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Abstract: Culverts fulfill the vital function of safely channeling water beneath railway tracks, high-
ways, and overpasses. They serve various purposes, including facilitating drainage in areas such
as watercourses, drainage zones, and regions with restricted ground-bearing capacity. Precast rein-
forced concrete (RC) box culverts are a popular choice because they are strong, durable, rigid, and
economical. However, culverts are prone to corrosion due to exposure to a range of environmental
factors and aggressive chemicals. Therefore, enhancing the design and construction of this crucial
infrastructure is imperative to effectively combat corrosion and to adhere to modern standards
of reliability and affordability. In this study, carbon fiber-reinforced polymer (CFRP) was used to
strengthen corroded culverts, with promising potential to improve safety and longevity in these
structures. This study compared the behavior of corroded RC box culverts to CFRP-strengthened
ones using the finite element method (FEM). It explored the impact of varying the damage thicknesses
owing to corrosion, ranging from 0 mm to 20 mm, on the structural performance of the box culverts.
The results showed that the CFRP model exhibited a substantial 25% increase in the capacity and
reduced the damage compared to the reference model. Moreover, a parametric study was conducted
for establishing a cost-effective design, in which numerous CFRP strip configurations were examined
for a damaged-culvert model. The results indicated that a complete CFRP sheet was most effective
for the maximum design capacity and repair effectiveness. The study’s outcomes provide valuable
insights for professionals engaged in enhancing the strength of box culverts, aiming to increase the
capacity, enhance the stability, and strengthen corroded culverts.

Keywords: culvert; strength; corrosion; damage thickness; finite element method; carbon fiber-reinforced
polymer

1. Introduction

Culverts are engineered structures designed to facilitate the passage of water beneath
roads, railways, and other forms of infrastructures typically made of concrete or masonry,
and are subjected to a variety of stresses, including bending, shear, and torsion. A culvert
plays a vital role in a drainage system by managing water flow and offering a reliable
pathway for water to pass through highway and railway embankments, effectively pre-
venting flooding [1]. Culverts come in two main varieties: flexible and rigid. Concrete
rigid culverts are made to be relatively distortion-free when subjected to bending loads.
Flexible culverts made of steel are engineered to work with the soil’s structure and transmit
loads in a special way [2]. A culvert type’s suitability is decided by how simple it is to
construct and how much drainage capacity it can accommodate. Box culvert structures are
cost-effective thanks to their exceptionally high rigidity resulting from monolithic action,
thus eliminating the need for isolated foundations. Box culverts or single-cell culverts
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are employed for smaller discharges, while larger discharges typically necessitate the use
of multi-cell or multi-bin culverts [3]. A box culverts’ top slab is designed to bear the
live loads applied by driven automobiles. Similarly, the base slab and walls are made
to withstand both the internal hydrostatic pressure and external earth pressure, respec-
tively [4]. Over time, culverts can deteriorate owing to corrosion, overloading, or other
factors. This can lead to structural failure, which can have serious consequences [5]. As
society advances, axle loads, traffic volume, and density inevitably increase, posing a
threat to the operational safety of older deteriorated culverts [6]. Hence, a rigorous and
economic performance assessment of culverts is important to mitigate risk and ensure a
safe transportation system. Culverts, being exposed to various environmental elements
and aggressive chemicals, are prone to corrosion-induced deterioration [7]. Traditional
materials such as steel and concrete are susceptible to corrosion, which can significantly
diminish the culvert’s service life and load-carrying capacity. The infiltration of water
and the presence of chloride ions exacerbate the corrosion process, necessitating effective
corrosion mitigation strategies [6]. Rectangular reinforced concrete (RC) culverts utilized in
sewage drainage systems are susceptible to rapid deterioration due to the highly corrosive
environment. This corrosion can occur through various mechanisms, including physical
erosion from sewage flow, chemical reactions with acidic sewage solutes and gases, and
biological degradation by microorganisms. These mechanisms can all lead to considerable
weakening of the culvert structure, thus reducing its cross-sectional area, compromising
the integrity of steel reinforcement, causing cracks and leaks, and ultimately shortening the
culvert’s service life [8].

A noticeable number of studies have recently been conducted on the evaluation,
experimental analysis, and numerical analysis of box culverts. Gong et al. [7] looked into
the failure mechanism of RC box culverts using experimental and numerical assessments.
The finite element method (FEM) was used by Anil and Ali [9] to verify the experimental
results obtained for a box culvert. Moradi et al. [10] concluded that FEM tools might
reasonably accurately and with less physical efforts predict the structural behavior of
culverts, confirming the experimental research done with FEM by Maximos et al. [11] and
Garg [12]. To investigate the effects of various loading situations on the slab and sides of
precast RC U-shaped box culverts, Zenagebriel et al. [13] employed both experimental and
numerical methods.

Several studies have demonstrated a substantial improvement in the load-carrying
capacity achieved through the carbon fiber-reinforced polymer (CFRP) strengthening of
culverts. Reinforcement effectively redistributes applied loads, delaying the onset of
critical failure mechanisms such as cracking and deformation [14]. Analytical models
and experimental studies displayed that CFRP retrofitting can lead to the enhanced load–
deflection behavior, enabling the culvert to withstand higher loads and traffic conditions.
The effectiveness of CFRP strengthening for culverts has been exhibited in various real-
world applications. Case studies from different geographical locations and in various
environmental conditions showed the successful implementation of CFRP to improve both
the load-carrying capacity and corrosion resistance [15].

The adoption of fiber-reinforced polymer (FRP) materials, particularly CFRP, has
garnered remarkable interest in civil engineering applications because of their outstanding
mechanical properties, corrosion resistance, and lightweight nature [16]. One significant
area of interest lies in the rehabilitation and enhancement of culverts, which are essential
components of transportation and drainage infrastructure. Al-Rifai et al. [14] found that
CFRP wrapping can increase the load-carrying capacity of culverts by up to 50%. In another
study carried out by Bakkour et al. [17], FEM was employed to examine the impact of
glass fiber-reinforced polymer (GFRP) on the model parameters of an RC box culvert.
Their findings indicated that the inclusion of GFRP led to an increase in the period and
mode shapes of the culvert, signifying an enhancement in its dynamic behavior. El-Sheikh
et al. [18] experimentally assessed the use of CFRP composites to strengthen concrete box
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culverts. The outcomes demonstrated that CFRP composites effectively improved the
load-carrying capacity and flexural stiffness of the culverts.

Hassan et al. [15] provided a summary of the findings from previous studies on the
application of FRP composites for strengthening concrete box culverts. They discussed
different types of FRP composites that have been utilized, the methods of strengthening,
and the factors affecting the effectiveness of strengthening. CFRP strengthening has shown
to considerably increase the load-carrying capacity of culverts [19]. The deterioration
of culverts over time, often attributed to factors such as traffic loading, environmental
conditions, and corrosive agents, can lead to the reduced structural integrity and compro-
mised functionality [20]. CFRP offers a potential solution to these issues by providing the
increased strength, stiffness, and corrosion resistance [18].

In summary, researchers have predominantly focused on conducting experimental
studies on box culverts, evaluating various aspects such as culvert strengthening and
capacity assessment. However, given the time and cost constraints associated with experi-
mental studies, FEM has emerged as a more widely adopted technique for the structural
analysis and improvements. The FEM Abaqus software has been widely utilized in nu-
merous studies related to culverts for design and analysis purposes [13,21–24]. In this
article, our focus is specifically on addressing the corroded area of culverts, namely the
bottom of the top slab, using CFRP, rather than the entire culvert model. This study aims
to explore the effectiveness of employing CFRP strengthening techniques, in the form of
CFRP sheets and strips, to enhance the load-carrying capacity of corroded culverts while
concurrently addressing the challenges associated with corrosion using FEM. The research
presented is anticipated to offer valuable insights for professionals involved in bolstering
the strength of box culverts, with the goal of enhancing the capacity, improving the stability,
and strengthening corroded culverts.

The idea of using CFRP strengthening techniques including CFRP sheets is common
in structural elements, such as beams and others [16,25–27]. Moon et al. [25] examined
RC beams with unidirectional/bidirectional CFRP layouts and wrapped CFRP strips.
Their analyses revealed that bidirectional CFRP provides better performance compared to
unidirectional CFRP. They also determined the favorable layout and quantity of CFRP for
beam strengthening in their study. Similarly, Tanarslan [28] performed an experimental
program to assess the effectiveness of inclined CFRP strip usage in enhancing the ultimate
shear capacity of concrete. Six beams were fabricated with shear deficiency, and various
strengthening methods were applied. Their test results indicated the increased strength
in all specimens with inclined CFRP strips, without delamination occurrence. Their study
contributes to understanding the behavior and strength of RC beams strengthened with
inclined CFRP strips. However, few studies have considered the application of CFRP in
culverts [14,29], and the benefits of this strengthening method, specifically using strips,
have yet to be fully investigated and implemented in culverts. Furthermore, the mitigation
of corrosion-affected culverts through CFRP-based retrofitting has not been previously
considered. This study uniquely assesses the effectiveness of this method in depth to
propose an efficient and cost-effective method for the improvement of the culvert structures’
performance. The entire study plan is illustrated in Figure 1.
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Figure 1. Flowchart of adopted methodology.

2. Materials and Methods
2.1. Geometric Description of Model

The numerical model was developed based on the experimental research of Maximos
et al. [11]. The chosen geometry and reinforcement detailing of the FEM model incorpo-
rated reinforcement according to the American Society of Testing and Materials (ASTM)
C1577 [30] standard for culverts. Figure 2 depicts the geometry of the box culvert along
with the steel reinforcement cage modeled in Abaqus. The specimen’s dimensions were
1220 × 2120 × 203 mm, where the long-span length and inner short lengths of the culverts
were represented by the first two dimensions, and the slab and wall thickness by the
third. The reinforcement cage was composed of bars spaced 180 mm apart with a diameter
of 10 mm.

2.2. Constitutive Modeling of Concrete and Steel

To simulate the constitutive behavior of concrete, this study employed a concrete
damage plasticity (CDP) model [31]. The material information on the culvert in the current
study [32] and the properties of steel and concrete are listed in Table 1. The CDP model
integrates the plastic behavior into the response and is a continuum-based damage model
specially proposed for concrete.
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Table 1. Material properties of culvert [32].

Material Density
(kg/m3)

Young’s
Modulus

(MPa)

Compressive
Strength (MPa)

Post-Yielding Young’s
Modulus

(MPa)

Tensile
Strength (MPa)

Poisson’s
Ratio

Concrete 2400 32,500 26.8 - 2.4 0.2

Reinforced steel 7850 200,000 450 20,000 450 0.3
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In order to define the concrete stress–strain relationship in compression, the stress σc
and inelastic strain εin

c , respectively, are utilized to denote the stress and strain values, while
dc represents the damage variable in compression, which is a function of inelastic strain
and may vary from zero (indicating a material without damage) to one (indicating a fully
damaged material). Hence, the total strain values can be transformed into inelastic strains
εin

c = εc − εel
0c, where εc is the total strain and εel

0c = σc
E0

. The damage curve’s precision is

verified by assessing the values of the plastic strain ε
pl
c .

ε
pl
c = εin

c − dc

(1 − dc)

σc

E0
(1)

The behavior of RC under tension is modeled using the post-failure tensile stress–
strain correlation of concrete. This relationship considers factors such as tension stiffening,
the interaction between steel and concrete, and strain softening. In developing this model,
the following parameters need to be defined: Young’s modulus E0, tensile stress σt, cracking
strain values εcr

t , and damage parameter values dt. The cracking strain is computed as
εcr

t = εt − εel
0t, where εel

0t =
σt
E0

. Precautionary measures should also be taken to guarantee
that the plastic strain values do not drop or turn negative as stress increases.

ε
pl
t = εcr

t − dt

(1 − dt)

σt

E0
(2)

The concrete response in uniaxial stress–strain is represented in Figure 3a, character-
ized by the progression and initiation of the compression damage until it reaches the point
of the ultimate compressive strain. The characterization of concrete and its behavior is
necessary for understanding and predicting failure mechanisms and failure loadings in
concrete structures, respectively. The CDP model characterizes damage initiation during
uniaxial compression loading, commencing promptly after loading initiation and evolving
rapidly in the ascending segment of the stress–strain curve. As loading progresses, the rate
of damage escalation increases, reaching its maximum before transitioning into the soften-
ing phase, where the rate of the damage increase diminishes. The relationship between the
damage and inelastic strain is displayed in Figure 3b and found to be in a good agreement
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with the findings from experimental studies [33]. The analytical expression for dc [34] is
given in the following:

dc = 1 − σc

E0

(
εc − ε

pl
c

) (3)Infrastructures 2024, 9, x FOR PEER REVIEW 7 of 20 
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The two-phase approach to the simulation of the uniaxial stress and strain behavior is
followed in the context of tensile loading, as depicted in Figure 3c. Phase one corresponds
to the linear elastic concrete behavior up to the point when the tensile strength is achieved.
Phase two corresponds to the propagation of the crack initiation in concrete, resulting in
a non-linear stress–strain relationship. This behavior is important in the improvement of
the design and analysis of structures of concrete, allowing for the accurate prediction of
the concrete performance under tensile loading. Figure 3d illustrates the link between the
cracking strain and the tension damage variable. The analytical expression for dt [34] is
provided below:

dt = 1 − σt

E0

(
εt − ε

pl
t

) (4)

An elastoplastic constitutive model was utilized for the simulation of steel due to its
behavior, which is characterized by both the elastic and plastic regions described by Young’s
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modulus and post-yield Young’s modulus. Figure 4 provides a pictorial representation
of the steel’s typical stress and strain behavior. The bilinear behavior indicates the plastic
phase characteristics, which exhibit the typical reinforcement relationship between the
stress and strain integrated into the model [35,36].
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The plastic flow of the material was simulated in a CDP model through flow param-
eters, which included the dilation angle (ψ), eccentricity (e), relationship between biaxial
and axial stress

(
σb0
σc0

)
, a coefficient that determines the deviatoric cross-shaped sections

(K), and viscosity parameter (µ). In this investigation, the CDP model flow parameters of
the concrete material are derived from prior research findings [37–39]. The CDP model’s
plastic flow parameters are summarized in Table 2.

Table 2. CDP model parameters [32].

Parameter Value

Ψ 40◦

E 0.1
σb0
σc0

1.16
K 0.66
µ 0.001

2.3. Modeling of Corrosion

Research has indicated that the thickness of corrosion increases over time. A study [36]
displayed that the corrosion thickness on a culvert increased over time from 0 mm during its
first several years of service to 60 mm after 32 years of service. The study established that a
steel bar deterioration model should also be considered with a concrete deterioration model
to analyze the drainage culvert performance. When steel bars corrode, the longitudinal
bars on the tension side corrode, while the bars on the compression side, longitudinal bars,
are ignored owing to their non-contact with the source of corrosion. It is assumed that
the longitudinal bars on the tension side are unaffected when the depth of corrosion is
below 30 mm (normal concrete cover thickness), when this depth is between 30 mm and
42 mm, the longitudinal bar disappears, i.e., when the longitudinal steel bar’s diameter is
included in the corrosion depth. The cross-sectional area decreases linearly with a concrete
corrosion thickness between 30 mm and 42 mm of the corrosion depth, and the steel bar’s
strength change is not considered. The deterioration of the steel bar can be influenced by
several causes in real-world situations, including the interaction between layer passivation,
the action of various chemicals, and non-ideal Fick diffusion [8,40]. Studies in the past
illustrated that the structural failure of a culvert mostly occurs after full corrosion of steel
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bars. Concrete gradually loses the strength at the location where corrosion occurs [8].
Corrosion of steel bars involves a complexity that requires simplification for analysis. In
this context, assumptions regarding steel bars are simplified. The safety of a box culvert
assumed to remain intact until the concrete cover loses its full strength and corrosion
impacts steel reinforcement, potentially leading to the strength degradation issues.

To consider the corroded area in the culvert, the thickness of the bottom portion of the
top culvert slab is considered to be damaged gradually. The thickness of the slab is then
reduced to demonstrate the decrease in the strength of the culvert. After the thickness of
the slab has been corroded, CFRP is applied to that location, and the regained strength is
recorded. This reduction in the thickness in the culvert slab usually occurs within the first
5 to 10 years, and if CFRP is applied to corroded culverts that are 5 to 10 years old, it can
increase the service life and strength of the culverts. However, the operational challenges
associated with applying CFRP to older culverts, particularly those already in place, may
not be economically feasible. Therefore, the advantage of applying CFRP in new culverts
to enhance their durability and longevity from the outset is deemed more practical.

2.4. Constitutive Modeling of CFRP

CFRP is a composite material consisting of carbon fibers embedded in a polymer
matrix. In this study, carbon fiber reinforcement is combined with an epoxy resin as the
polymer matrix to create CFRP [41]. The use of epoxy resin as the polymer matrix ensures
strong adhesion between the carbon fibers and the surrounding material, enhancing the
mechanical properties and durability of the composite. The utilization of FEM techniques
for CFRP modeling holds immense significance in understanding the mechanical behavior
of these composites under various loading conditions. Abaqus provides a variety of
material models for CFRP, including orthotropic elastic, plastic, lamina, and damage
models. These models can be employed to simulate the behavior of CFRP structures under
a variety of loading conditions. In this research, lamina elastic modeling with a CFRP
thickness of 0.25 mm was used, and the Hashin damage criteria were studied for each model.
The Hashin damage is a progressive damage model that can be utilized to simulate the
failure of CFRP structures. The model is based on the work of Hashin [42], who developed
a framework for predicting the failure of composite materials. Table 3 shows the material
properties employed for CFRP modeling, as taken from the literature [41,43,44]. Tables 4
and 5 present the Hashin damage and Hashin damage evolution (energy), respectively, for
CFRP. E1, E2, and G12 are the material properties of undamped status, and u12 is Poisson’s
ratio. E3, G13, and G23 are the elastic modulus of the interface [42,44]. More specifically,
G12, G23, and G13 are the shear modulus in planes 1–2, 2–3, and 1–3, respectively [42].

Table 3. Elastic properties of CFRP.

Density (t/mm3) E1 (MPa) E2 (MPa) u12 G12 (MPa) G13 (MPa) G23 (MPa)

1.56 × 10−9 130,000 8000 0.28 4500 4500 3600

Table 4. Hashin damage defined for CFRP.

Longitudinal
Tensile Strength

(MPa)

Longitudinal
Compressive

Strength (MPa)

Transverse Tensile
Strength (MPa)

Transverse
Compressive

Strength (MPa)

Longitudinal
Shear Strength

(MPa)

Transverse Shear
Strength (MPa)

2200 2200 61 130 85 40



Infrastructures 2024, 9, 82 9 of 18

Table 5. Hashin damage evolution (energy) for CFRP.

Longitudinal Tensile Fraction
Energy (mJ/mm2)

Longitudinal Compressive
Fraction Energy (mJ/mm2)

Transverse Tensile Fraction
Energy (mJ/mm2)

Transverse Compressive
Fraction Energy (mJ/mm2)

70 70 0.25 0.25

2.5. Boundary Conditions, Interactions, and Loading

The technique of embedded elements was employed to establish a bond between steel
reinforcement and concrete. This involves embedding steel cages into concrete through
the interaction module in the constraints and identifying the host element as concrete.
As a result, the rebar elements move in the same direction as the host concrete elements
due to the existence of a perfect bond between them, in accordance with the fundamental
assumption of the perfect adhesion between concrete and steel bars in RC. This technique of
modeling steel reinforcement overcomes the issue of mesh restriction that occurs in discrete
and smeared models by evaluating steel reinforcement and concrete elements separately
for the stiffness. The embedded method is highly beneficial when applied to intricate
models. However, it increases the degrees of freedom and number of nodes, leading to
longer computation times and higher costs [45]. For the interaction between concrete and
CFRP, this research work assumed a perfect bond between concrete and CFRP, following
the approach adopted in previous studies. This perfect-bond assumption allowed for the
modeling of debonding by simulating the cracking and crushing of concrete at the interface
between concrete and CFRP, as described in references [14,46].

To replicate field conditions, fixed boundary conditions were utilized to model the
bottom end of the culvert as a fixed foundation, while the remaining surfaces were con-
strained appropriately with the required boundary conditions. The model was then loaded
with several loads, incorporating traffic load, pore water pressure outside the culvert, water
pressure inside the culvert, and active earth pressure on the side walls. To produce a
surcharge, a 0.3 m layer of soil and a layer of asphalt with a thickness of 75 mm were addi-
tionally put onto the top surface of the culvert slab. These loads’ values were taken from
the literature [8,9]. The model’s loading and boundary conditions are depicted in Figure 5.
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2.6. Validation of Model and Mesh Sensitivity Analysis

A numerical model of the culvert was created in order to verify the behavior and
evaluate the effectiveness of the proposed strengthening technique. This model was
developed based on the experimental work of Maximos et al. [11]. A precast box culvert
with full-scale dimensions as per the ASTM standards [30,47] was adopted in their study.
In the experimental arrangement, a footprint plate was employed to provide a wheel
load to the top slab of the box culvert, and loading continued until structural failure
occurred. Failure was noted when cracks appeared in the side walls’ negative-moment
areas, manifesting at a load of 24.5 t or 244.65 kN.

To create the numerical model of the tested specimen, the methodologies outlined in
Sections 2.1–2.5 were followed to replicate the constitutive behavior of the materials and
incorporate the necessary modeling specifications. Figure 6 displays the tested specimen’s
numerical representation for validation of the model.
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Figure 6. Culvert model developed based on experimental work of Maximos et al. [11].

The load–deflection response of the structure was examined at the loading point for
both steel and concrete using various mesh sizes in order to perform calibration of the
model. Three-dimensional wire elements were employed to demonstrate reinforcements in
the FEM analysis, while three-dimensional solid elements were utilized for the concrete
components [13]. Three-dimensional, two-node (T3D2) elements were used to exhibit the
reinforcement components. T3D2 elements work well for modeling structures that are thin
and linear, enabling axial loading along the element without supporting perpendicular mo-
ments or forces. Conversely, continuum, 3D, and 8-node elements with reduced integration
were utilized to mesh the concrete elements (C3D8R). There are fewer integration points on
these linear brick elements, C3D8R elements, commonly adopted for the stress analysis.

In the mesh convergence analysis, different mesh sizes were employed for both con-
crete and reinforcement, including 200 mm, 100 mm, 50 mm, and 20 mm. In general, a
coarser mesh accelerates the convergence of the solution, whereas a finer mesh results in
higher processing costs but yields more accurate results. The results of the mesh conver-
gence analysis are detailed in validation of the model. Figure 7a illustrates the meshing
approach utilized in this study.
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Table 6. Results of model’s calibration.

Mesh Size (mm) Displacement
(mm)

Force
(t)Concrete Steel

20 20 4.5 23.9

50 50 4.5 24.0

100 100 3.45 27

200 200 5 35

Chosen mesh size For both steel and concrete, a mesh
size of 100 mm was utilized

Percentage error in
numerical analysis results 10

Figure 7b presents the analysis results, and Table 6 compares the ultimate load and
deflection responses for structures having different mesh sizes. Upon examination of
Table 6 and Figure 7a, it was found that setting the mesh size to 50 mm reduced the amount
of errors in the results. Additionally, results with small changes were consistently obtained
when the mesh size was smaller than 50 mm. Although the outputs were not found to be
significantly impacted by the mesh size owing to the small element size, a slightly larger
element size was chosen to decrease the computational time.

A mesh size of 100 mm was deemed optimal for both reinforcing steel and concrete
components, striking a balance between the model performance and computational effi-
ciency [48]. This mesh size offered an ultimate capacity that was similar to the results of the
experiment, with the test specimen showing a 24.5-t ultimate capacity, while FEM indicated
27-t ultimate capacity at failure.

Moreover, the crack patterns found by Maximos et al. [11] closely matched those
that the FEM model predicted, as depicted in Figure 8. Consequently, the numerical
modeling parameters signified strong correctness with the experimental findings, a 0.9 ex-
periment/FEM ratio, and a predicted error value of about 10%.



Infrastructures 2024, 9, 82 12 of 18

Infrastructures 2024, 9, x FOR PEER REVIEW 12 of 20 
 

amount of errors in the results. Additionally, results with small changes were consistently 
obtained when the mesh size was smaller than 50 mm. Although the outputs were not 
found to be significantly impacted by the mesh size owing to the small element size, a 
slightly larger element size was chosen to decrease the computational time. 

Table 6. Results of model’s calibration. 

Mesh Size (mm) Displacement  
(mm) 

Force  
(t) Concrete Steel 

20 20 4.5 23.9 
50 50 4.5 24.0 
100 100 3.45 27 
200 200 5 35 

Chosen mesh size 
For both steel and 

concrete, a mesh size of 
100 mm was utilized 

Percentage error in 
numerical analysis 

results 
10 

A mesh size of 100 mm was deemed optimal for both reinforcing steel and concrete 
components, striking a balance between the model performance and computational 
efficiency [48]. This mesh size offered an ultimate capacity that was similar to the results 
of the experiment, with the test specimen showing a 24.5-t ultimate capacity, while FEM 
indicated 27-t ultimate capacity at failure. 

Moreover, the crack patterns found by Maximos et al. [11] closely matched those that 
the FEM model predicted, as depicted in Figure 8. Consequently, the numerical modeling 
parameters signified strong correctness with the experimental findings, a 0.9 
experiment/FEM ratio, and a predicted error value of about 10%. 

 

 

Negative—moment section of wall  Positive—moment section of top slab 

Figure 8. Comparison of crack patterns between FEM and experiments conducted by Maximos
et al. [11] (figure used with publisher’s permission).

3. Results and Discussion
3.1. Comparison of CFRP-Strengthened and Reference Model

CFRP sheets were used to mitigate the issue of corrosion in box culverts. Figure 9
depicts a comparative analysis of the capacities between the reference model and models
incorporating CFRP sheets to mitigate damage caused by corrosion. The reference models,
denoted as Reference_0, Reference_5, Reference_10, Reference_15, and Reference_20, re-
spectively, represent varying degrees of damage thicknesses in the slab, ranging from 0 mm
to 20 mm. In contrast, the CFRP models, labeled CFRP_0, CFRP_5, CFRP_10, CFRP_15, and
CFRP_20, maintain the same damage thickness as the reference models but incorporate
CFRP sheets to counteract the effects of corrosion.

The results shown in Figure 10, indicated by a bar chart comparing the reference and
CFRP models, revealed a notable enhancement in the culvert capacity with the incorpora-
tion of CFRP sheets. The benefits of integrating CFRP sheets in mitigating corrosion within
box culverts are multifaceted. Firstly, CFRP sheets provide a protective layer that shields the
underlying structure from corrosive elements, thereby extending the lifespan of the culvert.
Secondly, the improved capacity offered by CFRP sheets ensures the structural integrity of
the culvert, reducing the risk of failure and associated maintenance costs. Additionally, the
use of CFRP sheets can minimize downtime for repair and maintenance, contributing to
the uninterrupted functionality and safety of transportation infrastructure. Overall, the
application of CFRP sheets illustrated a cost-effective and efficient solution for addressing
corrosion-related challenges in box culverts, ultimately enhancing their longevity and
performance. It is evident that the addition of CFRP sheets leads to a reduction in damage
and a substantial increase in the capacity, with each model experiencing approximately a
25% improvement. Table 7 displays the percentage difference in the capacity, implying the
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extent to which the capacity enhanced between the models with CFRP sheets installed at
the location of corrosion damage and the reference models without CFRP sheets.
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have corrosion levels of 5 mm, 15 mm, and 20 mm to reference models.
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Figure 10. Comparison of capacity between reference model and CFRP.

Table 7. Results of CFRP and reference models with percentage differences.

Corrosion Damage (mm)
Ultimate Capacity, Pu (kN)

Percentage Difference
Reference CFRP

0 289.66 404.64 28.42
5 285.53 415.67 31.31

10 303.22 407.61 25.61
15 303.71 405.72 25.14
20 309.86 404.78 23.45

3.2. Parametric Study of Using CFRP Stirrups

In pursuit of enhancing the design efficiency and cost-effectiveness, a thorough para-
metric study was undertaken on a reference model featuring 20 mm of slab damage to
investigate the impact of CFRP sheets on both the load capacity and damage mitigation of
the culvert system. Figure 11 meticulously delineates the various configurations of CFRP
stirrups utilized for modeling purposes. To ensure consistency, the width and spacing from
edge to edge on each stirrup were maintained at 50 mm and 55 mm, respectively, across all
the configurations.
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The comparative analysis in Figure 12 presents the outcomes of all the cases against
the original model with 20 mm of damage in the culvert slab. Moreover, a model incor-
porating a full sheet of CFRP (CFRP-20 mm) at the damaged location was included for
the comparative assessment, aiming to discern if the effectiveness of CFRP stirrups could
match that of the entire sheet.

Infrastructures 2024, 9, x FOR PEER REVIEW 16 of 20 
 

 

(c) 

 

(d) 

 
(e) 

 

(f) 

Figure 11. Configurations of CFRP: (a) Case-1; (b) Case-2; (c) Case-3; (d) Case-4; (e) Case-5; (f) Case-
6. 

The comparative analysis in Figure 12 presents the outcomes of all the cases against 
the original model with 20 mm of damage in the culvert slab. Moreover, a model 
incorporating a full sheet of CFRP (CFRP-20 mm) at the damaged location was included 
for the comparative assessment, aiming to discern if the effectiveness of CFRP stirrups 
could match that of the entire sheet. 

 

0

100

200

300

400

500

0 1 2 3 4 5 6 7

Fo
rc

e 
(k

N
)

Deflection (mm)

CFRP-20 mm Reference

Case-1 Case-2

Case-3 Case-4

Case-5 Case-6

Figure 12. Capacity and deflection comparison of different CFRP stirrups configurations to reference
model that has 20 mm of corrosion damage.



Infrastructures 2024, 9, 82 16 of 18

Upon the evaluation, it became evident that configurations 1 and 2 failed to provide
effective solutions for installing CFRP stirrups, exhibiting the comparable damage and
reduced capacity akin to the reference model. Similarly, configurations 3, 4, and 5 illustrated
marginal improvements over cases 1 and 2 but remained inadequate in withstanding the
damage incurred by the culvert slab. Configuration 6 indicated the highest capacity among
the studied cases; however, it still revealed a substantial disparity compared to the CFRP-20
mm case. Consequently, it can be deduced that the comprehensive coverage provided by a
full sheet of CFRP is imperative for ensuring the proper design and repair of culvert boxes.

An insight into our analysis results is presented to underline the significance of this
research. This study emphasizes the crucial role of integrating full CFRP sheets in culvert
design and repair efforts. This assertion is bolstered by the displayed increase in the
structural capacity and reduction in the damage observed in culverts strengthened with
full CFRP sheets compared to alternative methods. Not only do full CFRP sheets offer
comprehensive coverage, effectively mitigating damage across the entire slab, but they also
bolster the structural integrity, substantially increasing the load capacity and the resilience
against damage. Furthermore, by minimizing the need for frequent maintenance and
repairs, the utilization of full CFRP sheets promises to reduce overall lifecycle costs and
ensure the long-term sustainability of culvert infrastructures. Thus, this study recommends
the incorporation of full CFRP sheets as an indispensable strategy for optimizing the culvert
design efficiency, longevity, and performance.

4. Conclusions

In conclusion, this study effectively explored and demonstrated the positive impact of
CFRP strengthening methods on enhancing the load-carrying capacity of culverts, using
robust FEM for insightful design improvements. A representative culvert structure adher-
ing to the ASTM standards was modeled numerically to serve as a reference structure in
Abaqus. The reference model was improved utilizing CFRP sheets for enhanced design
and strength. This unique application of commonly employed strengthening methods
in previous studies was explored specifically for culvert structures. A detailed compari-
son of load–deflection curves between the reference and CFRP-strengthened models was
made to assess their ultimate load-carrying capacities. The study presented the following
concluding points.

• This research revealed the effectiveness of CFRP sheets in mitigating the effects of
corrosion, resulting in a noticeable increase in the structural capacity of box culverts.
CFRP is a promising solution for the improvement of the service life and strength of
corroded box culverts.

• CFRP strengthening depicted its potential to mitigate the effects of corrosion and
enhance the overall performance, with a remarkable 25% increase in the structural
capacity of corroded box culverts compared to those without CFRP strengthening.

• Utilizing a full CFRP sheet emerged as a crucial factor for the efficient design and
repair of deteriorated culvert boxes.

Considering the findings of this research, it would be practical to further investigate
the applicability of the proposed design-enhancement methods for designing safe and
cost-effective culverts by evaluating the effectiveness of wider-span box culverts with
exposure to seismic loads in addition to corrosion effects. Furthermore, an experimental
study on these models should also be explored to assess the environmental effects of water-
induced corrosion on CFRP strengthening methods. The influence of other FRP types on
the strengthening of corroded culverts is a crucial topic to explore.
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