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Abstract

Impact-damaged reinforced concrete (RC) columns often experience significant reductions
in load-carrying capacity and ductility when subjected to subsequent axial loading. Car-
bon fiber-reinforced polymer (CFRP) sheets have been widely used to strengthen such
damaged columns; however, the underlying strengthening mechanism remains insuffi-
ciently understood, largely due to the difficulty of experimentally capturing the evolution
of internal damage. To address this issue, a three-dimensional (3D) meso-scale finite
element (FE) model has been developed to investigate the mechanical behavior of CFRP-
strengthened impact-damaged RC columns. The proposed model captures the evolution
of micro-damage within concrete and provides a more realistic representation of impact-
induced damage compared with conventional homogeneous models. The model was
first validated against available experimental results, showing good agreement in both
failure modes and responses. Based on the validated model, three typical strengthening
schemes, including the longitudinally applied CFRP, U-shaped CFRP, and fully wrapped
CFRP, are systematically examined in terms of failure patterns, load-carrying capacity,
stiffness, ductility, and energy dissipation. The results indicate that the fully wrapped
CFRP configuration most effectively mitigated damage in the impact-affected zone and
increased the load-carrying capacity by up to 86%. Furthermore, a quantitative evaluation
framework based on strengthening indices for axial capacity and energy dissipation is
proposed, indicating that strengthening with two CFRP layers can lead to a desirable duc-
tile failure mode within the scope of this numerical investigation. These findings provide
useful mechanistic insights into the strengthening process and offer preliminary guidance
for the rehabilitation of impact-damaged RC columns, though further validation is required
before practical implementation.

Keywords: impact-damaged columns; CFRP strengthening; CFRP sheet; mechanical
performance; meso-scale modeling

1. Introduction
Under impact loads from terrorist attacks, vehicle or vessel collisions, rockfalls, and

other hazards, reinforced concrete (RC) columns exhibit dynamic behaviors that are far

Buildings 2026, 16, 1692 https://doi.org/10.3390/buildings16091692

https://crossmark.crossref.org/dialog?doi=10.3390/buildings16091692&domain=pdf&date_stamp=2026-04-25
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0001-6894-5842
https://orcid.org/0000-0001-6789-019X
https://doi.org/10.3390/buildings16091692


Buildings 2026, 16, 1692 2 of 27

more complex than those under static loading. They are prone to inclined cracks, irre-
versible deformations, and sudden failure of critical elements, leading to unpredictable
losses [1,2]. Many existing RC columns are designed with minimal consideration of impact
effects, resulting in a growing demand for retrofitting. Strengthening columns is often more
time- and cost-effective than demolition and reconstruction.

Early strengthening methods, such as steel plate and reinforced concrete jackets, in-
creased load capacity but suffered from long construction periods and corrosion-related
issues [3]. To overcome these limitations, carbon fiber-reinforced polymer (CFRP) was
developed at UCSD Powell Labs. Its high tensile strength and corrosion resistance make it
effective for enhancing the load-carrying capacity and ductility of concrete columns [4–7].
Partially strengthened columns, however, often show only marginal improvements com-
pared with fully strengthened ones [2,8,9], and strain-rate effects, which are critical under
dynamic loading, are often neglected [10–13]. Liu and Li [14] found that CFRP improved
ultimate drift and toughness indices in corrosion-damaged RC columns under seismic
loading, although its performance is slightly lower than that of PET-600-strengthened
columns. Karayannis et al. [15] and Xu et al. [16] confirmed that CFRP effectively en-
hances the load-carrying capacity, ductility, and stiffness of damaged beam-column joints.
Studies on concrete beams indicate that increasing the number of CFRP layers further im-
proves structural capacity [17–20]. Recent studies show that CFRP confinement influences
steel–concrete bond behavior and can be effectively evaluated using machine learning and
reliability analysis [21,22].

Most of these studies remain qualitative, with limited quantitative analysis of different
CFRP strengthening strategies, especially under impact loads. Concrete, composed of
aggregates, mortar, and pores, is an inherently heterogeneous material, producing discrete
and random cracks. Most finite element (FE) models treat it as homogeneous, thereby
obscuring the mechanisms by which CFRP suppresses damage and limiting mechanistic
optimization. To address this, a three-dimensional (3D) meso-scale FE model is devel-
oped to capture micro-damage evolution and directly link CFRP confinement to both
microstructural damage suppression and macroscopic improvements in load-carrying
capacity and ductility.

FRP is a promising material for strengthening damaged RC columns, particularly
under impact. Laboratory impact testing, especially under vertical loading, is challenging,
making FE modeling essential. Previous models have ignored concrete heterogeneity
and failed to clarify the damage mechanisms of CFRP-strengthened, impact-damaged
columns. In this study, a 3D meso-scale FE model considering concrete heterogeneity
and strain-rate effects is established to realistically simulate impact damage mechanisms
and is validated against experiments. By resolving concrete at the meso-scale, this model
visualizes how CFRP confinement suppresses micro-crack initiation and propagation,
providing mechanistic insight unavailable in homogeneous models.

Three strengthening schemes, including longitudinal CFRP, U-shaped CFRP, and fully
wrapped CFRP, are investigated, and their effects on failure patterns, load-carrying capacity,
stiffness, ductility, and energy dissipation are quantitatively analyzed. This analysis estab-
lishes a causal link between CFRP confinement and observed macroscopic performance.
Finally, an evaluation framework combining axial capacity and energy dissipation indices
is proposed to translate these meso-scale insights into potential engineering guidance. By
positioning this study as a mechanistic and comparative numerical investigation, it aims to
reveal underlying damage suppression mechanisms and provide theoretical references for
future practical design applications.
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2. Finite Element Simulation Method
Before the investigation of CFRP strengthening methods on the impact behavior of RC

columns using FE, the accuracy of the FE models should be verified against experimental
data. Due to rare experimental investigation of the CFRP-strengthened damaged column
under the combined impact and axial load, the modeling of the impact process and the axial
load process should be verified separately using two types of different experiments. Hence,
test data from the literature [23–25] were selected to validate the accuracy of the FE model.
The selected specimens were subjected only to impact loads without axial compressive
loads. Additionally, test data in the literature [26,27] were selected to verify the accuracy of
the FE model of the CFRP-strengthened damaged column under axial loads.

2.1. Geometric Model

Figure 1a displays the specimen details of RC columns obtained from the literature [23].
The size and configuration of the FE model were the same as those of the experimental
column. The column had a 150 mm × 150 mm cross-section and a height of 2500 mm,
with a distance of 1800 mm between two supports. Longitudinal reinforcement bars with
a diameter of 12 mm were arranged at each corner of the cross-section. Stirrups with a
diameter of 8 mm and a spacing of 75 mm were arranged within a distance of 350 mm from
each end of the column, while the spacing of stirrups was 150 mm in the remaining region.
The hinge support at both ends of the column was used in the test. Figure 1b presents
the setup of the impact experiments, with the column placed horizontally on the device.
An axial compression of 145 kN was applied on the column end. A drop weight with a
mass of 215 kg was used to apply the impact load to the column, and its initial velocity
was 5.42 m/s.
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Figure 1. Setup of impact experiments: (a) simplified stress diagram; and (b) test setup (unit: mm).
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Concrete should be treated as a heterogeneous material due to the existence of mortar,
aggregates with different particle size, and randomly distributed pores. However, the
established concrete FE model was usually regarded as homogeneous in previous studies.
This approach ignored the influence of meso-scale heterogeneity [28]. To overcome the
limitations of homogeneous models, a 3D meso-scale FE model of the experimental column
was developed (Figure 2). Mortar and ITZ strengths were calibrated to 80% and 68% of the
concrete strength, respectively, and preliminary tests varying ITZ thickness (4–6 mm) and
aggregate volume (30–40%) showed the strength variation in less than 3%. To explore the
influence of aggregate distribution on the macro-scale responses of columns, a parametric
study was performed using three different random distributions of aggregates while
keeping other parameters constant (denoted as Sim. distribution 1, 2, and 3 in Figure 3).
The statistical results of the impact force across the three realizations are as follows: mean
value = 203.33 kN, standard deviation = 14.57 kN, and coefficient of variation (standard
deviation/mean) = 7.17%. The mean relative error between the simulations and the
experimental result is approximately 10%. While a certain degree of variability exists due
to the random aggregate arrangement, all three simulations yield impact forces within
a reasonable range. Moreover, consistent with the findings in the literature [29], the
influence of aggregate distribution on compressive strength, peak bearing capacity, and
failure path of concrete is limited. Therefore, in this model, concrete heterogeneity was
explicitly represented by random aggregate distribution (using the Monte Carlo method), a
5 mm thick interfacial transition zone (ITZ) between mortar and aggregates, and mortar
representing particles smaller than 5 mm. This configuration enabled a more realistic
simulation of impact-induced micro-damage. In this study, the 3D meso-scale finite element
model of the experimental column was developed, as shown in Figure 2. The Monte Carlo
method was adopted to generate the random distribution of aggregates. Specifically, coarse
aggregates with a volume fraction of approximately 35% were assumed to be spherical
and randomly distributed. The particle positions and sizes were generated iteratively
under constraints to prevent overlap and ensure full containment until the target volume
fraction was reached. The maximum and minimum equivalent particle size were 13 mm
and 8 mm, respectively. The fine aggregates that the particle size is smaller than 5 mm
and cement matrix were treated as mortar. This simplification reduced computational
complexity without significantly decreasing accuracy [30].

Figure 2. 3D simulation model of RC columns.
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Figure 3. Simulation analysis of aggregate distribution.

The eight-node hexahedral reduced element and beam element were used to simulate
the concrete and steel bars, respectively. The mesh size was 5 mm. Interfacial transition
zones (ITZs) between the mortar and the aggregates were modeled as an equivalent material
representing a mixture of the actual ITZ and part of the mortar, with a thickness of 5 mm,
which enabled accurate simulation of crack propagation and damage evolution under
impact. Steel bars were embedded into the concrete using the constraint “Embedded
region”. The reference point was established on each end of the model. The degree of
freedom at the right end of the column was fully restricted, while the left end of the column
was only allowed to move axially and rotate around the loading direction.

2.2. Constitutive Relationships
2.2.1. Constitutive Relationships of Concrete

The dynamic behavior of concrete under impact can be described using various
material models, such as the Holmquist–Johnson–Cook model [31], the Karagozian and
Case model [32], and the Continuous Surface Cap model [33]. However, these models
were not generally used in ABAQUS/Standard 2016 due to the not well-represented tensile
behavior of concrete or too many undetermined parameters [33]. Comparatively, the plastic
damage model, initially proposed by Lubliner et al. [34] and further improved by Lee and
Fenvens [35], was widely used in the study of the mechanical behavior of RC structures.
This model describes the plastic deformation of concrete under loads and captures the
stiffness degradation and strain softening phenomena resulting from the accumulation of
damage in concrete. The stress–strain curve of the plastic damage model under loading
is shown in Figure 4. This model assumes that the failure mode of concrete is mainly
tensile cracking and compressive failure. It adopts isotropic damage variables to describe
the stiffness degradation caused by tensile cracking and compressive failure. This model
was used to describe the mechanical behavior of both the mortar and ITZ because of their
similar microstructure compared with concrete [36]. The strength and Young’s modulus
of the mortar and ITZ were obtained from the literature [37], and the Poisson’s ratio was
determined as 0.2 [38]. Constitutive parameters of aggregate referred to Zhou et al.’s
study [38], as shown in Table 1. The stress–strain relationships of concrete are presented in
Appendix A, Equation (A1).

Under tensile and compressive loading, the damage in concrete is characterized by
two uniaxial damage variables, dc and dt. These can be calculated as shown in Appendix A,
Equations (A2) and (A3), according to the code GB 50010-2010 [39].

Thus, the stress–strain relationship formulas of the compressive (σc) and tensile (σt)
stress under a uniaxial state can be obtained when E0 is regarded as the initial elastic
stiffness, as shown in Appendix A, Equations (A4) and (A5).
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(a)  (b) 

Figure 4. Damage plastic model of concrete: (a) stress–strain curve subjected to compression; and
(b) stress–strain curve subjected to tension.

Table 1. Mechanical parameters of concrete meso-components at room temperature.

Material Parameters Aggregate [20] Mortar [37,38] ITZ [37,38]

Compressive strength f c
(MPa) / 36.0 30.0

Tensile strength f t (MPa) / 3.5 2.9
Elastic modulus Ec (GPa) 70.0 33.0 30.0

Poisson’s ratio ν 0.2 0.2 0.2
Mass density ρ [kg/m3] 2750 2400 2200

Hao et al. [40] found that concrete and steel are strain-rate-sensitive materials. The
strain rate effect of concrete primarily manifests as an increase in material strength and elas-
tic modulus with increasing strain rate. This study considers the dynamic increase factors
of the compressive strength (CDIF), tensile strength (TDIF), and elastic modulus (MDIF) of
concrete under different strain rates [41], as shown in Appendix A, Equations (A6)–(A8),
where f cm referred to the compressive strength of concrete, as shown in Figure 5.

 

Figure 5. Stress-displacement curve after failure for the tensile behavior of concrete.

2.2.2. Constitutive Relationships of Steel

The mechanical behavior of steel rebars can be described using a simplified bilinear
constitutive model because they are homogeneous materials [42]. The slope of the second
line is 0.01 times that of the first line, as shown in Figure 6. Additionally, due to their
sensitivity to the strain rate [40], Li et al. [43] concluded through the experiments that
the elastic modulus of steel bars does not change significantly with changes in strain rate.
However, their yield strength and tensile strength increase with the increasing strain rate.
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A relatively weak relationship was found between the strain sensitivity of steel bars and
their diameter. In order to accurately describe the effect of strain rate on the dynamic
properties of steel bars, the formula recommended by CEB [44] was used. The formula
reflects the impact of strain rate on the yield strength and tensile strength of steel bars. The
dynamic increasing factors for yield strength (YDIF) and tensile strength (UDIF) are shown
in Appendix A, Equations (A9) and (A10).

 

(a)  (b) 

Figure 6. Elastic–plastic model of steel rebars and dynamic increase factor for concrete and steel:
(a) elastic–plastic model of steel rebars; and (b) dynamic increase factor for concrete and steel.

2.3. Bond-Slip Relationships

When RC columns are subjected to axial loads, there is a relative slip between lon-
gitudinal steel bars and concrete. The slip affects the bond performance between them.
The slip between concrete and steel bars can be considered by introducing the bond-slip
constitutive relationship model recommended in GB 50010-2010 [39] in the FE, as presented
in Figure 7a. The characteristic points of the bond-slip relationship curve are described in
Table 2. This model involves the use of a nonlinear spring element that represents the bond
behavior between concrete and steel bars in the FE, as shown in Figure 7b.

 
(a)  (b) 

Figure 7. Evolution of bond-slip strength for concrete and steel with strain rate: (a) bond-slip
relationship curve; and (b) spring element in the FE.

Table 2. Bond-slip relationship model [43].

Control Points Splitting Points (cr) Peak Point (u) Residual Point (r)

Bond stress (N/mm2) 2.5f t,r 3f t,r f t,r
Slip (mm) 0.025d 0.04d 0.55d
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Figure 8 shows the sensitivity analysis results of CFRP–concrete bond behavior. Simu-
lations 1, 2, and 3 represent bond coefficients of 1.0, 0.7, and 0.5, corresponding to perfect,
reduced, and further reduced bond conditions, respectively. The test data in Figure 8
were obtained from the literature [26]. The variation in bond coefficients is realized by
modifying the restraint stiffness of CFRP. The perfect-bond assumption (Simulation 1)
yields the closest agreement with the experimental data, with a maximum error of less than
7% for the entire curve. When the bond coefficient is reduced to 0.7 or 0.5, the predicted
load-carrying capacity decreases significantly, and the deviation from the experimental
curve becomes substantial. Meanwhile, the comparison results between test and FE data
under impact conditions are found to have high consistency, as shown in Figure 9. This
indicates that the perfect-bond assumption is suitable for describing the CFRP–concrete
bond behavior in this study, as strict surface treatment and high-quality bonding processes
ensured that the actual interface did not undergo significant debonding or sliding.
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Figure 8. Sensitivity analysis of bond behavior between CFRP and concrete (Moshiri et al., 2015 [26]).

Figure 9. Failure patterns obtained from tests and simulations at room temperature.

3. Impact Behavior of RC Columns
3.1. Verification of Finite Element Model

Figure 9 presents failure patterns obtained from tests and simulations at room tem-
perature. It was observed that the failure pattern of the column considering the bond-slip
relationship in the FE was same as that in the test, indicating the importance of the bond-slip
relationship in the FE analysis. The bottom of steel rebars showed negligible deforma-
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tion, while concrete showed significant deformation. The reason is that Figure 9 shows
the deformation of the column at the time of the peak value of impact loads, when steel
rebars had hysteretic deformation relative to concrete. The FE model was validated using a
dual-source verification strategy based on independent experimental datasets, including
impact-damaged CFRP-strengthened RC columns and one impact-damaged RC column
without CFRP strengthening reported in refs. [23–26]. This approach eliminates the limita-
tions associated with relying on a single experiment. It also confirms the model’s reliability
for analyzing damage mechanism. In the test, the failure of RC columns occurred at the
impact location, with more severe damage at the upper part of the impact zone and only
several concrete cracks at the bottom. However, no obvious cracks were observed in other
areas. In the FE simulation, different colors represent the varying degrees of damage in
the model. Figure 9 shows that the most severe concrete damage occurred at the mid-span
due to weaker bending stiffness, and the steel bars at this location obviously bent. Three
main cracks were observed at the bottom of this location due to larger tensile force, which
were similar to the number of concrete cracks observed in the experiment. The comparison
shows that the damage location, crack distribution, and crack number of the FE model
matched the experimental results, indicating that the established FE model can accurately
simulate the failure of RC columns.

Figure 10 compares the results of physical tests and simulations at room temperature.
The test data in Figure 10a–d are from ref. [23]; those in Figure 10e,f are from ref. [24]
(specimens BP-11, C-BP-11) and ref. [25] (specimens SCI-9, WCI-135), respectively. FE
results considering the slippage of steel rebars were close to experimental results compared
with those without considering slippage. This is because slippage strongly affects the
cooperative interaction between concrete and steel bars. Thus, the FE results considering
the slippage were used to verify the test. As shown in Figure 10a,b, the impact or reaction
force evolution of the FE model was similar to that of RC columns in the experiment. The
agreement is especially good within the first 10 ms. Figure 10c shows that the mid-span
deflection evolution agreed well between the FE and the experiment. The deflection at
400 mm off mid-span showed a small error compared with the experiment. The reason is
that the bond-slip behavior between concrete and steel bars is complex and not perfectly
simulated, although the error remains reasonable. Figure 10d shows the compressive
strain curve at the top of concrete obtained from the FE. It fits well with the experiment
curve, revealing good accuracy for the FE model. As shown in Figure 10e,f, the impact
force evolution of the FE model was similar to that of the impact-damaged RC columns
strengthened with CFRP in the experiment. Overall, numerical predictions deviate less
than 5% from experiments, verifying the accuracy of the model.

3.2. Deflection and Acceleration of RC Columns After Impact

The impact tests for RC columns at room temperature were conducted in the litera-
ture [26], and some test results that could reflect the impact behavior of RC columns were
obtained, such as impact/reaction force-time curves and deflection-time curves. However,
the measured data range was not comprehensive, and some data were not obtained due to
the defects of the tests. Thus, it was necessary to obtain more data to further analyze the
impact behavior of columns.

Figure 11 shows the mid-span deflection at different impact times, and Figure 11
shows the acceleration of the specimen at different impact times. The maximum deflection
of the column was located at the mid-span (i.e., the impact location), and it monotonically
decreased with increasing distance from the mid-span, indicating the occurrence of flexural
failure of RC columns subjected to impact loads. The deflection at the mid-span of RC
columns exhibits a large difference when the impact time increases from 1.5 ms to 20 ms,
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while the deflection only slightly increases with the increase from 20 ms to 30 ms in the
impact time due to impact energy gradually consumed by the bending stiffness of the RC
column. However, the deflection values of the column at different impact times show a
relatively small difference when the distance from the mid-span exceeds 600 mm, as these
locations are close to the supports at both ends.

Figure 12 shows that downward acceleration of the specimen gradually weakens with
the increasing impact time, while the area generating acceleration expands. When impact
time exceeds 5 ms, maximum acceleration at the bottom decreases 3.17%, 15.30%, and
34.84%, respectively.
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Figure 10. Comparison between physical test and simulation at room temperature: (a) time history
for impact force; (b) time history for reaction force; (c) mid-span deflection and (d) top concrete
compressive strain; (e) time history for impact force; and (f) time history for impact force.
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Figure 12. Acceleration of specimens at different impact times (unit: mm).

4. Strengthening of Damaged Columns
4.1. Strengthening Schemes and FE Model Details

Considering that RC columns still have residual load-bearing capacity after they were
subjected to impact loads, CFRP sheets can strengthen the damaged RC columns to enhance
their flexural and shear performance. Figure 13 shows different types of CFRP-strengthened
RC columns. A longitudinal sheet, 150 mm in width and 1800 mm in length, was bonded at
the opposite side of the impact surface of the column to enhance its flexural performance,
as presented in Case A. The full sheet (i.e., the longitudinal sheet was bonded on the
four surfaces of the column) was bonded on the column to enhance its flexural and shear
performance, with the same sheet size as Case A. To save the usage of CFRP sheets, a U-strip
sheet combined with a longitudinal sheet (referred to as the U-strip sheet in the following
description) was bonded on the column to enhance its impact resistance performance, with
the longitudinal sheet enhancing bending resistance and short CFRP sheets, 50 mm in
width and 100 mm in length, for shear resistance. In the specimen ID, the first character
denotes the name of the case, and the subsequent serial numbers denote the number of
CFRP layers, e.g., A-2 represents Case A, with two layers of CFRP sheets.

The S4R shell element, with a 5 mm mesh size, was employed for simulating the CFRP
sheet in the FE analysis. Perfect contact between the CFRP and concrete was adopted,
which was recommended by Fang et al. [45] and Wang et al. [46]. The perfect-bond
assumption ignored interfacial debonding and adhesive failure, which might overestimate
the strengthening efficiency and structural capacity. However, it maintains computational
tractability within the already highly complex 3D dynamic meso-scale framework. The
freedom degree on the left and right ends of the column was the same as that displayed
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in Section 2.1. Given the anisotropic behavior of CFRP sheets, an inelastic model based
on Hashin’s failure criteria [47,48], involving four independent failure modes (i.e., fiber
failure in tension, fiber failure in compression; matrix failure in tension, matrix failure in
compression), was adopted to represent damage initiation in the FE analysis. Hashin’s
failure criteria were applied in this model to the CFRP layers in impact-damaged RC
columns, enabling accurate simulation of dynamic fiber-matrix failure mechanisms that
have rarely been considered in previous impact studies. The four failure modes are shown
in Appendix A, Equations (A11)–(A14).

Figure 13. Type of CFRP-strengthened RC columns.

The damage evolution of fiber-reinforced materials in ABAQUS was assumed as the
progressive degradation of material stiffness [49]. Thus, the four variables (dt

f, dc
f , dt

m, and
dc

m) corresponding to the four failure modes, which were used to express the material
damage, were replaced in terms of three damage parameters (fiber damage df, matrix
damage dm, and shear damage ds), as shown in Appendix A, Equations (A15)–(A17).

To avoid mesh sensitivity during the analysis, a characteristic length was introduced
into the formulation. Therefore, the equivalent displacement δeq is used for the four failure
modes, expressed by the strain produced in each integration point, as shown in Appendix A,
Equations (A18)–(A21).

4.2. Verification of FE Model Under Axial Compression

As described in Section 2, research on the impact behavior of impact-damaged RC
columns strengthened with CFRP is limited. Therefore, axial compression tests on strength-
ened with CFRP in the literature [26,27] were employed to verify the accuracy of the estab-
lished FE model in this study. Figure 14 shows the arrangement of steel bars from ref. [26].
The column has a height of 500 mm and a cross-section dimension of 133 × 133 mm.
Four longitudinal steel bars with a diameter of 12 mm were assigned in each corner of
the column. The transverse reinforcement for the column comprised six stirrups with a
diameter of 8 mm spaced at 85 mm. The CFRP sheet was wrapped around the column. The
axial compression was applied on the column top until the failure. The experiments 2 and
3 in Figure 15 represent the specimens 1 and 2 from ref. [27], respectively.
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Figure 14. The arrangement of steel bars.
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Figure 15. The comparison of load–axial strain curves (Moshiri et al., 2015 [26]; Ghoroubi et al., 2020 [27]).

Figure 15 compares the load–axial strain curves of different specimens. It was observed
from this figure that the load–strain curve obtained from the FE model closely follows the
experiment curve for all specimens, except for strains exceeding 0.015 (at which point the
loading capacity decreased to 80% of the ultimate loading capacity). This indicates the
FE model can reliably simulate experiment results of different cases. Peak values agree
excellently with experiments, with relative errors below 1%.

5. Response of CFRP-Strengthened Impact-Damaged RC Columns
5.1. Failure Mechanism Analysis
5.1.1. Failure Patterns

Figure 16 shows the failure patterns of the columns. Specimens A-1~A-3 correspond
to columns strengthened with single-sided longitudinal CFRP sheets (Case A). The CFRP
sheets were bonded to the side opposite the impact prior to loading. Although the Hashin
failure criterion implemented in the FE model accounts for four independent failure modes
(as described in Section 4.1), the numerical results indicate that fiber tension failure domi-
nates the CFRP sheet failure. As shown in Figure 16a,b, flexural micro-cracks were mainly
concentrated in the non-impact regions. They exhibited clear through-thickness propaga-
tion, indicating limited suppression of flexural cracking. Meanwhile, the primary damage
was concentrated on the impact zone. This damage manifested as localized overall failure,
accompanied by longitudinal cracks extending along the free surfaces, leading to premature
column failure. Therefore, although single-sided longitudinal CFRP slightly enhanced the
load-bearing capacity, its effect on micro-crack development and overall ductility remained
limited. Specimens B-1~B-3 correspond to columns strengthened with fully wrapped CFRP
sheets (Case B). As shown in Figure 16a,b, compared with columns strengthened with
single-sided longitudinal CFRP sheets, the fully wrapped CFRP columns exhibited a signif-
icant reduction in both the number and length of micro-cracks in the non-midspan impact
regions. Fully wrapped CFRP effectively restrained the propagation of micro-cracks along
the column length and distributed strain energy uniformly. This configuration achieved
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an optimal balance between load-bearing capacity and ductility. Therefore, fully wrapped
CFRP demonstrated the most significant improvement in micro-crack control, load-bearing
capacity, and ductility, with three layers being the optimal configuration based on the ob-
served failure patterns. These results agree with Liu et al. [50] and Li et al. [51], confirming
that fully wrapped CFRP effectively limits shear cracks and enhances ductile behavior,
reducing local damage under impact. Specimens C-1~C-3 correspond to columns strength-
ened with U-shaped CFRP sheets (Case C), which provide confinement to both sides and
the back of the column. As shown in Figure 16a,b, flexural micro-cracks were primarily
concentrated in the non-impact regions and remained non-continuous. Compared with
columns strengthened with single-sided longitudinal CFRP sheets, the number and length
of micro-cracks were slightly reduced. The primary damage was still concentrated near the
impact zone. However, due to incomplete surface coverage, longitudinal cracks could still
propagate along the free surfaces. At the same time, U-shaped CFRP effectively restrained
cracks in the shear direction. Its load-bearing capacity and micro-crack control performance
were intermediate between those of single-sided longitudinal and fully wrapped CFRP,
effectively suppressing shear cracks in the impact region. Concrete damage decreases with
more layers for fully wrapped CFRP, but changes little for U-shaped CFRP. Fully wrapped
CFRP shows the most effective mesoscale coupling.

Additionally, with the increasing number of layers of the full sheet, the degree of
concrete damage showed a gradually decreasing trend because more layers of CFRP could
provide stronger confinement for the concrete. Specimens C-1~C-3 show the damage of RC
columns strengthened by U-shaped CFRP sheets. The damage to concrete was similar to
that of columns strengthened by full sheets, while the damage to the CFRP sheet exhibited
a slight difference, i.e., obvious damage occurred to the short CFRP sheets on the sides
of the columns, and the damage degree gradually decreased with the increasing distance
from the impact position, indicating that the short CFRP sheets on the side of columns bore
part of impact loads (i.e., the shear force). Additionally, the damage area and degree of
concrete did not obviously change with the increase in the number of CFRP layers when the
U-shaped CFRP sheet was used to strengthen the impact-damaged columns, indicating that
the number of CFRP layers had a marginal influence on the strengthening effect on concrete
in RC columns when U-shaped CFRP sheets were adopted. By overlaying the concrete
damage contours with the CFRP fiber tension damage contours (Figure 16), a clear coupling
mechanism is revealed. Severe diagonal and flexural cracks in the concrete core induce
massive local expansion. This forces the wrapping CFRP to undergo extreme localized
tensile strain. Once the strain exceeds the fiber tension threshold of the Hashin criterion,
the CFRP ruptures locally (e.g., short strip damage on the U-wrap side). Consequently,
the concrete instantly loses lateral confinement, leading to accelerated spalling. This
explains why fiber tension is the primary meso-scale strengthening mechanism across all
three schemes.

From the above analysis, it can be concluded that the short sheet on the side of columns
for the strengthening scheme adopting U-shaped CFRP sheets effectively plays a shear
resistance role. Nevertheless, the damage of RC columns strengthened with the full sheet,
compared with the other two strengthening schemes, can be significantly reduced.

5.1.2. Strain Distribution of CFRP Sheets

Figure 17 presents the strain distribution of the longitudinal CFRP sheet along the
normalized length of columns. The maximum principal strain value of the bottom CFRP
sheet (referring to the sheet at the opposite side of the impact surface of columns) was
located near the mid-point of columns rather than strictly at the mid-point. Microcracks
from concrete heterogeneity slightly shifted macro-scale strain peaks. The shape of the
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maximum principal strain curves was similar to a normal distribution. As the normalized
distance from the mid-point (impact position) increased, the maximum principal strain of
the bottom CFRP sheet showed a gradually decreasing trend, with a sharper drop within
the range of −0.33 to 0.33. This indicates that no matter which strengthening scheme
was used, the impact load had a marginal influence on the damage of the column when
the normalized distance from the impact position was larger than 0.33. As shown in
Figure 16, the peak principal strain coincides with the impact-induced damage zone, while
the transition region contains only minor microcracks. Fully wrapped and U-shaped CFRP
sheets effectively limit the propagation of longitudinal and flexural cracks, delaying crack
penetration and enhancing overall ductility.

 

 

Figure 16. Failure patterns: (a) global failure; and (b) local failure.

It can be observed in Figure 17 that when one layer of CFRP sheets was used to
strengthen the damaged columns, the maximum principal strain of the CFRP sheets in Case
B and Case C was 20.7% and 19.8% smaller than that in Case A, respectively, demonstrating
that the strengthening scheme in Case B and Case C, which presents a similar strengthening
effect, could effectively relieve the damage of columns compared with that in Case A.
This difference in macroscopic strain response originates from the distinct suppression
mechanisms of internal microcracks in each scheme, as shown in Figure 16. When three
layers of CFRP sheets were adopted, the maximum principal strain of the CFRP sheet in
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Case B and Case C was 31.4% and 15.1% smaller than that in Case A, respectively, indicating
that the damage of concrete columns could be better strengthened by wrapping three layers
of CFRP sheets on the four faces of columns (i.e., the strengthening scheme in Case B). With
the increasing number of CFRP layers, the peak value of the maximum principal strain for
the bottom CFRP sheet in Case A decreased by 9.2% and 13.2%, by 14.5% and 20.3% in Case
B, and 9.1% and 7.2% in Case C, respectively. It was found that the decline rate of the peak
value of the principal strain in Case C was smaller compared with that in Case A and Case
B, demonstrating that the increase in the number of U-shaped CFRP layers had a relatively
smaller effect on the strengthening of damage to the column bottom. U-shaped CFRP
mainly relied on bonding to confine the column bottom, and increasing layers had a limited
effect on suppressing core microcracks. The peak value of the maximum principal strain
in Case B presented a relatively larger decrease, especially when CFRP sheets increased
from 2 layers to 3 layers, which is attributed to the reason that the full sheet had stronger
confinement on the columns than the other two schemes.

     
(a)  (b)  (c) 

Figure 17. Strain distribution of bottom CFRP sheet along the normalized length of columns:
(a) CFRP in Case A; (b) CFRP in Case B; and (c) CFRP in Case C.

5.2. Load-Axial Strain of Columns

Figure 18 shows the normalized load–axial strain curves and the evolution of the
damage element ratio (defined as the ratio of elements with PEEQ > 0.002 to total elements,
indirectly reflecting the evolution of crack density) of RC columns when subjected to
impact loads. It was found from the figure that the peak normalized load of columns was
obviously improved with the increase in the number of CFRP layers. This indicates an
effective enhancement of the actual load-bearing capacity through strengthening the impact-
damaged RC columns with CFRP sheets. Compared with the unstrengthened column, the
normalized strain corresponding to the peak load of the columns strengthened by CFRP
sheets was larger when subjected to impact loads. This is attributed to the confinement effect
of CFRP sheets on columns. Furthermore, it is clearly observed that the turning points of the
damage element ratio curves are aligned with those of the load ratio curves. This indicates
that the acceleration of crack propagation at the meso-scale corresponds temporally to the
inflection of load-carrying capacity at the macro-scale, validating the use of the damage
element ratio as an effective indicator of crack density evolution. Additionally, there is a
significant difference in the damage element ratio values between unstrengthened columns
and those strengthened with a single layer of CFRP. Specifically, for Cases A, B, and C,
the differences reach 15.5%, 56.9%, and 27.5%, respectively. In contrast, the differences
among columns with multiple CFRP layers are relatively small. This suggests that a single
CFRP layer provides unstable damage suppression, whereas multiple layers offer a more
consistent confinement effect.
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(a)  (b)  (c) 

Figure 18. Normalized load–axial strain curves of RC columns: (a) Case A; (b) Case B; and (c) Case C.

When one layer of CFRP sheets was wrapped around the column, the rate of decline
for the normalized curves did not obviously change compared with that for the load-strain
curves of unstrengthened columns. However, when there was more than one layer of CFRP
sheets wrapped around the column, the normalized load experienced a sharp decline after
reaching the peak. This indicated that additional CFRP layers provided stronger confine-
ment. However, once the CFRP cracked, concrete in the peak-load region underwent local
brittle failure and rapidly failed, reflecting the evolution of the failure mode. This transition
in failure mechanism is further corroborated by the damage evolution profiles. Through-
out the ascending loading phase, multi-layer CFRP-confined columns exhibit a highly
suppressed and stable internal damage accumulation. Ultimately, their sudden failure is
governed by the abrupt tensile rupture of the CFRP sheet upon reaching its ultimate strain
capacity, which stands in stark contrast to the progressive and widespread material degra-
dation characteristic of unstrengthened columns. This agrees with Yan et al. [52], showing
that multi-layer CFRP increases dynamic capacity and damage tolerance. Nevertheless,
failure occurs abruptly when the CFRP jacket ruptures.

5.3. Mechanical Indexes
5.3.1. Loading Capacity

Figure 19 provides the load-bearing capacity of RC columns with different strengthen-
ing schemes. Pk0 denotes the load-bearing capacity of unstrengthened RC columns, while
Pk denotes the load-bearing capacity of RC columns strengthened by CFRP sheets. Pk/Pk0

of the unstrengthened columns was 1.0. Overall, the column strengthened by CFRP sheets
had a higher loading capacity compared with that without the strengthening measure.
Additionally, Pk/Pk0 of columns was found to obviously increase as the number of CFRP
layers increased.

For Case A, Pk/Pk0 corresponding to specimens A-1, A-2, and A-3 were 1.12, 1.34,
and 1.50, respectively. As CFRP sheets wrapped around the RC column increased from
zero to three layers, Pk/Pk0 of columns experienced a growth of 12.0%, 19.6%, and 11.9%,
respectively. It was found that the maximum growth rate in the load-bearing capacity
of RC columns occurred when CFRP sheets increased from one layer to two layers. This
might be because two layers of CFRP sheets provided the confinement that matched the
bending stiffness of the column, and thus two layers of the longitudinal CFRP sheets were
recommended for adoption if Case A was chosen to strengthen the impact-damaged RC
columns. For Case B, Pk/Pk0 corresponding to specimens B-1, B-2, and B-3 were 1.86, 2.07,
and 2.15, respectively. Pk/Pk0 of columns experienced a growth rate of 86.0%, 11.3%, and
3.8%, respectively. This indicates a gradually decreasing growth rate of the loading capacity
of columns with the increase in the number of CFRP layers. This visualization provides
direct insight into the previously elusive damage mechanism.
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Figure 19. Load-bearing capacity.

The reason is due to the insufficient utilization of the confinement provided by the
CFRP sheet. Thus, one layer of CFRP sheet was considered the optimal choice if Case B
was chosen. For Case C, Pk/Pk0 corresponding to specimens C-1, C-2, and C-3 were 1.21,
1.44, and 1.62, respectively. The load-bearing capacity of specimens experienced growth
rates of 21.0%, 19.0%, and 12.5%, respectively, indicating a larger improvement of the
impact behavior of RC columns when the CFRP sheet increased from zero layers to one
layer. As shown in Figure 16, U-shaped CFRP provided lateral confinement that limited
shear microcracks, but the open side remained weak, allowing microcracks to develop
into macrocracks. Thus, adding layers had limited benefits. From the above analysis, for
Case A, the growth rate of the loading capacity of columns was larger when two layers of
CFRP layers were used. However, for Case B and Case C, as the number of CFRP layers
increased, the growth rate of the loading capacity of columns decreased, demonstrating
that the confinement of CFRP on the column was not fully converted into the loading
capacity. The reason may be due to the damage of concrete before the crack of the CFRP
sheet, resulting in insufficient utilization of the confinement of the column by CFRP. This is
to say that the loading capacity of columns did not match the confinement of the column by
CFRP when too many layers of CFRP were used. Thus, it was recommended that a suitable
number of CFRP layers be chosen.

Compared with the columns strengthened by the other two schemes, the column
strengthened only by the longitudinal CFRP sheet had the smallest loading capacity due to
the lack of the shear resistance. For example, when one layer of CFRP sheet was wrapped
around the column, the loading capacity of columns strengthened by U-shaped CFRP sheets
and full sheets was 8.0% and 66.1% larger than that of strengthened by the longitudinal
CFRP sheet. This demonstrates that the shear bearing capacity of the impact-damaged
column was effectively enhanced. One CFRP layer is optimal for load-bearing efficiency,
as adding more layers offers diminishing returns due to premature concrete crushing,
consistent with Wang et al. [46].

5.3.2. Stiffness of Columns

The normalized axial compressive stiffness of RC columns is evaluated based on the
tangent stiffness of the load–axial strain curve at 0.4 times the peak load. Specifically, this
tangent stiffness was first calculated by taking the derivative of the load–axial strain curve
at the load level of 0.4Ppeak (i.e., ∆P/∆ε in the vicinity of 0.4Ppeak) and then normalized by
dividing it by the corresponding stiffness of the unstrengthened control column. Figure 20
presents the normalized stiffness of RC columns with and without the strengthening
scheme. By comparing the stiffness of columns with the different strengthening schemes,
it was found that the column strengthened by the full sheet had a larger stiffness because
its bending and shear damage were well strengthened. When two or three layers of CFRP
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sheets were adopted, the column strengthened by the full sheet had a close stiffness to that
strengthened by the U-shaped sheet, but with a lower material usage for the U-shaped
sheet. Thus, the U-shaped sheet is recommended when the stiffness of columns is heavily
considered. At the early-loading stage, two to three layers of U-shaped CFRP provide
sufficient confinement, making full wrapping unnecessary for enhancing axial stiffness.

 

Figure 20. Stiffness ratio of RC columns (Case A, Case B, Case C).

For the strengthening scheme of the longitudinal sheet, the stiffness of columns
increased by 9.5%, 9.6%, and 11.9% compared to the unstrengthened column when CFRP
sheets increased from one to three layers. For the strengthening scheme of the full sheet, the
stiffness of columns increased by 14.5%, 15.2%, and 3.8%. For the strengthening scheme of
the U-shaped sheet, the stiffness of columns increased by 7.6%, 20.1%, and 4.7%. Generally,
increasing the number of CFRP layers enhances the column stiffness. This is because
CFRP provides lateral confinement that restricts microcrack development, delays crack
propagation, and restrains bending and shear damage, as shown in Figure 16b. From the
above analysis, it was found that the growth rate of stiffness of columns slightly increased
with the increasing number of CFRP layers for CaseA. For Case B and Case C, the growth
rate was fastest when the CFRP sheet increased from one layer to two layers. Compared
with the strengthening scheme of the longitudinal sheet, the full sheet and U-shaped sheet
can strengthen the shear damage of columns and provide greater confinement to prevent
concrete cracking.

5.3.3. Ductility Analysis of Columns

The ductility index (DI) herein is obtained by the equation:

DI =
δ85

δy
(1)

where δ85 and δy denote the midspan deflection corresponding to 85% of the peak load of
columns in post-peak and corresponding to the yield load, respectively. The yield point
is determined using the widely accepted energy equivalence method, and the ductility
index is defined as the ratio of the ultimate deflection at 85% of the peak load to the
corresponding equivalent yield deflection. The ductility of all columns is compared in
Figure 21. The decline in ductility with increasing CFRP layers is quantitatively attributed
to confinement-induced stress concentration. This mechanism is explicitly simulated using
the 3D meso-scale framework. Compared with the ductility of the unstrengthened column,
columns strengthened by one layer of CFRP sheets presented larger ductility. However, an
increase in the number of CFRP layers could lead to a tiny drop in ductility, irrespective
of the strengthening schemes. This is attributed to the stronger confinement provided
by more layers of CFRP sheets. Based on Figure 16b, the slight decrease in ductility was
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attributed to the stronger confinement effect provided by additional CFRP layers. This
confinement restricts the propagation of microcracks and thus reduces the overall ductility
of the column.
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Figure 21. Ductility of columns.

For Case A, the ductility of the columns strengthened by 1~3 layers of CFRP sheets
was 1.29, 1.21, and 1.2, respectively, and the decline rate of ductility reached 6.2% and
0.8%, respectively. For Case B, the ductility of the columns strengthened by 1~3 layers of
CFRP sheets was 1.36, 1.32, and 1.31, respectively, and the decline rate of ductility reached
2.9% and 0.8%, respectively. Compared with the strengthening scheme of the longitudinal
sheet, the ductility of columns was effectively improved by wrapping the full CFRP sheet.
However, an increasing number of CFRP layers led to a decrease in the ductility. This is
due to the stronger confinement with more CFRP layers. For Case C, the ductility of the
column strengthened by 1~3 layers of CFRP sheets was 1.54, 1.35, and 1.33, respectively.
The decline rate of ductility reached 12.3% and 1.5%, respectively, indicating a relatively
larger decline in ductility compared with the two schemes. The increase in the number of
CFRP layers resulted in an increased decline rate of ductility. When two or three layers
of CFRP sheets were used, the ductility of the columns strengthened by the full CFRP
sheet was close to that of the column strengthened by the U-shaped CFRP sheet. Based on
comprehensive analysis, the U-shaped CFRP sheet was considered the optimal choice to
improve the ductility of columns.

5.3.4. Energy Dissipation of Columns

Energy dissipation, represented by the area under the load–displacement curve up
to 85% of the peak load, quantifies the total structural energy absorbed, including con-
tributions from concrete damage, steel yielding, and CFRP deformation and fracture. To
facilitate comparison, the energy dissipation values are normalized into a dimensionless ra-
tio by dividing the data of the strengthened columns by that of the unstrengthened column.
Figure 22 compares the energy dissipation of RC columns strengthened with and without
CFRP sheets. As illustrated in Figure 22, with the increase in the number of CFRP layers,
the energy dissipation shows an increasing trend, irrespective of the strengthening scheme.
Compared with the unstrengthened column (which serves as a baseline with a value of 1.0),
the columns strengthened by CFRP sheets exhibit normalized energy dissipation values
greater than 1.0 because CFRP sheets can absorb the energy during the deformation process
of the column. When the CFRP sheet layers increase from one to three, the energy dissi-
pation of columns for Case A improved by 12.4% and 10.4%, that for Case B by 7.3% and
1.4%, and that for Case C by 9.6% and 7.9%. It demonstrates that as the number of CFRP
layers increases, the dimensionless energy dissipation of columns showed an increasing
trend, which was due to the stronger confinement absorbing more energy. However, the
growth rate of the normalized energy dissipation gradually decreased, because ductility
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reduces with the increasing number of CFRP layers, as analyzed in Section 5.3.3. Although
enhanced confinement slightly reduces the ductility of the column, its significant increase
in load-carrying capacity compensates for the reduced deformation, ultimately enhanc-
ing the overall relative energy dissipation. The dimensionless energy dissipation ratio of
the column increased with the number of CFRP layers, due to the CFRP restraining the
propagation of microcracks, allowing the column to absorb more energy during impact.
Nevertheless, the reduced ductility leads to a gradual decrease in the growth rate of the
normalized energy dissipation as the number of CFRP layers increases. Compared with
the three strengthening schemes, the full CFRP sheet provided the highest normalized
energy dissipation for the impact-damaged column because it offers relatively stronger
confinements. These results agree with Li et al. [51] and Yan et al. [52], showing that
full FRP wrapping maximizes energy absorption by delaying concrete core failure and
preserving structural integrity under extreme loads. Although additional CFRP layers
slightly reduce ductility, the resulting significant increase in peak strength outweighs this
loss. This leads to a net increase in overall normalized energy dissipation, but at a gradually
declining growth rate. The primary role and effectiveness of CFRP strengthening depend
on the severity of the initial damage, ranging from restoring structural integrity for slight
damage to providing crucial confinement that prevents collapse for severe damage.
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Figure 22. Energy dissipation ratio of columns.

6. Quantitative Evaluation and Design Method of Strengthening Degree
Previous studies usually focus on the damage identification method to evaluate the

damage to unstrengthened columns [53], with a lack of quantitative evaluation frameworks
of the strengthening degree for strengthened columns. Thus, a quantitative evaluation
framework for the strengthening degree of impact-damaged RC columns strengthened
with CFRP, combining the axial load-bearing capacity strengthening index and energy
dissipation strengthening index, was proposed in this section. This method establishes a
preliminary quantitative relationship between the strengthening level (e.g., the number of
CFRP layers) and the ductility of the column.

The strengthening degree of columns can be quantitatively evaluated by strengthening
indices (Dp and DE), which are defined as

Dp =
Pk
Pk0

− 1 (2)

DE =
Ek
Ek0

− 1 (3)

where Dp and DE are the axial load-bearing capacity strengthening indices and energy
dissipation strengthening indices of impact-damaged RC columns strengthened with
CFRP, respectively; Pk and Ek are the axial load-bearing capacity and energy dissipa-

https://doi.org/10.3390/buildings16091692

https://doi.org/10.3390/buildings16091692


Buildings 2026, 16, 1692 22 of 27

tion of the columns strengthened with CFRP sheets, while Pk0 and Ek0 are those of the
unstrengthened columns.

Figure 23 presents the relationship between the damage index based on energy
dissipation and load-bearing capacity, where L1, L2, and L3 represent columns with
1, 2, and 3 layers of CFRP sheets, respectively. The values 0.22% and 0.35% in the bracket
represent the reinforcement ratios. Because impact tests on columns with CFRP sheets
under axial loads were not found, parametric FE data, including the parameters of the
different layer numbers, reinforcement ratio, and column size, were used to verify the accu-
racy of the fitting curves in Figure 23. It was observed from the figure that the fitting curves
have good accuracy. For the different layers of CFRP sheets, the strengthening degree of
columns can be quantitatively evaluated according to the relationship formula between Dp

and DE, e.g., for the three layers of CFRP sheets, the energy dissipation will increase by
29% when the axial load-bearing capacity increases by 40% due to the strengthening. It
was found by the analysis of the curve slope that for the column strengthened with two
layers of CFRP sheets, Dp has a relatively similar growth rate to DE. This indicates that the
growth rate of the load-bearing capacity for the strengthened column is close to that of the
energy dissipation for the column. At the time, the strengthened column shows relatively
ductile failure under axial loads due to suitable constraints for two layers of CFRP sheets.
However, for the column strengthened with one or three layers of CFRP sheets, a small
amount of energy dissipation can result in a relatively large increase in the load-bearing
capacity. At the time, the strengthened column exhibits relatively brittle failure under axial
loads. This is due to insufficient constraints for one layer of CFRP sheets and excessive
constraints for three layers of CFRP sheets. Thus, in the strengthening design, if the axial
load-bearing capacity and energy dissipation are expected to increase in equal proportion,
two layers of CFRP sheets are recommended as an optimal configuration based on the
current numerical findings. If the axial load-bearing capacity is expected to increase at a
higher proportion than energy dissipation, three layers of CFRP sheets are theoretically
recommended. However, it should be noted that these observations are derived from a
mechanistic and comparative numerical investigation. Further experimental validation
and comprehensive parametric studies are required before this evaluation framework can
be directly implemented in practical engineering design.

 

Figure 23. Relationship between the damage index based on energy dissipation and bearing capacity.

7. Conclusions
(1) CFRP sheets only bonded at one side of columns had limited influence on the crack

propagation of concrete due to the smaller confinement. In contrast, U-shaped CFRP
sheets could play a shear resistance role, effectively preventing inclined crack prop-
agation. Compared with the other two strengthening schemes, the full CFRP sheet
could significantly reduce the degree of damage of columns.
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(2) Based on the 3D meso-scale finite element results, the loading capacity of columns sig-
nificantly increased as the number of CFRP layers increased. However, the growth rate
of the load-bearing capacity decreased. Compared with the other two strengthening
schemes, when the full CFRP sheet increased from none to one layer, the load-bearing
capacity of columns experienced a maximum growth rate, reaching 86%. This indi-
cates the highest efficiency in enhancing load-bearing capacity and provides a clear
quantitative indication of the strengthening level for impact-damaged RC columns.

(3) The stiffness of columns strengthened with U-shaped CFRP sheets was similar to
that of columns strengthened with the full sheet, but with a lower material usage of
U-shaped CFRP sheets than that of the full sheet. Thus, the U-shaped CFRP sheet was
recommended for adoption when prioritizing the material cost.

(4) The full CFRP sheet could provide significant energy dissipation for the impact-
damaged column. Additionally, for the column strengthened with full CFRP sheets,
the increase in the number of CFRP layers could lead to a tiny drop in ductility
and an increase in energy dissipation, regardless of the strengthening schemes. The
reason for the reduction in ductility, i.e., the confinement-induced stress concentration
phenomenon, could be clearly demonstrated using the 3D meso-scale model.

(5) A quantitative evaluation framework was proposed to assess the strengthening level
of impact-damaged RC columns reinforced with CFRP by integrating the axial load-
bearing capacity index and the energy dissipation index. The method established a
preliminary quantitative relationship between the strengthening level and the ductile
failure behavior of the column. The results indicated that two CFRP layers enabled the
column to exhibit ductile failure under axial loading and are therefore recommended
for conceptual strengthening design. The results indicate that although a single
CFRP layer offers the highest efficiency in load-bearing enhancement, two layers are
recommended for comprehensive strengthening to provide sufficient confinement
and enable ductile failure under axial compression within the parameters of this
numerical study.

Although constrained by experimental data and computational cost, the 3D meso-scale
FE model developed in this study currently employs a decoupled validation strategy, a
single random aggregate distribution, and a specific baseline impact scenario. Therefore,
this work is primarily positioned as a mechanistic and comparative numerical investi-
gation rather than a finalized design tool. Nevertheless, it has demonstrated sufficient
accuracy and efficiency for structural-level dynamic response analysis through validation
against multiple parameters such as time history for impact force, time history for reac-
tion force, mid-span deflection, and top concrete compressive strain. Future research will
further validate the 3D meso-scale model through dedicated coupled impact experiments
and comprehensive parametric studies covering multiple impact energies, velocities, and
boundary conditions. This will lay the foundation for more generalizable strengthening
design guidelines.
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Appendix A

σ = (1 − d)Del
0 :

(
ε − εpl

)
(A1)

where d represents the isotropic damage variable, ranging from 0 to 1 (i.e., a larger number
denotes the more severe damaged state). Dei

0 represents the undamaged isotropic linear
elastic stiffness. E pl represents the plastic strain.

dc = dc

(∼
E

pl

c , θ, fi

)
0 ≤ dc ≤ 1 (A2)

dt = dt

(∼
E

pl

t , θ, fi

)
0 ≤ dt ≤ 1 (A3)

where
∼
E

pl

c and
∼
E

pl

t represent the equivalent plastic strain rates of concrete under com-
pressive and tensile loading, respectively; θ represents the temperature; fi (i = 1, 2, . . .)
represents other predefined field variables.

σc = (1 − dc)E0

(
εc −

∼
ε

pl
c

)
(A4)

σt = (1 − dt)E0

(
εt −

∼
ε

pl
t

)
(A5)

CDIF =
fc

fc0
=


( .

εc.
εc0

)0.018
for

.
εc ≤ 30 s−1

0.012
( .

εc.
εc0

)1/3
for

.
εc > 30 s−1

(A6)

TDIF =
ft

ft0
=


( .

εt.
εt0

)0.018
for

.
εt ≤ 10 s−1

0.0062
( .

εt.
εt0

)1/3
for

.
εt > 10 s−1

(A7)

MDIF =
E
E0

=

( .
ε
.
ε0

)0.026

(A8)

where f c0, f t0, and E0 represent the compressive strength, tensile strength, and elastic mod-
ulus of concrete under static loading, respectively; f c, f t, and E represent the corresponding
values at a certain strain rate; represents the strain rate, with and being 30 × 10−6 s−1 and
1 × 10−6 s−1, respectively. The fracture energy Gf of the normal weight concrete was equal
to 73 f 0.18

cm .

YDIF =
fy

fy0
= 1.0 +

(
6.0
fy0

)
ln
( .

εs
.
εs0

)
(A9)

YDIF =
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fu0
= 1.0 +

(
7.0
fu0

)
ln
( .

εs
.
εs0

)
(A10)
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where fy and fy0 represent the yield strength of steel rebars at dynamic and quasi-static
strain rates, respectively; fu and fu0 represent the tensile strength of steel rebars at dynamic
and quasi-static strain rates, respectively; Ės and Ės0 represent the dynamic and quasi-static
strain rates, respectively, in which the value of Ės0 is 5 × 10−5 s−1.

Ft
f =

(
σ̂11

XT

)2
+ α

(
τ̂12

SL

)2
, σ̂11 ≥ 0 (A11)

Fc
f =

(
σ̂11

XC

)2
, σ̂11 < 0 (A12)

Ft
m =

(
σ̂22

YT

)2
+

(
τ̂12

SL

)2
, σ̂22 ≥ 0 (A13)

Fc
m =

(
σ̂22

2ST

)2
+

[(
YC

2ST

)2

− 1

]
σ̂22

YC +

(
τ̂12

SL

)2
, σ̂22 < 0 (A14)

where σ̂11, σ̂22, and τ̂12 represent effective stresses components; for XT , XC, YT , and YC,
characters X and Y represent the longitudinal and transverse material strength, respectively,
while superscripts T and C represent the tension and compression, respectively. SL and
ST represent the longitudinal and transverse shear strength, respectively. α represents a
contribution coefficient of the shear stress, taken as 1.0 [44].

df =

{
dt

f σ̂11 ≥ 0
dc

f σ̂11 < 0
(A15)

dm =

{
dt

m σ̂22 ≥ 0
dc

m σ̂22 < 0
(A16)

ds = 1 −
(
1 − dt

f
)
(1 − dc

f )
(
1 − dt

m
)
(1 − dc

m) (A17)

Fiber tension : δft
eq = Lc

√
⟨ε11⟩2 + αε2

12 σ̂11 ≥ 0 (A18)

Fibercompression :
δfc

eq = Lc⟨−ε11⟩ σ̂11 < 0
(A19)

Matrix tension : δmt
eq = Lc

√
⟨ε22⟩2 + ε2

12 σ̂22 ≥ 0 (A20)

Matrix compression : δmc
eq = Lc

√
⟨−ε22⟩2 + ε2

12 σ̂22 < 0 (A21)

where LC represents the characteristic length dependent on the size and type of the element.
The mechanical properties of CFRP sheets, involving the anisotropic behavior, failure, and
so on, were obtained from the literature [41].
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