinforcement configurations
with CFRP showed that the configuration (c) was more
effective in reducing the crack length and increasing the
fatigue life than both (a) and (b) configurations as shown
in Fig.13. This is because of the fully coverage for side
faces of the bottom flange that bridge the fatigue fracture
initiation. Besides, the configuration (c) did not generate
any significant stress component at the strengthening
connection point between the web and the flange as in
configuration (b) which leads to an increased possibility
the debonding of adhesive. Moreover, the configuration
(d) that strengthened with prestressed CFRP had the best
fatigue strengthening efficiency as result prestressing can
provide higher compression stresses. Then the results
showed that the fatigue life improved by 60 times than
that of the un-strengthened specimens.

Fig.14 and Fig.15, exhibit that adding the double V-
shape system around the crack to the horizontal
strengthening systems has an insignificant improvement
of fatigue life for cracked plate girders. Furthermore, all
the results of the improvement ratio for fatigue life using
different the strengthening systems are reported in Table
(5). Based on these observations, the vertical web
strengthening for web with U-shape system is more
effective than the inclined web strengthening with V-
shape system around the crack. So that, the U-shape
strengthening system leads to more stress bridging at the
section where the crack is located. Consequently, the
widening of crack opening reduces, and fatigue life
extends.

Table 5. Improvement ratio for the fatigue life using
different strengthening systems comparing
with un-strengthened one.

Percentage
Girder type Fatigue life Increase of
fatigue life
Wlthout_ 1x10t | e
strengthening
With lower flange 3.75 % 10% 3750
only strength. sys.
With Lower flange
with single V-shape | 3.93 x 10% 393%
strength. sys.
With Lower flange
with double V-shape | 4.56 x 10* 456%
strength. sys.
With U-shape 3.49 x 10° 3390%
strength. sys.
With Prestressed 5 0
CFRP strength. sys. 3.8x 10 5700%
|
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|
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Figure 12: Fatigue crack growth results: crack propagation
curves for the bottom flange and V-shape strengthening
system.
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4 FATIGUE ANALYSIS OF INITIALLY
UNDAMAGED PLATE GIRDERS

On the other hand, the fatigue analysis based on stress
life method was performed using S-N curve that plots
nominal alternating stress (S) versus number of cycles to
failure (N) for able to predict the total actual fatigue life
for the steel plate girders without initial damage.
Consequently, the life of strengthened damaged steel
plate girders was compared to the life of initially
undamaged steel girders to predict the influence of
different configurations of the strengthening on the
improvement in the total fatigue life. Furthermore, the
fatigue analysis was conducted at various values of the
maximum load which represents a percentage of the

yield load (%) to study the effect of increasing the load
capacity on the total fatigue life. Figure 16 shows the
calculated finite element values of the fatigue damage
indicator, where, when it is greater than one it indicates
that the failure occurs before the design life is reached.
The following equation explains this fatigue damage
indicator:

Design Fatigue Life
Actual Fatigue Life

O]

Fatigue Damage =

72



In addition, Fig.16 shows that the fatigue damage occurs
at maximum moment location, and this confirms that the
suggested location of initial crack at the girder’s mid-
span was correct. Moreover, it is observed that the
fatigue damage started to appear at maximum loading

(U-EPr). However, the finite element calculations for the
life of steel girders without initial damage were produced
using log-log interpolation for the S-N curve [38].
Besides, the FE software S-N curve of the steel was
modified by the Soderberg mean stress correction
method for stress life fatigue analysis. Because the S-N
test data are often obtained from applying the fully
reversed constant amplitude cyclic loading with zero
mean stress but, the actual applied cyclic loading was
with stress ratio and thus mean stress values exist. The
following equation [38] represents the Soderberg line as:

&, T 1

S, + S, N )
Where &, is alternating stress, @y, is the mean stress, 5.
is the endurance limit of material that represents the
stress level below which the material does not fail and
can be cycled infinitely, 5, is yield strength of material,
and IV is factor of safety. The fatigue life contour as
Fig.17 shows the number of cycles that the steel girder
can withstand before fatigue failure. In addition to the
fatigue life, contour shows that in a Stress Life analysis
with constant amplitude, if the equivalent alternating
stress is lower than the lowest alternating stress defined
in the S-N curve, the life at that point is (10%) will be
used. Therefore, Fig.17 shows the maximum life cycles
are 10° and the minimum life cycles are represented by
(red region). Based on these observations, the FE
calculations confirmed that at the same maximum
loading (0.5F,) the fatigue lives are reduced comparing
with the value of design life. Moreover, Figure 18 shows
that the rate of the fatigue damage at different design
cycles, N, 500,000 and 1,000,000. The rate of change of
the fatigue damage rapidly increases for maximum
loading values greater than (0.535,). Also, Fig.19 shows
that when the maximum loading increased from (0.2F,)
to (0.7F,) the fatigue lives dramatically decreased.
Then, the life of initially undamaged steel girder was
compared to the life of strengthened girders with
different configurations of CFRP sheets at maximum
loading (0.1F,). Consequently, the results showed that
the strengthening with U-shape CFRP system improving
the life to approximately 40% of the total life of girder
without initial crack whereas, the strengthening system
with  prestressed CFRP improving the life to
approximately 60% of the total design life as shown in
Fig.20. On the other hand, when the maximum loads on
the girder are heavy, almost reaching the design load, the
fatigue behavior should be investigated. Thus, the fatigue
behavior has been studied at respectively high values of
maximum loads (0.4 F,) and (0.6F,). In addition, the age

at which the strengthening starts can affect the fatigue
behavior was also studied. So that, the damage level was
considered to obtain the best strengthening efficiency.
Two methods were herein used, in the first one, the
number of cycles, N, were computed at low damage
levels of the web plate to express the early repairing for
the damaged plate girders. While in the second method,
the number of cycles were calculated at high damage
levels of the web plate to express the late repairing for
the damaged plate girders. Figure 21 shows that the
number of cycles of un-strengthened plate girders at
maximum loading (0.4F,) significantly reduced after
damage level (0.03). Whereas Fig. 22 also shows that
number of cycles of un-strengthened plate girders at
maximum loading (0.6F,) significantly reduced after
damage level (0.02). In addition, it could be observed
that the number of cycles of un-strengthened plate
girders at high damage levels in both cases of loading
whether at (0.4F;) or (0.6F,;) was significantly reduced
as shown in Figs. 23 and 24. For strengthened specimens
at loading (0.4 F;), it was observed that the strengthening
of damaged steel plate girders with U-shape CFRP was
more efficient whether at low or at high damage levels of
web plate as shown in Figs. 25 and 27. While at
loading(0.4F,), the results showed that the strengthening
with U-shape CFRP was more efficient at low damage
levels only as shown in Figs. 26 and 28. Finally, the
results confirmed that an early repair (at a/h,; = 0.01 or
0.02) for plate girders is more effective in improving the
fatigue performance, especially when the bridge was
carrying heavy loads. So, early repair is highly
recommended. Furthermore, the Egyptian specification
recommended to inspect the bridges annually. Whereas
the finite element study showed that cracks are likely to
occur approximately after 10 years at maximum loading
(0.6F,) and load ratio (R = 0.1). Based on the Egyptian
specification the least design life is 50 years at a rate of
500,000 cycles for major roadway bridges. Thus, the
current study affirms the necessity of periodic follow-up
for the bridge inspection from the early ages of the
bridge life as shown in Fig.29. Also Fig. 29 confirms the
effectiveness of early strengthening under heavy loading
(0.6F,;) where early strengthening at a/h, = 0.01, leads
to increase of the life almost up to the design period (50
years).
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Figure 16: Finite element calculations of the fatigue damage of initially uncracked steel plate girders at various maximum

loading values.
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5 CONCLUSION

This paper discusses the fatigue performance of the
strengthened steel plate girders by using CFRP strips. On
this basis, the finite element models were conducted with
different proposed reinforcement configurations using
CFRP strips for both web and bottom flange of cracked
steel plate. In addition, some parameters were considered
to evaluate the fatigue performance such as loading
capacity and initial damage level. Consequently, the
following conclusions can be drawn from the present
study:

e The fatigue performance for the strengthened cracked
steel plate girders with CFRP strips significantly
reduces the crack propagation and extends the fatigue
life.

The fatigue life of strengthened specimen using
strengthening system for bottom flange only with
CFRP strips can be increased up to 375% over un-
strengthened girder. While adding the single V-shape
strengthening system of web along to the bottom flange
strengthening gave a slight improvement in the final
fatigue life over the one with the bottom flange
strengthening only.

However, adding the double V-shape strengthening
system of web along with the bottom flange
strengthening was more effective as, it increased the
fatigue life by 456%.

The horizontal strengthening for both flange and web
specially when U-shape strengthening system is used
for flange only improves the fatigue life by 3390%.

It is obvious that the use of prestressing with U-shape
strengthening system could achieve the best efficiency
of strengthening, as it can provide higher compression
stresses. Then the fatigue life of strengthened specimen
using an (20%) prestressed CFRP could increase by
5700%.

Based on these results, the vertical web strengthening
by U-shape system is more effective than the inclined
web strengthening by V-shape system around the
crack.

The fatigue damage of initially undamaged plate
girders starts to appear at maximum load capacity
(0.5F;). Consequently, the actual fatigue life of plate
girders is reduced comparing with the value of design
life at the same load capacity (0.35;).

At high loading (0.6F;), it is obvious that the
strengthening with U-shape CFRP was obviously
efficient at low damage levels only. So, an early repair
is recommended for plate girders especially when the
bridge is subjected to heavy loads.

6 RECOMMENDATION FOR
FUTURE WORK

The following recommendations are suggested for
future research in this area;

e The effect of various stress ratios should be
investigated.

e The influence of different environmental conditions
should be studied on the strengthening bridge steel
plate girders to find the real fatigue behavior.

¢ Investigate the effect of using CFRP sheets on fatigue
performance not only in strengthening the cracked
steel girders but also in enhancing the uncracked steel
girders.
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