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Abstract: One issue to consider while designing and constructing steel girders reinforced with
carbon fiber-reinforced polymer (CFRP) plates in bridges is debonding failure. Previous studies
showed that the parameters such as characteristics of material, load, adhesive, and CFRP plates have
an effect on the failure probability of steel girder, which is represented by the reliability index.
Therefore, this study analyzes the reliability indices of steel girders in bridges strengthened with
CFRP plates to clarify the effects of debonding failure. Debonding and strength limit states are used
to compare differences in reliability indices of different design scenarios. Strength and debonding
margin the functions for the strength limit state and debonding limit state will be established in this
study. The probability of failure is determined by a Monte Carlo simulation (MCS). It is found that
the reliability index of debonding limit state is much lower than that of the strength limit state. This
shows that the debonding failure should be considered significant in the reliability analysis of steel
bridge girders strengthened with CFRP plate.

Keywords: reliability index; steel bridge girders; adhesive layer; CFRP plate; debonding limit state;
strength limit state

1. Introduction

An increasing number of bridges are being rehabilitated using Carbon Fiber
Reinforced Polymers (CFRP), which also extends their lifetime [1,2]. The primary benefits
of utilizing CFRP plates are the project’s overall cost savings, high strength, lightweight
construction, and longevity [3]. As a direct result of this, a significant amount of work [4—
16] has been carried out to evaluate the potential applications of carbon fiber-reinforced
plastic (CFRP) in repairing, recovering, and reinforcing steel girders. Currently, the
properties of these plates have been significantly improved, especially since the CFRP
elasticity-modulus is approximately twice as high as that of structural steel. Additionally,
the stiffness can be increased dramatically by using various dimensions and strengths
[17]. The debonding of the CFRP plate ends regarded as a significant failure mode, and
its occurrence should be prevented in order to avoid an unwanted failure of the system.
The debonding strength of steel beams reinforced with CFRP plates has already been
studied in a number of studies [18,19]. Therefore, one of the most important things for the
design of CFRP-reinforced steel bridge girders is to consider the bonding between CFRP,
adhesive, and steel surfaces. In general, the adhesive layer features substantially impact
debonding occurrence. In the research carried out by Stratford and Cadei [20], a
computation was made to determine the maximum stress occurring in the adhesive layer
at the point where the specimens failed. When debonding occurs suddenly, CFRP-
strengthened steel girders lose their stiffness and strength capacity. In fact, debonding is
one of the most common failure mechanisms relating to steel bridge girders strengthened
with CFRP plates. This occurs as a result of the fact that the CFRP plate does not entirely
adhere well to the steel bridge girder. Meng Liu and Mina Dawood conducted a reliability
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analysis for steel beams reinforced with CFRP plate, considering the debonding [21]. In
this study, based on the analytical formulas most frequently used in design
recommendations, the experimental database was utilized to evaluate the modeling
uncertainty for debonding failures [21]. In addition, the Monte Carlo method was selected
as the method of choice for computing the resistance factors that were necessary to
accomplish the goal of achieving a reliability index of 3.5 over a number of different design
scenarios. The debonding of the CFRP was deemed to be a failure that caused the limit
state [21]. Delbariani-Nejad et al. examined the deboning behavior of metal-composite
adhesive junctions. For the purpose of determining the debonding growth, this study
utilized the Monte Carlo approach, as well as the first-order and second-moment
reliability methodologies. The influence of initial debonding length on debonding growth
across all modes is explored. The random variables comprising the initial debonding
length, width, and thickness are the most susceptible to debonding growth, as determined
by the results of a reliability study [22].

The experimental results of the CFRP-reinforced steel beam, as well as the usual
connection failures caused by debonding, were assessed by Ilona Szewczak and her
colleagues. The resistance factors for several design situations were then established using
a reliability study. The reliability index was also the subject of a sensitivity study to
investigate the impact of the different design parameters. By examining the relevant
reliability indices, the consequences of applying the safety factors proposed by current
design recommendations were investigated [23]. The well-known debonding models,
most frequently the Hart-Smith model [24], are utilized in the process of determining the
largest principal stress in the adhesion layer at the time of failure for the lap shear samples.
Similar analyses [20,25,26] are carried out to estimate the highest principal stresses in the
adhesion layer of the reinforced girder. The highest allowable principal stresses due to the
failure of the lap-shear coupons establish the hypothetical debonding capacity of the
reinforced beam.

In previous research [1-34], however, the influence of the adhesive layer was not
considered carefully for bridge girders, and the impact of debonding on the behavior of
bridge girders after being strengthened still needs further consideration. In addition, the
debonding effect for bridge girders reinforced by CFRP plates under dead load and live
load impact have not been considered fully. Furthermore, the reliability index has been
calculated for the strength state but not for debonding state when the strengthened design
of bridge steel girders in practical application. Hence, the reliability analysis for steel
bridge girder with CFRP plate considering debonding should be further investigated.

This paper presents the reliability analysis for steel bridge girders strengthened with
CFRP plates. Debonding and strength limit states are used to compare differences in the
reliability index of different design scenarios. The current study will consider both the
dead load and live load effects, including component dead load, truck and lane load. In
particular, the margin function for debonding limit state for the bridge girders reinforced
with CFRP plates will be formulated.

First, the strength margin function, debonding margin function, and system
reliability model will be formulated. In parallel, steel bridge girders reinforced with CFRP
plates will be designed following the AASHTO LRFD code. Then, the reliability of CFRP-
strengthened steel bridge girders by each limit state will be calculated and compared by
using a Monte Carlo simulation. Then, the system reliability index of the strengthened
girder in the strength limit state and debonding limit state will be figured out.

2. Structural Reliability Index and Limit State Function
2.1. Reliability Index
Reliability is the ability to satisfy the construction standards during the service life of

structures. It refers to the structure’s load-bearing capacity as well as its ability to
withstand wear and tear in accordance with its various levels of reliability. Human-caused
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uncertainty and natural-caused uncertainty are two of the most critical factors influencing
structural reliability.[27]. One of the best ways to show the level of these uncertainties is
the reliability index (B). In order to ensure economical and safety factors, the goal of bridge
structure design is to obtain a reliability index at the value of 3.5. Failure probability is
used as the basis for determining the reliability index (Py).

p=-0"(P) 1)

The failure probability of structure is computed for every limit state, such as ultimate
limit state, service limit state, etc. The limit state is a condition that indicates the boundary
between the safety and failure of the structure. The function of the limit state can be
written as follows:

g=R-0 (2)

where R represents the structural resistance and Q represents the structure’s load effect.
If g is not smaller than zero, the structure’s performance is satisfied; otherwise, it leads to
a lack of safety in the structures [27].

The investigation of the reliability of CFRP-reinforced bridge girders in the strength
limit state and the debonding limit state is the main subject of this research. When
designing the bridge, the strength limit state is usually used to determine bridge
components’ compression, shear, or moment capacity. On the other hand, the debonding
limit state evaluates the bonding ability of the adhesive—plate or adhesive—girder
interfaces. A comparison of these limit states will elucidate the effect of debonding on the
actual behavior of CFRP-reinforced steel girders.

2.2. Strength Limit State Function

The strength capacity of CFRP plate-reinforced steel girders will be governed by
damage of the CFRP strips when the strain at the bottom surface of the CFRP reaches its
ultimate value. Horizontal force equilibrium was confirmed by calculating the resulting
forces for the steel section and the CFRP strips based on the curvature and strain at the
bottom flange and using the relevant material models [28]. Figure 1 depicts a typical steel
girder reinforced by CFRP undergoing bending loads.
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Figure 1. Detail of loads carried by strengthened steel I-girder.

Parameters in the strength limit state function of each component are random
variables. They influence the probability of failure in the structure. This study focuses on
the parameters that affect steel bridge girders, such as the dimensions of the girders, the
CFRP-plate tensile strength, steel yield strength, dead load, live load, etc. These
parameters are random variables independent of one another and follow a normal
distribution. The following is a description of the strength limit state function:

g =R -G ®)

where
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D I D
R, :2.fy.bf.tf.[7+7]+fy.D.tw.Z+fp.bp.tp.dp 4)
O, =DC+DW +LL (5)

Substituting (4) and (5) into (3) yields:

t
g, ={2. fybf.tf.(§+%+ fy Dt 24 fp.bp.tp.dp}—(DC+DW+LL) )

Equation (6) is the strength limit state function. Where R.-the moment capacity of the
reinforced steel girder (KN.m); Qs is the bending moment due to loads (KN.m); f; is the
steel yield strength (MPa); br is the flange width of the steel girder (m); t is the flange
thickness in the steel girder (m); D is the steel girder’s web height (m); tw is the web thick-
ness of steel girder (m); f, is the CFRP tensile strength (MPa); by is the CFRP plate width
(m); tp is the CFRP plate thickness (m); dp is the lever arm between the centroids of the steel
girder and CFRP plate; DC is the bending moment due to self-weight of bridge component
(KN.m); DW is the bending moment due to wearing surface load (KN.m); LL is the bend-
ing moment due to live load.

Both live load and dead load effects contribute to the total load effect placed on the
steel girder. These loads are applied to cause stress in the girder. In detail, the self-weight
of the structure is referred to as the dead load effects (DC; DW), and components that do
not belong to the structure but often impact the bridge are considered dead loads. All
loads of these elements are considered normal random variables [23]. Live load effect (LL)
includes moving trucks and lane load on the bridge according to the AASHTO LRFD
code. The impact of loads is contingent upon a variety of criteria, such as the length of the
span, the vehicle load, the axle load, the location of the truck on the bridge, the number of
vehicles that are crossing the bridge, and the strength of the structural components [23].

2.3. Debonding Limit State Function

The debonding failure of CFRP-reinforced steel girders has a few numbers of failure
mechanisms [24,29]. Failure mechanisms that include adhesion and cohesiveness are of
particular interest. The failure mode of the adhesive, in which the failure occurs at the
connection between the adhesive and either the plate or beam. In the case of the failure
mode of the adhesive, the failure takes place inside the adhesion layer and is often deter-
mined by the level of strength possessed by the adhesion substance. It is challenging to
differentiate between these several kinds of failure. Hence, the debonding failure happens
as the maximum stress at the boned interfaces exceeds the critical value [22,28]. A function
representing the debonding limit state may be expressed,

g =R;-0; 7)

where Ru is the critical stress of the strengthened steel girder; Qu is the maximum stress at
the boned interface.

A reinforced steel girder’s critical stress is determined by the girder’s geometry and
its material characteristics. In this study, the critical stress of CFRP-strengthened steel
girders, oy, is treated as a single random variable and equals the maximum stress of adhe-
sive [25]. The maximum stress of the adhesive has a mean value of 1.3 and a standard
deviation of 0.333. These values represent the mean and standard deviation, respectively.
The resistance modeling uncertainty, &, was quantified by comparing the predicted and
measured debonding failure stresses. The resistance modeling uncertainty’s mean value
and standard deviation are 1.2 and 0.221, respectively. The critical stress of the strength-
ened steel girder can be expressed as:
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Rd = fr Oy 8)

When applying loads on a strengthened steel girder, debonding stresses occur due
to the difference in trains at the boned interfaces of the girder and CFRP plate. During the
process of computing these stresses, the deformation of both the girder and the plate was
taken into account. The end plates are often the locations where the largest debonding
stress is found [30]. The model that was established by Stratford and Cadei (2006) [20] is
utilized in this investigation for the estimation of the debonding stress in the adhesive.
This stress is affected by shear stress, 7., and peel stress, g, shown in Figure 2.

My
Steel I-girder Ta 9* Ng
_J& a
- M

Adhesive layer ———— } N

I | P
CFRP plate

Figure 2. Equilibrium between girder, adhesive, and CFRP plate.

2.3.1. Shear Stress

The following formula may be used to represent the degree of relative flexibility
shown by the girder, the adhesive, and the plate: [21]

A= L )
A
where
fi= fa 10
"G, b, (10)
1 1 z2

/> (11)

= + +
E,A, E,A, E,A+E.A,

The strain caused by improper fit varies in a quadratic manner throughout the length
of the girder.

Ag,, =Ag)+xAg +x° Az, (12)

Maximum shear stress occurs at plate ends.

1 2
T,=- | AAgy +Ag +—.Ag 13
ba~f2 [ 0 1 2 2:| ( )

where: bs is the adhesive layer width (m); ¢ is the adhesive layer thickness (m); Ga is the
adhesive layer shear-modulus (GPa); Ep is the modulus of the plate (GPa); Ay is the cross-
sectional area of CFRP plate (m?); E; is the modulus of the girder (GPa); A; is the cross-
sectional area of the girder (m?); z is the lever arm connecting the steel girder and plate’s
centroids (m); and x represents the place along the girder where an estimate is being made,
starting from the end of the CFRP plate (m).
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2.3.2. Peel Stress
The curvature caused by the lack of fit changes in a quadratic form along the girder
[21].
AY g =Al//0+x.Al//1+x2.Al//2 (14)

Maximum peel stress of adhesive layer.

o, = bl.{z.(m//z L+ G3Ae ]+ G 4 +2.4°C, (15)

4
u | %2 f a At +a,

where E. is modulus of the adhesive layer; I, is the CFRP-plate moment of inertia; Iy is the
moment of inertia of the girder; y; is moment arm between the girder centroid and the
adhesive-girder interface; Ay is the curvature at the interface between the girder and the
plate; C: and Cu are the constants of integration.

“TE b (16)
a, = ! + ! (17)
2
E, 1 B,
=y, ¥
“TE Ip+EpI (18)
g8 pp

2.3.3. Debonding Stress

Maximum debonding stress occurs at plate ends [21].

2
0y =24+ [%j 72 (19)

2.3.4. Margin Function of Debonding Limit State

By substituting Equations (8) and (19) into Equation (7), the margin function for
debonding limit state of the steel bridge girder can be obtained:

2
O-a O-a
A [7] +7; (20)

2.4. System Reliability Model

A structure’s conventional design is based on the design of its constituent parts, such
as its girders, piers, or tension elements. The fundamental criterion for all structural ele-
ments is that the load effect cannot exceed the resistance. The majority of the time, how-
ever, component-based design is not required due to redundancy and ductility. Other
components can absorb extra loads and stop failure when the load on one component gets
close to its maximum value. However, in order to solve this problem, a unique strategy
utilizing system reliability models can be applied [26]. The reliability analysis for the en-
tire reinforced girder, comprising the steel girder, CFRP, and adhesive layer, is carried out
in this work.
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A parallel system can only function if at least one of its components is successful. A
system with independent parallel components has a failure probability equal to the like-
lihood that every component would collapse. The CFRP-strengthened steel girder is a par-
allel system. Adhesive layers, CFRP plates, and steel girder are components of this system.
It means the CFRP-strengthened steel girder fails when all adhesive layers, CFRP plates,
and steel girder fail. The reliability index of the steel girder after strengthening can be
determined as follows:

Mty et
Posen = 15— ; (21)
\/01 +0) +..+0;
where i is the strength mean value of the ith element, and oi is the standard deviation of
the strength of the i element.

3. Reliability Analysis of CFRP-Strengthened Steel Girders
3.1. Statistical Characteristics

This section will investigate some steel girders strengthened by different CFRP plates
with an adhesive layer. The detail of the specimen is shown in Figure 3. The detail of the
connection is illustrated in Section A of this Figure 3, in which the steel I-girder and CFRP
plate will be connected by an adhesive layer. In this investigation, Sika® carbodur® 5512
and Sika® carbodur® H514 plates served as the primary CFRP materials, while Sikadur®-
30 was used for the adhesive layer.

@ Steel I-Girder
@ Adhesive layer

Section @ CFRP plate
A-A
—— Steel I-girder
m==-Adhesive layer
CFRP plate

Figure 3. A typical sample of CFRP-reinforced steel I-girder.

3.1.1. Steel Girders

In this study, the I-girders are made up of steel of grade 345 (AASHTO-M270M).
These girders have been designed to comply with the AASHTO LRFD code in all of its
limit states. The resistance-to-load effect ratio is set between 1.0 and 1.03 during girder
design at the strength limit condition, resulting in reliability indices of roughly 3.5. The
steel yield strength is 345 MPa, and the elastic modulus of steel is 2 x 105 MPa. There are
four steel I-girders with different span lengths shown in Tables 1 and 2. The dimensions
of these CFRP plates using Sika carbodur 512 and Sika carbodur 514 are also shown in
Tables 1 and 2, respectively. For each specimen, the dimensions of the steel girders, CFRP
plate, and adhesive are varied by the length and height of the steel girders.



Designs 2022, 6, 126

8 of 15

Table 1. The dimensions of specimens using Sika S512.

Steel Girder CFRP Plate Adhesive
Specimen Girder Girder Thickness Width of Thickness Plate  Plate Plate Thick ti};:- Adhesive
ID Length Height of Web Flange of Flange Length Width . Thickness
ness (mm) Width
(m) (mm) (mm) (mm) (mm) (m) (mm) (mm)
(mm)
A-1 9 560 15 320 18 8 320 3.0 320 2.0
B-1 18 1000 20 400 22 17 400 43 370 2.0
C-1 27 1500 22 410 24 26 410 5.5 340 2.0
D-1 36 1800 24 500 28 35 500 6.2 440 2.0

Table 2. The dimensions of specimens using Sika H514.

Steel Girder CFRP Plate Adhesive

Specimen Girder Girder Thickness W:)c:th Thickness Plate Plate Plate Adhesive Adhesive

ID Length Height of Web of Flange Length Width Thickness Width Thickness

Flange
(m) (mm) (mm) (mm) (m)  (mm) (mm) (mm) (mm)
(mm)

A-2 9 560 15 320 18 8 320 2.7 320 1.5

B-2 18 1000 20 400 22 17 400 3.8 370 1.5

C-2 27 1500 22 410 24 26 410 4.9 340 1.5

D-2 36 1800 24 500 28 35 500 5.5 440 1.5

3.1.2. CFRP Plate

In recent years, CFRP plates have become increasingly popular as a material for
strengthening constructions, particularly bridges. Because of high tensile strength, CFRP
plates are installed at the bottom of the tensile flange of steel I-girders. These plates ex-
tended almost the entire length of the girders to place the plate ends in a low-stress area,
preventing plate debonding. The specimens are manufactured using a strengthening sys-
tem produced by Sika®. The CFRP plate type Sika-carbodur S512 and Sika-carbodur H514
are used to study. Their characteristics are shown in Table 3. The tensile strength of CFRP
plates is assumed to be distributed normally in order to simplify the calculation.

Table 3. The characteristics of CFRP.

CFRP Tensile Strength (MPa) E-Modulus (GPa)
Sika® carbodur® 5512 2800 @ 1652
Sika® carbodur® H514 1500 = 300 @

2 Information provided by the manufacturer.

3.1.3. Adhesive

A connection between the CFRP plates and the bottom of the girder flange is created
with epoxy. Sikadur®-30 was chosen for this application because it satisfies the require-
ment that it possesses the necessary degree of tensile strength to bear the considerable
stress produced during loading. A study by Liu and Dawood [21] shows that in the case
of using sand-blasting surface preparation, the maximum stress, 0., of Sikadur®-30 is 56.5
MPa which fails by debonding. The contribution of the maximum stress of adhesive is
presented as a lognormal distribution [21]. The detail of the maximum stress and elastic
modulus of Sikadur is presented in Table 4.
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Table 4. The characteristics of the adhesive.

Adhesive 0. (MPa) E-Modulus (GPa)
Sikadur®-30 56.5 11.2

3.2. Structure Reliability Analysis

The most accurate results may be found using the Monte Carlo simulation, a statisti-
cal approach based on probability. In addition to this, it has the capacity to accurately
portray actual conditions and is frequently employed to validate the precision of several
other reliability analysis procedures. Because it does not place limitations on the nonlinear
characteristic, the kind of limit state function, or the distribution of the random variable,
the Monte Carlo simulation stands out among other comparable techniques [31]. This is
the primary distinction between the Monte Carlo method and similar approaches. In the
current investigation, the calculation of reliability indices is performed using this ap-
proach.

When doing an analysis of reliability, a number of random variables are first ex-
tracted using the probability density function, and then the limit state function is used to
find the point at which the structure fails. Finding out how reliable a component is simply
involves calculating the number of times it has failed. Figure 4 depicts the flow chart of
this procedure. When there are a large number of sample points, one may draw the con-
clusion that the Monte Carlo samples’ failure probability will eventually converge to the
mother failure probability [25]. Hence, there are 10 million simulations carried out for each
case to achieve an excellent numerical convergence.

[ Generate valuables J

N
v v
Resistance model Demand model
Rl (_)l
\
v

[ Pr=n(Ri=Qi)/N }

B=-@'(Py)

Figure 4. Flow chart of reliability index analysis.

The factors related to the demand model, Q;, and resistance model, R;, are random
quantities and affect the reliability indices of CFRP-strengthened steel girders. Those pa-
rameters are independent quantities and have their characteristics, including distribution
types, mean values, and standard deviations. Tables 5 and 6 provide a summary of the
statistical features that are associated with all of the design parameters, and it is presumed
that each of the parameters may be evaluated independently in terms of their statistical
significance [23].
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Table 5. The statistical characteristics of parameters.
Parameters Bias COV  Distribution
Maximum stress of adhesive layer (ov) 1.30 0.333 Lognormal
Resistance modeling uncertainty (&) 1.20 0.221 Gamma
Modulus of the adhesive layer (E1) 1.00 0.084  Lognormal
Adhesive layer thickness (t) 0.93 0.098 Lognormal
Bending moment due to self-weight (DC) 1.03 0.080 Normal
Bending moment due to wearing surface load (DW) 1.00 0.250 Normal
Bending moment due to live load (LL) Variesb Varies?® Normal
Flange width of the steel girder (b) 1.00 1.5x10°%  Normal
Steel girder’s web height (D) 1.00 15x10®°  Normal
Flange thickness of steel girder (#) 100 15x10°  Normal
Web thickness of steel girder (tv) 1.00 1.5x103 Normal
CFRP tensile strength (fy) 1.00 0.110 Normal
Steel yield strength (f,) 1.12 0.100 Lognormal
b See Table 6.
Table 6. The statistical characteristics of live load [21].
Girder Length (m) Bias COvV Distribution

9 1.43 0.12 Normal

18 1.43 0.12 Normal

27 1.42 0.12 Normal

36 1.41 0.12 Normal

4. Results and Discussion

In this section, the MATLAB program will be used to conduct an in-depth analysis
of the reliability indices of steel girders. The analysis of the reliability index of steel girder
without CFRP plate (Bo), the reliability index of debonding limit state (d), and the system
reliability index (Bst) are shown in Table 7. The detailed discussions are presented in the
below sections.

Table 7. Results of computing the reliability index of steel girder.

Specimen ID Bo Ba PBst
A-1 3.40 1.67 5.63
A-2 3.40 1.68 4.40
B-1 3.47 2.00 5.79
B-2 3.47 1.93 4.50
C-1 3.46 2.17 5.86
C-2 3.46 2.14 4.59
D-1 3.50 2.48 5.93
D-2 3.50 2.40 4.62

4.1. Reliability Indices of Strength Limit State and Debonding Limit State

The steel bridge girders are designed to adapt to different structural failure modes
following the AASHTO LRFD code. According to the results of the reliability study con-
ducted on these girders, the reliability indices of unstrengthened steel I-girders are very
near to 3.5 for each and every design scenario. This can be seen by the proximity of the
two lines in Figure 5. This indicates that these girders were designed to have a probability
of failure that is in accordance with the goal of the AASHTO LRFD code. In this code, the
resistance factors and the load are adjusted to have uniform target reliability indices of 3.5
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in all limit states. This means that the design of these girders was successful in achieving

this goal.

*

8

3 3

g

>

£

|

© 2t
[

1 1 1 1 1 1 1
A-1 A-2 B-1 B-2 C-1 C-2 D-1 D-2

Specimen ID
—<— no CFRP ................. target

Figure 5. Reliability indices of steel girder without CFRP.

Figure 6 presents the reliability indices of the debonding limit state for eight speci-
mens using the Sika 5512-CFRP plate and Sika H514-CFRP plate. Bridge steel Girders with
Sika S512-CFRP plates are represented by specimens A-1, B-1, C-1, and D-1, whereas gird-
ers with Sika S514-CFRP plates are indicated by specimens A-2, B-2, C-2, and D-2.

4
X
g 3
g
z
2
2 2
1 1 1 1 1 1 1

A-1 A-2 B-1 B-2 C-1 C-2 D-1 D-2
Specimen ID

—=&— debonding = e target

Figure 6. Reliability indices of debonding limit state.

Obviously, the reliability indices of the debonding limit state for strengthened steel
bridge girders are significantly lower than the target reliability index of 3.5. In detail, the
reliability index ranges from 1.67 to 2.48. Hence, the failure probabilities of the girders
increase significantly when considering the debonding limit state. In all cases, the debond-
ing limit state reliability indices are relatively consistent, although Sika H514 has a higher
modulus than Sika S512. As a result, the debonding failure is not significantly affected by
the features of the CFRP plate.



Designs 2022, 6, 126

12 of 15

4.2. System Reliability Index of the Strengthened Steel Bridge Girder

In general, the tensile strength of the CFRP plate has a substantial impact on the reli-
ability indices of the girders. The reliability indices of girders dramatically improve after
being strengthened with CFRP plate [26,32-34]. Figure 7 depicts the reliability indices of
specimens using Sika S512. Four types of girder lengths are explored, ranging from 9 to
18 m to 27 to 36 m. In detail, the system reliability indices are more than 5.
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Figure 7. Reliability indices of specimens using Sika S512.

Nonetheless, when debonding is taken into account, the reliability index drops sig-
nificantly. The maximum reliability index is slightly lower than 2.5, which is well below
the target reliability index of 3.5. In parallel, the system reliability indices of four speci-
mens (A-2, B-2, C-2, D-2) are higher than 4 when using a Sika H514 CFRP plate with a
tensile strength of 1500 MPa, as Figure 8 shown. In comparison, the higher strength tensile
CFRP plates that are used to reinforce the steel bridge girders result in a higher reliability
index for structure.
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Figure 8. Reliability indices of specimens using Sika H514.
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4.3. Effect of the CFRP Plate Length on the Reliability Index

Figure 9 illustrates the analysis of reliability indices for the different plate-to-girder
length ratios under considering debonding. Obviously, the reliability index is impacted
by the ratio of the length of the CFRP plate to the girder length. When the plate length-to-
girder length ratio increases, the distance from the plate ends to the girder ends decreases,
and the maximum debonding stress also reduces. Although CFRP plates of specimens
have different modulus and tensile strength, the reliability index increases as this ratio
increases, as illustrated in Figure 9. It also demonstrates how crucial the length of the
CFRP plate is to raise the reliability index of strengthened girders. When reinforcing the
bridge girder, it is essential to ensure that the length of the CFRP plate is as long as possi-
ble.
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Figure 9. Reliability indices of debonding limit state for the different length ratios.

5. Conclusions

This paper investigated the reliability analysis for steel bridge girders strengthened
with CFRP plates.The margin function for debonding limit state for steel bridge girder
reinforced with CFRP has been formulated clearly. In addition, various cases of steel
bridge girders reinforced with CFRP plate were designed following the AASHTO LRFD
code. Then, the reliability of CFRP-strengthened steel bridge girders by each limit state
has been calculated and compared by using a Monte Carlo simulation. The most
important findings obtained from this study are as follows:

e  The reliability indices for strengthened steel bridge girders are significantly lower
than the target reliability index of 3.5 when considering the debonding of the
adhesive layer. The debonding limit state has a substantially lower reliability index
than the strength limit state. Hence, debonding limit state should be carefully taken
into account when strengthening steel bridge girders using CFRP plates.

¢  When considering debonding limit state, reliability indices are relatively similar for
steel bridge girders reinforced by Sika H514 CFRP plate or Sika S512 CFRP plate.
Thus, the reliability index is not significantly affected by the features of the CFRP
plate when debonding occurs.

e  The tensile strength of the CFRP plate has a substantial impact on the reliability
indices of the girders. The higher strength tensile CFRP plates that are used to
reinforce the steel bridge girders result in a higher reliability index for the girder.

e  The length of the CFRP plate affixed to the steel bridge girder has a considerable
impact on its reliability index. As a result, it is critical to ensure that the length of the
CFRP plate is as long as possible while strengthening the bridge girder.
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