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Abstract

The shear capacity of underground box culverts decreases with increasing service life.
Removing the soil above and enlarging the section are restricted. Bonded fiber-reinforced
polymer (FRP) strengthening is suitable for these conditions, but full-scale verification
remains limited. For this reason, the shear performance of a box culvert strengthened
with an FRP panel was analyzed in full-scale tests. The initial cracking load increased
to three times that of the control test unit. The deflection at the ultimate load decreased
by 50.4%. The yield load of the steel reinforcement in the wall increased by 38%. A
nonlinear finite element model predicted the initial cracking and ultimate loads with an
error of no more than 4%. A parametric study was conducted on the concrete compressive
strength, the panel thickness, and the strengthening of the haunches. As a result, the
ultimate load decreased by only 21.5% when the compressive strength was lowered from
35 MPa to 15 MPa. A thicker panel mainly increased the initial cracking load, whereas
extending the panel across the haunches increased the ultimate load by 4.6%. Bonded FRP
strengthening improves the shear performance of a box culvert and remains effective in
deteriorated concrete.

Keywords: precast concrete box culvert; bonded FRP strengthening; FRP panel; full-scale
test; finite element analysis

1. Introduction
Underground box culverts are widely used as crossing structures beneath roads and

railways. These box culverts carry both the upper soil fill and live loads [1,2]. In structures
with a long service life, the shear capacity decreases owing to material deterioration and
repeated loading. However, removing the soil above an underground box culvert is difficult
because of the facilities on the surface and the need for traffic control. In addition, the space
inside the box culvert is too limited to enlarge the section.

Bonded fiber-reinforced polymer (FRP) strengthening is suitable for these conditions
because this method reduces the inner cross-section only slightly. Strengthening methods
using FRP have been extensively verified for beam members [3–6]. Lee et al. [3] proposed
a shear strength model for RC beams strengthened with externally bonded FRP and
verified the model with the test results of 227 beams. Razaqpur et al. [7] confirmed that
the debonding load increased by 46% when an externally bonded CFRP laminate was
provided with mechanical anchorage. However, such strengthening efficiency is limited
by debonding at the bond interface. Anchorage details and plate length determine this
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limit [8,9]. The influence of anchorage conditions has also been confirmed for the near-
surface mounted (NSM) method [10]. Applications to closed sections such as tunnels
and pipelines have likewise been documented [11–13]. However, most existing studies
on FRP strengthening have addressed simply supported beams or circular sections. Full-
scale verification for a closed rigid-frame structure is limited to isolated cases such as the
strengthening of a box culvert with precast segments [14]. Although the general design
of externally bonded FRP strengthening is specified in the relevant guidelines [15,16], box
culverts are not included within the scope of these guidelines.

Studies on box culverts have focused on the transfer of earth pressure and live
load [17,18]. Garg et al. [17] measured the shear capacity of precast box culverts in full-scale
tests. Ghahremannejad and Abolmaali [18] evaluated the same capacity by finite element
analysis. The influence of haunch geometry and of internal glass FRP (GFRP) reinforcement
used in place of steel reinforcement has also been examined [19,20]. These GFRP bars are
cast into the box culvert during manufacture and are therefore restricted to new construc-
tion. For an existing box culvert, He et al. [21] inserted a glass fiber pipe and filled the gap
with grout, achieving an increase in the ultimate load of approximately 67%. This method
enlarges the section at the inner surface, whereas bonded FRP strengthening acts together
with the existing section as a single unit with almost no reduction in the inner cross-section.
Post-installed headed shear reinforcement has also been used for existing members [22],
but unlike bonded FRP strengthening attached to the inner surface, this method requires
drilling holes through the existing section. Full-scale verification of bonded FRP strength-
ening applied to a box culvert is therefore still needed. Table 1 compares this study with
previous studies on the strengthening of box culverts.

Table 1. Comparison of this study with previous studies.

Study Specimen Strengthening
Method Approach Variables

Wang et al. [14] Full-scale box culvert Precast segment liner Field load test Liner installation

He et al. [21] Box culvert Glass fiber pipe liner
with grout Test and FE analysis Liner, interface bond

This study Full-scale precast box
culvert Bonded FRP panel Test, FE analysis,

parametric study

Concrete strength,
panel thickness,

layout

The objective of this study is to evaluate the effect of bonded FRP strengthening
on the shear performance of a box culvert. This study used full-scale tests to verify the
strengthening performance of a method in which a 5-mm-thick FRP panel is bonded to
the inner surface using epoxy and anchors. Two test units were fabricated as precast box
culverts with an inner space of 2.0 m × 1.5 m. An eccentric uniformly distributed load was
applied at a distance of one effective depth from the haunch to induce shear failure. The
strengthening effect of the FRP panel was confirmed by comparing the load–displacement
relationship, the strains in the main steel reinforcement, and the crack propagation pattern
with and without strengthening. In the analysis, a three-dimensional nonlinear finite
element model based on the concrete damaged plasticity (CDP) model was constructed
from the test results, and the validity of the model was verified. Finally, a parametric
study was performed using the verified model with concrete compressive strength, panel
thickness, and strengthening method as variables.
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2. Materials and Experimental Program
To evaluate the effect of bonded FRP strengthening on the shear performance of a box

culvert, one control test unit and one strengthened test unit were fabricated from the same
concrete batch. Each test unit was a precast box culvert with an inner space of 2.0 m × 1.5 m
and a length of 1.0 m. The shape and dimensions of the test unit are presented in Figure 1.
The slab and wall thicknesses were 180 mm and 160 mm, respectively. A 200 mm haunch
was provided at each inner corner. The concrete mix was designed for a compressive
strength of 35 Mpa, and SD400 steel reinforcement was used. The material tests showed a
compressive strength of 37.3 ± 0.9 Mpa for the concrete and a yield strength of 428 ± 5 Mpa
and a tensile strength of 567 ± 10 Mpa for the steel reinforcement. Figure 2 presents the
steel reinforcement details in the front view (Figure 2a), the slab (Figure 2b), and the
wall (Figure 2c).

Figure 3 details the arrangement and dimensions of the FRP panel in the front view
(Figure 3a), the slab (Figure 3b), and the wall (Figure 3c). The panel combines structural
plies and flame-retardant plies in one stack. A 5-mm stack is the thinnest that includes
every functional ply. Coupon tests confirmed that the panel was a quasi-isotropic laminate
with an elastic modulus of 41 Gpa, a shear modulus of 18.7 Gpa, and a tensile strength of
616 Mpa. To simplify installation, the panel was fabricated as separate plates. The plates
were arranged on the bottom surface of the slab and the Inner surface of the wall.

The fabrication process of the test unit Is Illustrated In Figure 4. The steel reinforcement
was first assembled in accordance with the design drawings (Figure 4a). Strain gauges
were attached to the steel reinforcement (Figure 4b), after which the concrete was poured
and moist-cured for 28 days (Figure 4c). After curing was completed, the inner surface of
the test unit was smoothed, and the FRP panel was placed (Figure 4d). An epoxy resin with
a tensile strength of 53.8 Mpa was injected between the panel and the concrete to form the
bond interface. The epoxy layer was approximately 3 mm thick and was moist-cured for
14 days. After curing, anchors were inserted to provide mechanical anchorage for the panel
(Figure 4e). A total of 32 anchors were arranged at 400-mm intervals. The anchors were
M6 wedge anchors of the mechanical expansion type with an effective embedment depth
of 40 mm and a characteristic resistance of 6 kN. The strengthened test unit completed
through this process is presented in Figure 4f.

Figure 1. Dimensions of the precast concrete box culvert test unit.
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Figure 2. Details of precast concrete box culvert test unit.

(a) Front

Figure 3. Cont.
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Figure 3. Dimensions of bonded FRP panel.

Figure 4. Fabrication of test unit.
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Figure 5 illustrates the load and boundary conditions of the loading test (Figure 5a)
and a view of the test (Figure 5b). The test unit was placed directly on the concrete floor
of the laboratory. The test was conducted using an actuator with an axial load capacity of
2000 kN. The load was applied through a steel plate of 200 mm along the span by 1000 mm
across the full width. The center of the loaded area lay at a distance of one effective depth
from the haunch, the position that places the highest shear demand on the section. Loading
was performed under displacement control at a rate of 0.03 mm/s. Under load control,
abrupt deformation occurs immediately after the ultimate load is reached, and the post-
failure behavior is therefore difficult to capture. In contrast, displacement control maintains
a constant loading rate and allows crack propagation and the failure pattern to be observed
stage by stage. For this reason, displacement control is generally adopted for analyzing the
failure modes of concrete structures [23], and the same method was applied in this study.

(a) Load and boundary condition

Figure 5. Test set-up.
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The measurement sensors were attached at the locations indicated in Figure 6. A
linear variable differential transformer (LVDT) was installed on the bottom surface of the
slab directly beneath the loading point to measure the vertical deflection. The LVDT had
a measurement range of 100 mm and a resolution of 0.01 mm, and electrical resistance
strain gauges with a gauge length of 5 mm were used. Strain gauges were attached directly
to the steel reinforcement before the concrete was poured. In the slab, the gauges were
placed beneath the loading point, 500 mm from the outer face of the right wall. In the wall,
the gauges were placed at the right part adjacent to the loading point, 930 mm above the
base of the test unit. This height corresponds to half of the total height of the test unit
(h/2, h = 1860 mm). Two strain gauges were attached at each location, and the average
of the two readings was taken as the strain at that location. The yield load of the steel
reinforcement was taken as the load at which this strain reached the yield strain of 2000 µε.
Cracks were visually inspected and marked at each load step, and the initial cracking load
of each test unit was taken as the load at which the first crack was observed.

Figure 6. Locations of sensors on test unit.
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3. Experimental Results
The load–displacement relationships with and without the FRP panel are compared in

Figure 7. The initial cracking load of the strengthened test unit increased to three times that
of the control test unit, from 50 kN to 150 kN. As defined in Section 2, both values are the
loads at which the first crack was observed during the test. The strains in Figure 8 became
nonlinear at the same loads, and the crack patterns in Figure 9 confirm this observation. The
ultimate loads of 455.7 kN and 459.2 kN differed by only 0.8%. In contrast, the deflection
at the ultimate load of each test unit decreased by 50.4% from 13.25 mm to 6.57 mm. The
measured ultimate loads were 2.4 times the nominal strength of 188 kN, which was calcu-
lated from the slab shear equation of ACI 318-19 [24]. The nominal strength was obtained
from Vc = 0.17

√
f’cbwd with f’c = 35 MPa, bw = 1000 mm, and d = 140 mm (Vc = 140.8 kN)

and was converted to the applied load using the ratio of the support reaction to the applied
load of 0.75. The shear reinforcement was not included because the spacing of 300 mm
exceeded d/2. The ultimate loads exceeded the nominal strength because the load was
applied at a shear span-to-depth ratio of 1.0, at which the force passes to the wall through
a direct compression strut that the sectional shear equation does not consider. Given
that Ghahremannejad and Abolmaali [18] as well as Elnady et al. [20] also found shear
capacities well above the code value for concrete box culverts, the ratio of 2.4 is considered
reasonable. Overall, the FRP panel increased the initial cracking load and reduced the
deflection, whereas the ultimate load remained almost unchanged.

Figure 7. Displacement results with and without FRP panel.

Figure 8 compares the load–strain relationships at the loading point of the slab
(Figure 8a) and at the right part of the wall (Figure 8b). At the loading point of the slab
(Figure 8a), the strain of the control test unit became nonlinear at 50 kN owing to the initial
cracking of the concrete. In the strengthened test unit, slight nonlinearity owing to initial
cracking appeared at 150 kN. The nonlinearity increased at 350 kN with the propagation
of the crack at the slab–haunch junction without the panel. The strain measured at the
loading point did not reach the yield strain in either test unit. At the right part of the wall
(Figure 8b), the steel reinforcement of the control test unit reached the yield strain at 300 kN.
From 350 kN, the extension of the cracks in the wall intensified the nonlinear response.
Beyond 400 kN, the strain exceeded 20,000 µε, which indicates large plastic deformation
of the steel reinforcement before the ultimate load. In the strengthened test unit, the wall
strain deviated slightly from linearity at 150 kN owing to cracking. The yield load of the
steel reinforcement at the right part of the wall was 414 kN in the strengthened test unit,
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which is 38% higher than that of the control test unit. A distinct transition in the wall strain
occurred at the ultimate load of 459.2 kN, when the concrete at the slab–haunch junction
failed in shear. The strains of the steel reinforcement also confirmed the strengthening
effect of the FRP panel.

Figure 8. Strain results with and without FRP panel.

As shown in Figure 9, the crack patterns at 150 kN and at the ultimate load differed
between the control test unit (Figure 9a) and the strengthened test unit (Figure 9b). In
the control test unit (Figure 9a), initial cracks formed in the upper slab at 50 kN. As the
load increased to 150 kN, the cracks concentrated in the slab adjacent to the haunch and
around the haunch. A few cracks also formed on the outer face of the wall near the haunch.
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https://doi.org/10.3390/buildings16214247


Buildings 2026, 16, 4247 10 of 21

In the strengthened test unit (Figure 9b), a single fine crack was observed at 150 kN in
the unbonded region beyond the end of the FRP panel. At the ultimate load, horizontal
cracks extended across the wall of the control test unit from the outer face to the inner face.
The wall governed the failure of this test unit. In the strengthened test unit, the cracks in
the wall were limited to the region near the haunch. Diagonal cracks developed at the
junction between the upper slab and the haunch, which was cast monolithically and was
not covered by the panel. The extension of these diagonal cracks governed the failure at
459.2 kN. In the strengthened test unit, cracks were observed on the surfaces not covered
by the panel, including the side faces where the cross-section is exposed, and debonding
was checked along the panel edges. Neither rupture of the FRP panel nor cracking between
the panel and the concrete was observed. In both test units, the cracks and the failure
concentrated in the corner region around the haunch rather than spreading along the span.
The damage developed along the compression strut that carried the load directly from
the loading area near the haunch to the wall. The FRP panel suppressed cracking on the
bonded faces, whereas the ultimate load was governed by this strut and the slab–haunch
junction without the panel.

Figure 9. Crack pattern of test unit.
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4. Finite Element Analysis
The finite element model was built to reproduce the measured behavior, to complement

the single test for each condition, and to extend the results to conditions that the tests did
not cover. The model represented the strengthened test unit, including the FRP panel, the
epoxy bond interface, and the anchors, and the analytical results were compared with the
measured results of this test unit. Figure 10 presents the element configuration (Figure 10a)
and the load and boundary conditions (Figure 10b) of the constructed finite element model.
The analysis was performed using the commercial program ABAQUS [25]. The concrete
was modeled with reduced-integration solid elements (C3D8R). The steel reinforcement
was modeled with two-node truss elements (T3D2) and was embedded in the concrete
using an embedded element constraint. The FRP panel was modeled with four-node
reduced-integration shell elements (S4R). The element size was approximately 50 mm for
the concrete. Figure 11 compares the load–displacement relationships for element sizes of
50, 40, and 30 mm. The curves almost coincided up to the ultimate load, and the initial
cracking load and the ultimate load differed by less than 3% from those of the 50 mm
mesh. After the ultimate load, the load decreased slightly faster for the smaller element size
because the damage localized in a narrower band. The element size of 50 mm was adopted
considering the computational efficiency. The entire model consisted of 17,638 elements
and 20,497 nodes. The epoxy bond interface was simulated with nonlinear connector
elements linking the concrete surface and the panel. The connector elements were elastic
in compression, and the normal tension and the shear force were limited to the tensile
strength of the concrete and the bond strength, respectively, multiplied by the tributary
area of each node. The anchors were likewise placed as nonlinear connector elements at
the same locations as in the test. The boundary conditions were the same as in the test. The
contact between the test unit and the floor was modeled with nonlinear spring elements
that resist compression only. As in the test, the load was applied under displacement
control by incrementally increasing the displacement at the loading point. The stiffness
of concrete structures degrades abruptly near the ultimate load. When load control is
applied, the analysis terminates in this range, which prevents identification of the failure
mode. Displacement control maintains convergence and allows the behavior beyond the
ultimate load to be traced. Displacement control was likewise adopted by Genikomsou and
Polak [26] as well as Seręga and Kotynia [27]. Both studies analyzed the failure behavior of
concrete structures and compared the results with tests.

The material nonlinearity of the concrete was defined using the CDP model [28,29].
The compressive strength of the concrete and the yield strength of the steel reinforcement
were set to the design values of 35 MPa and 400 MPa, respectively, and the elastic modulus
of the concrete was set to 27,800 MPa from the design equation of ACI 318-19 [24]. The
CDP model has been widely applied to shear and punching analyses of reinforced concrete
members [26,27]. The dilation angle, eccentricity, ratio of the biaxial to uniaxial compressive
strength, ratio of the second stress invariants on the tensile and compressive meridians, and
viscosity parameter were 34◦, 0.1, 1.16, 0.67, and 0.000215, respectively. The compressive
stress–strain relationship followed the unconfined concrete curve of Mander et al. [30].
In accordance with the fictitious crack concept [31–33], tension softening was defined in
terms of the crack width using the bilinear curve of CEB-FIP [34,35]. The compressive
damage variable increased from zero at the peak stress to 0.92, and the tensile damage
variable was defined as a function of the crack width up to 0.90 [36–38]. The shear strength
of the epoxy bond interface was taken from the value proposed by Lu et al. [39]. The steel
reinforcement was defined as elastic–perfectly plastic. Because coupon tests confirmed that
the FRP panel was a quasi-isotropic laminate, the panel was defined as an in-plane isotropic
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elastic material that reproduces both the measured elastic modulus and the measured
shear modulus.

Figure 10. Finite element model.

Figure 12 compares the load–displacement relationships of the strengthened test unit
obtained from the test and from the analysis. The analysis predicted an initial cracking
load of 154.0 kN, 2.7% above the measured value of 150 kN. The predicted ultimate load of
474.1 kN exceeded the measured 459.2 kN by 3.2%. Over the entire range, the analytical
load exceeded the measured load by 3.0% on average. The boundary and connection
conditions of the analytical model were stiffer than the actual conditions of the test unit,
which explains the higher analytical load. The model predicted the initial cracking load
and the ultimate load within 4% and is considered suitable for predicting the behavior of a
box culvert with bonded FRP strengthening.
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Figure 11. Load–displacement relationships according to element size.

Figure 12. Load–displacement comparison between experimental results and finite element analysis.

The tensile damage distribution of the finite element model at each load stage is
visualized in Figure 13. Figure 13a is the stage at the initial cracking load (154.0 kN). At
this stage, the tensile damage was limited to the bottom surface of the upper slab and
to the slab–haunch junction. At the ultimate load of 474.1 kN (Figure 13b), the damage
extended along the bottom surface of the upper slab near the haunch and appeared on the
outer face of the wall. In the final damage pattern (Figure 13c), high damage concentrated
in a diagonal band between the loading area and the haunch. The damage on the outer
face of the wall also increased, whereas the slab beyond the loading area remained almost
undamaged. These results confirm that the model captures the failure mechanism of a box
culvert with bonded FRP strengthening, including the location of the critical diagonal crack.
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(a) Initial cracking load (154.0 kN) 

 
(b) Ultimate load (474.1 kN) 

 
(c) Final damage pattern 

Figure 13. Damage pattern predicted by finite element model.
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5. Parametric Study
In the parametric study, the verified finite element model was used to examine the

concrete compressive strength, the FRP panel thickness, and the strengthening method.
The elastic modulus, tensile strength, and fracture energy were scaled with the compressive
strength in accordance with ACI 318-19 [24] and the fib Model Code 2010 [35]. The
properties of the steel reinforcement and the bond between the reinforcement and the
concrete were kept constant. The lower bound of 15 MPa lies below the minimum substrate
strength of 17 MPa specified in ACI 440.2R-17 [15] and was included as a parametric
boundary. The panel thickness was increased from the tested 5 mm to 20 mm. The
strengthening method was examined for the three cases in Table 2: the tested arrangement
(case A), the panel extended across the upper haunches (case B), and the midspan gap also
filled (case C). The reference case corresponded to the test unit (fck = 35 MPa, t = 5 mm,
case A). In Figures 14b, 15b and 16b, the load variation on the vertical axis is the change in
the initial cracking load or the ultimate load relative to the reference case, expressed as a
percentage of the reference value. A positive value indicates an increase, and a negative
value indicates a decrease. The same finite element model verified against the strengthened
test unit was used in all cases. Only the examined variable was changed in each case, and
the mesh, the boundary and loading conditions, the bond and anchor models, and the
remaining material properties were kept identical to those of the verified model.

Table 2. Strengthening method of each case.

Case Strengthening Location Bonded Area (m2) Schematic

A Slab (400 mm gap at
midspan) + Wall 2.61

B Slab (400 mm gap at
midspan) + Wall + Haunch 2.98

C Slab + Wall + Haunch 3.37

The compressive strength was varied from 15 MPa to 35 MPa in 5 MPa steps with
the panel thickness fixed at 5 mm. As shown in Figure 14a, lowering the compressive
strength from 35 MPa to 15 MPa decreased the initial cracking load by 25.2% and the
ultimate load by 21.5%. Figure 14b compares the reductions in the initial cracking load
and the ultimate load with the reduction predicted by the design equations. The vertical
axis gives the load variation relative to the reference case of 35 MPa and is reversed, so
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that a larger reduction appears as a taller bar. In ACI 318-19 [24], the modulus of rupture
associated with the initial cracking load and the concrete contribution to the shear strength
associated with the ultimate load are both proportional to

√
fck. These equations predict a

reduction of 34.5% in both the initial cracking load and the ultimate load over the same
range. At each strength, the bar for the design equations gives the reduction predicted
from the square root of the compressive strength. A bar for the initial cracking load or the
ultimate load that is shorter than this bar indicates a smaller reduction than the prediction.
Both loads fell below this prediction at every strength. The difference from the prediction
increased as the compressive strength decreased (Figure 14b). Because the properties of
the steel reinforcement and the FRP panel are independent of the compressive strength,
these components limited the reduction in both loads. According to Chen and Teng [40],
the bond-controlled strengthening capacity of externally bonded FRP also decreases less
than the design equations predict as the compressive strength decreases. Therefore, the
contribution of the FRP panel was maintained in deteriorated concrete.

Figure 14. Analysis results according to concrete compressive strength.
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Figure 15. Analysis results according to FRP panel thickness.

The load–displacement relationships for panel thicknesses from 5 mm to 20 mm in
5 mm steps are presented in Figure 15a. A 20 mm panel gave an initial cracking load
12.6% higher than that of the 5 mm panel. The effect on the ultimate load was limited
to 1.6%. Figure 15b presents the load variation relative to the 5 mm panel, which is the
gain in each load from the additional thickness. The initial cracking load increased by
5.9%, 10.0%, and 12.6% at 10, 15, and 20 mm (Figure 15b), so the gain from each additional
5 mm became smaller. A thicker panel carries more tension on the inner face of the section
and increases the load needed to crack that face. The ultimate load was governed by the
diagonal cracking along the compression strut at the slab–haunch junction without the
panel, which the thicker panel did not cover. The panel thickness governs the cracking
resistance of the box culvert rather than the ultimate load.
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Figure 16. Analysis results according to strengthening method.

Figure 16a presents the load–displacement relationships of the three strengthening
cases. Figure 16b compares the initial cracking load and the ultimate load of each case with
those of case A. Case B increased the initial cracking load by 8.1% and the ultimate load by
4.6%. Relative to case B, case C had 13% more bonded area but increased the ultimate load
by 0.4% and decreased the initial cracking load by 5.3%. Case B covered the slab–haunch
junction left without the panel in case A, where the critical diagonal crack formed in the
strengthened test unit and in the analysis. The panel bonded across the haunch provides an
additional tension path around the corner. Case C added bonded area at midspan, where
the slab of the reference model remained almost undamaged. A similar increase in bonded
area increased the ultimate load by 4.6% when the panel was extended across the haunches
(case B) but by 0.4% when the midspan gap was filled (case C). The location of the FRP
panel had a greater effect on the ultimate load than the panel thickness or the bonded area.
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6. Conclusions
In this study, shear tests were conducted on full-scale precast box culverts with and

without bonded FRP strengthening. A three-dimensional nonlinear finite element model
based on the concrete damaged plasticity model was constructed and verified. A parametric
study was performed on three variables: the concrete compressive strength, the FRP panel
thickness, and the strengthening method. The principal conclusions of this study are
summarized as follows:

1. Shear strengthening with a 5-mm-thick FRP panel increased the initial cracking load
to three times that of the control test unit, from 50 kN to 150 kN. The ultimate load
increased by only 0.8% (455.7 kN to 459.2 kN), whereas the deflection at the ultimate
load decreased by 50.4% (13.25 mm to 6.57 mm). Therefore, the FRP panel improved
the cracking resistance and the stiffness of the box culvert by restraining the tension
faces, whereas the ultimate load was governed by the compression strut at the haunch.

2. The yield load of the steel reinforcement in the wall increased by 38% from 300 kN
in the control test unit to 414 kN in the strengthened test unit. At about 350 kN, the
strain nonlinearity increased in the wall of the control test unit and in the slab of the
strengthened test unit. The control test unit failed in the wall, whereas the diago-
nal crack at the slab–haunch junction without the panel governed the failure of the
strengthened test unit without rupture or debonding of the FRP panel. Therefore, the
FRP panel delayed the yielding of the wall reinforcement, and the failure moved along
the compression strut from the wall to the slab–haunch junction without the panel.

3. The finite element model predicted the initial cracking load and the ultimate load
of the strengthened test unit with errors of 2.7% and 3.2%, respectively. The tensile
damage concentrated in a diagonal band between the loading area and the haunch, at
the location of the critical diagonal crack in the test. Therefore, the model captured
the load–displacement behavior and the failure mechanism of the box culvert with
bonded FRP strengthening.

4. A reduction in the concrete compressive strength from 35 MPa to 15 MPa decreased
the initial cracking load by 25.2% and the ultimate load by 21.5%. Both loads decreased
less than the 34.5% reduction predicted by the design equations proportional to

√
fck.

Because the properties of the steel reinforcement and the FRP panel are independent
of the compressive strength, these components limited the reduction in both loads.
Therefore, the contribution of the FRP panel was maintained in deteriorated concrete.

5. As the panel thickness increased from 5 mm to 20 mm, the initial cracking load
increased by 12.6%, whereas the ultimate load increased by only 1.6%. The gain in the
initial cracking load from each additional 5 mm decreased as the panel became thicker.
Therefore, the panel thickness governs the cracking resistance of the box culvert rather
than the ultimate load.

6. Extending the FRP panel across both upper haunches (case B) increased the initial
cracking load by 8.1% and the ultimate load by 4.6% relative to the tested arrangement
(case A). Case B covered the slab–haunch junction without the panel, where the
diagonal crack that governed the failure of the strengthened test unit formed. Filling
the midspan gap in addition to the haunches (case C) added 13% more bonded area
than case B but increased the ultimate load by only 0.4% and decreased the initial
cracking load by 5.3%. Therefore, covering the slab–haunch junction tended to be more
effective for the ultimate load than increasing the panel thickness or the bonded area.

This study is limited to one test unit for each condition and to the tested geometry
and loading arrangement without soil confinement, which excludes the axial compression
induced by the soil pressure in the field. The effects of other culvert dimensions and
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the long-term durability of the bond under moisture and temperature changes remain
to be examined.
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