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Abstract

Fabricated reinforced concrete columns are important components of reinforced concrete
structures. During the design reference period, columns are prone to degradation in
mechanical and deformation properties, which affects the normal service of the structure.
Based on compressive tests of fabricated reinforced concrete columns, this paper uses
ABAQUS 2021 finite element analysis software to explore how factors such as column
damage and CFRP sheet layout affect the compressive performance of fabricated concrete
columns under eccentric compression in order to investigate their mechanical properties
and the confinement effect of CFRP sheets on such columns. The results indicate that the
change trend of the bearing capacity of the finite element model is largely in agreement
with that of the test specimens, and the ultimate bearing capacity error is below 3%, thereby
confirming the validity of the finite element model. Compared with strip confinement,
full-wrap confinement achieves a greater improvement in ultimate bearing capacity, and
two to three layers are recommended as the ideal number of CFRP sheets for strengthening.
The maximum increase in ultimate bearing capacity can reach 19.18%. When the strip
width is constant, the smaller the spacing, the smaller the concrete strain in the compression
zone. When the net spacing is constant, reducing the strip width increases the number of
cracks and decreases crack width, but reduces the ultimate bearing capacity of the column
accordingly. Strengthening with CFRP sheets can enhance the ultimate bearing capacity,
deformability, and ductility of columns with initial damage under both small and large
eccentric compression. The maximum increase in ultimate bearing capacity can reach
8.31%. The results obtained in this paper are conducive to promoting the reinforcement and
reconstruction of fabricated reinforced concrete columns and reinforced concrete structures.

Keywords: fabricated reinforced concrete columns; CFRP sheets; compressive performance;
finite element analysis

1. Introduction

Against the background of increasingly severe global climate change, unprecedented
transformation pressure is bearing down on the construction industry, which is a major
sector in energy consumption and carbon emissions [1-4]. Monolithic fabricated structures
are composed of precast concrete components connected in reliable ways, and play a
prominent role in improving people’s living environment and quality of life [5,6].
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However, under the long-term combined effects of natural and service environments,
many existing building structures (especially beam and column members) have insufficient
safety and serviceability, failing to meet current usage requirements and urgently needing
repair, strengthening, and reinforcement [7]. It is imperative to explore strengthening
technologies for fabricated building structures. In practical engineering, limited by re-
search funds and design difficulties, many aspects are difficult to study directly through
experimental methods, while numerical simulation can make up for the shortcomings
of experimental means and conduct comprehensive stress analysis of structures. Hence,
investigating the mechanical properties of fabricated reinforced concrete columns through a
combination of experimental research and finite element analysis methods holds significant
theoretical importance and practical value for advancing the process of urban renewal.

Since the 20th century, research on the monolithic precast concrete structure with
precast outer shell and cast-in-place core has been carried out successively within China
and overseas. According to the research results and the performance of practical en-
gineering cases, this structural form exhibits excellent overall stability and seismic
performance [8-11]. The finite element model (FEM) offers several notable strengths. It
can accurately represent complex geometries and boundary conditions, and it is capable of
accounting for complex behaviors such as material nonlinearity, geometric nonlinearity, and
contact interactions between multiple components. These characteristics render the finite
element method an indispensable and powerful tool in both engineering analysis and sci-
entific research. Methee et al. employed a self-developed program based on finite element
software to simulate and analyze the seismic performance of fabricated concrete bridge
columns. By comparing the calculated results with the experimental results, they found that
the program could accurately simulate the seismic characteristics of the structure. Finally,
an investigation into the seismic response of the structure induced by ground motion was
conducted based on nonlinear dynamic time-history analysis [12]. Using finite element
analysis, Xiao et al. assessed how internal grouting defects in grouting sleeves influence
the structural performance of precast reinforced concrete columns. It was found that with
the increase in the grouting defect ratio, the reinforced concrete columns showed obvious
performance degradation such as stiffness degradation, increased plastic deformation, and
weakened energy dissipation capacity [13]. Cao et al. conducted a numerical evaluation
with respect to the seismic performance of precast recycled aggregate concrete structural
columns utilizing ABAQUS, verifying the correlation between the ductility coefficient of
precast columns and the projected length of longitudinal reinforcement bending [14]. John
employed finite element modeling to numerically simulate the mechanical behavior of
FRCM-strengthened reinforced concrete columns under seismic loading, building upon
experimental investigations. The FEM was validated against experimental data, and the
simulation results demonstrated good agreement with the tests. This numerical analysis
further revealed the stress distribution and deformation characteristics within the strength-
ened columns, providing a basis for the optimization of FRCM strengthening schemes [15].
To summarize the above, through comparative verification of finite element simulation and
experiments, these studies consistently reveal that the finite element analysis method can
successfully simulate the mechanical properties and seismic response of fabricated concrete
structures, providing full proof of its reliability and applicability in structural research.

As emerging materials in civil engineering applications, fiber composite materials
have become a worldwide research hotspot in their application to engineering structures,
showing promising prospects in concrete structure strengthening [16-19]. CFRP exhibits the
best mechanical properties, with advantages such as high strength, light weight, and simple
construction process [20]. Numerous scholars worldwide have conducted research on fiber
composite-strengthened reinforced concrete columns. Amir Mirmiran et al. placed various
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prefabricated FRP into thin precast shells to cast beam and column components for axial
compression tests, verifying that the FRP shell of such prefabricated columns effectively
constrains the core concrete [21]. Ilki et al. conducted axial compression tests on three
columns with different design parameters to investigate the confining effect of FRP sheets
on concrete columns with different cross-sectional shapes and low strength grades. Results
showed that under the same strengthening ratio and wrapping method, the strengthening
effect of circular cross-sectional columns was better than that of square cross-sectional
columns, while the strengthening effect of rectangular cross-sectional columns was weaker
than that of square cross-sectional columns. When the test columns with three different
cross-sections were strengthened with FRP sheets after pre-damage, no notable difference
was observed in the strengthening effect, although the bearing capacity of the specimens
was slightly below that of ordinary concrete columns [22-24]. Tamer’s research on the
mechanical properties of twelve FRP-confined reinforced concrete square columns under
eccentric compression revealed that the strengthening effect of FRP on concrete columns
reduces with a rise in eccentricity. Specimens featuring partial fiber wrapping exhibited a
strength approximately 5% below the average strength of fully wrapped specimens [25].
To summarize, research has demonstrated that fiber composite materials can markedly
enhance both the bearing capacity and deformation ability of columns, fully proving the
reliability and practical application value of this technology in the field of concrete structure
strengthening [26-28].

The finite element method was employed by Abbasnia et al. to simulate the mechanical
behavior of FRP sheet-strengthened reinforced concrete columns under axial and eccentric
loads. Their reasonable choices of material constitutive relations and analysis models led to
calculated results in good agreement with the test results, which validated the practicability
and reliability of using the finite element method to investigate the mechanical behavior of
FRP-confined concrete columns [29].

In view of the above research content, this paper focuses primarily on the mechanical
properties of a particular type of fabricated column, and uses ABAQUS analysis software to
investigate the influence of factors such as the layout mode, the number of CFRP layers, and
the damage of fabricated concrete columns on the compressive performance of columns.
The results presented in this paper can offer a theoretical reference for the design and
reinforcement of fabricated reinforced concrete columns.

2. Experimental Overview
2.1. Specimen Design

The objective of this test is to investigate the mechanical properties and failure mech-
anism of CFRP sheet-confined fabricated reinforced concrete columns under axial and
eccentric compression. Accordingly, a total of eight reinforced concrete columns were
designed, including two cast-in-place columns, two fabricated columns, and four CFRP
sheet-confined fabricated columns. The cast-in-place columns and fabricated columns each
contain one specimen under large eccentric compression and one specimen under small
eccentric compression. The CFRP-strengthened columns were tested under large and small
eccentric compression respectively after being strengthened by two different methods.

The end section dimensions of the cast-in-place columns, fabricated columns, and
strengthened columns are 250 mm x 400 mm, with middle section dimensions of
250 mm x 250 mm and a height of 1400 mm. Corbels are designed at both ends of the
specimens during the test to prevent local compression failure at the ends under eccentric
loading. Four HRB400 steel bars with a diameter of 20 mm are adopted for the longitudinal
reinforcement of the specimens, and HPB300 rectangular stirrups with a diameter of 6 mm
are used as transverse reinforcement. These two types of steel bars are commonly used in
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China. A stirrup densified zone is set in the corbel part with a spacing of 50 mm, while the
spacing in the non-densified zone is 100 mm. The concrete cover thickness of all specimens
is 20 mm. The section dimensions and reinforcement layout of the specimens are shown

in Figure 1.
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Figure 1. Section size and reinforcement diagram of the specimen.

For eccentrically loaded fabricated reinforced concrete columns, formwork support is
carried out using precast concrete modules, which are fabricated from four square-shaped
modules with dimensions of 250 mm x 250 mm x 20 mm. Both ends of the precast modules
are designed with a tongue-and-groove structure to ensure the connection performance
between the precast modules. During the assembly of precast modules, cement slurry
is applied at the tongue-and-groove joints, and cement slurry is also used for leveling
after assembly to prevent grout leakage and enhance the connection between precast
modules. After the precast modules are assembled, the inner surfaces of the modules are
roughened with a steel brush to improve the bond between the precast modules and the
core cast-in-place concrete. Figure 2 illustrates the configuration of the precast modules.
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Figure 2. Schematic diagram of precast modules: (a) top; (b) standard module; (c) bottom.

Fabricated reinforced concrete columns under eccentric compression were confined
with 500 mm wide CFRP sheets, including full wrapping confinement and strip con-
finement, with a strip spacing of 100 mm for strip confinement. Meanwhile, to prevent
premature failure at the joints between precast modules and post-cast concrete during
loading, the joints at the corbels were all confined with CFRP sheets. Figure 3 presents the
schematic diagram of the strengthened specimens.
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Figure 3. Section size and reinforcement diagram of specimen: (a) strip confinement; (b) full
wrapping confinement.

Table 1 presents the specific numbering of the specimens. In the table, RC stands
for cast-in-place columns, and PC stands for fabricated reinforced concrete columns. The
abbreviation SE denotes small eccentric compression, while LE denotes large eccentric
compression. CF stands for full wrapping confinement with CFRP sheets, and CS stands
for strip confinement with CFRP sheets. The abbreviation PCCS stands for a fabricated rein-
forced concrete column with CFRP strip confinement. The abbreviation PCCF corresponds
to a fabricated reinforced concrete column with CFRP full wrapping confinement.

Table 1. Main parameters of concrete column specimens.

Specimen ID Section Size (mm) Eccentricity (mm)  Stirrup Layout (mm) Confinement Mode

RC-SE 250 x 250 x 1400 40 @6@50/100 -

RC-LE 250 x 250 x 1400 200 @6@50/100 -

PC-SE 250 x 250 x 1400 40 @6@50/100 -

PC-LE 250 x 250 x 1400 200 @6@50/100 -
PCCF-SE 250 x 250 x 1400 40 @6@50/100 Full wrapping
PCCF-LE 250 x 250 x 1400 200 @6@50/100 Full wrapping
PCCS-SE 250 x 250 x 1400 40 @6@50/100 Strip
PCCS-LE 250 x 250 x 1400 200 @6@50/100 Strip

It should be noted that only one specimen was tested for each column configuration.
This was primarily due to the substantial material preparation and fabrication time required
for the precast reinforced concrete columns and the CFRP wrapping procedures. The large-
scale nature of the specimens, together with limited laboratory capacity and the constraints
of the project timeline, restricted the number of replicate specimens that could be produced.
Furthermore, the main objective of this study was to conduct a comparative investigation
across different confinement schemes and column types, which necessitated testing a wide
range of configurations rather than repeating identical specimens. Although the existing
experimental results reveal certain consistent behavioral patterns and provide valuable
insights, the lack of replicated tests is acknowledged as a limitation. Future work will
include repeated tests to further validate the findings and enhance statistical reliability.

https://doi.org/10.3390 /buildings16132564


https://doi.org/10.3390/buildings16132564

Buildings 2026, 16, 2564

6 of 28

2.2. Material Properties

The strength grades of the core concrete of the fabricated reinforced concrete columns
and the concrete of the cast-in-place columns were both C40. Eight columns were poured
with concrete of the same batch, and a group (three pieces) of 150 mm x 150 mm x 150 mm
standard cubic test blocks were reserved simultaneously and cured under the same condi-
tions. The concrete for manufacturing precast modules was fine aggregate concrete, and a
group of standard cubic test blocks were correspondingly reserved for curing. The tensile
failure test of steel bars was carried out on a computer-controlled servo testing machine.
The concrete cube compressive strength test was carried out in accordance with Chinese
Standard GB/T 50081-2019 [30]. Using the measured cube compressive strength fc, m, the
mechanical property parameters such as the axial compressive strength f.m, axial tensile
strength fim, and elastic modulus E. are calculated by Equations (1)-(3) given as standard,
and then adopted as the parameters in the finite element model.

fcm = ‘Xclfcu,m/ (1)
fim = 0.395£0., (2)
Ec =10°/(2.2+ (347/ feum)), 3)

where f.u,m represents the average value of the measured compressive strength of concrete
cubes. fom represents the calculated value of the axial compressive strength of concrete. fim
o1 represents the calculated value of the axial tensile strength of concrete. «; represents
the ratio of prism strength to cube strength. E. represents the calculated value of the elastic
modulus of concrete.

The tensile failure test of steel bars was carried out on a computer-controlled servo
testing machine. The parameters of Grade I 300 g unidirectional fabric CFRP sheets are
based on the quality inspection report and material property test report provided by the
manufacturer (Figure 4). The performance parameters of various materials are as shown
in Tables 2—4.

Figure 4. CFRP sheets.
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Table 2. Concrete material performance parameters.
Type Cube Compressive  Axial Compressive Axial Tensile Elastic Modulus
yp Strength (MPa) Strength (MPa) Strength (MPa) (MPa)
Cast-in-place/Core 49 4 37.6 3.37 3.44 x 10*
Precast Modules 52.3 39.8 3.48 3.49 x 10*

Table 3. Performance parameters of steel material.

Elastic Modulus  Yield Strength ~ Ultimate Tensile

Category Type Diameter (mm) (MPa) (MPa) Strength (MPa)
Stirrups HPB300 6 2.10 x 10° 380.71 535.68
Longitudinal Bars HRB400 20 2.06 x 10° 468.66 655.79

Table 4. CFRP cloth material performance parameters.

Strip Width . Mass per Unit  Tensile Strength  Elastic Modulus . o
(mm) Thickness (mm) Area (g/m?) (MPa) (MPa) Elongation (%)
500 0.167 299.8 3512.7 24 x 10° 1.7

2.3. Loading System

The specimens were loaded by controlling the displacement rate. Except for specimens
under large eccentric compression, other specimens were loaded at a rate of 0.4 mm/min.
After the specimens were loaded to 80% of the peak load, the loading rate was adjusted
to 0.2 mm/min. For specimens under large eccentric compression, considering that the
lateral displacement during the test is larger than that of small eccentric compression
columns and the bearing capacity would decrease, a loading rate of 0.1 mm/min was
adopted throughout the process. When the column exhibited obvious failure phenomena,
underwent significant deformation, or experienced a sudden drop in bearing capacity, the
specimen was taken as damaged, and the testing process was concluded.

3. Finite Element Model Setup for Specimens
3.1. Finite Element Analysis and Calculation

In ABAQUS finite element analysis, ABAQUS/Standard must determine the solution
of nonlinear problems through iterations, offering high accuracy and efficiency but being
prone to convergence difficulties. In contrast, ABAQUS/Explicit determines the solution
without iteration by explicitly advancing the dynamic state based on the results of the
previous increment; however, the computational results are heavily dependent on the time
step, requiring substantial computational time and storage space. Therefore, this study
adopts the ABAQUS/Standard module to analyze the compressive behavior of precast
reinforced concrete columns confined with CFRP sheets.

3.2. Material Constitutive Relations
3.2.1. Concrete Material Constitutive Model

According to the strength of the constraint effect of steel bars on concrete, the fabricated
reinforced concrete columns are divided into constraint regions, and the concrete is divided
into two regions: unconfined concrete and confined concrete zone, corresponding to the
concrete outside and inside the stirrups, respectively, and different compressive stress—
strain constitutive relationships are adopted.

https:/ /doi.org/10.3390/buildings16132564
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The unconfined concrete adopts the uniaxial compressive constitutive relationship in
Chinese Code GB/T 50010-2010 [31], as seen in Equation (4).

o= (1—-dc)E: ¢ (4)

where E. represents the elastic modulus of concrete (MPa), and d. represents the uniaxial
compressive damage parameter of concrete o (MPa).
The confined concrete within the stirrups adopts the Mander constitutive model [2],
seen in Equation (5):
feeXr
M R ©)
where x = /¢, € represents the peak strain of confined concrete, ecc = €0 [1+5(f%/flo —1)].
t = Ec/(Ec — Esec), Ec represents the elastic modulus of concrete. Ege. represents the secant
modules of confined concrete. f/. represents the compressive strength of confined concrete.
€qo represents the unconfined concrete strain, usually taken as 0.002. f/, represents the
unconfined compressive strength of concrete.
The constitutive relationship of concrete in tension adopts the uniaxial tensile stress—
strain relationship [31], as shown in Equation (6):

o= (1—d)E.-¢, (6)

where d represents the uniaxial tensile damage parameter of concrete, which characterizes
the stiffness degradation of concrete under tension.

The concrete stress—strain relationship curve cannot be directly applied in ABAQUS; it
must be converted into the stress—strain relationship curve within the concrete constitutive
model provided by ABAQUS. Since this study focuses on the compressive performance of
CFRP sheet-confined fabricated reinforced concrete columns under uniaxial load, the plastic
damage model is appropriate because it comprehensively accounts for the convergence,
computational accuracy, and efficiency of the model (Figure 5). The parameter values are

listed in Table 5.
GC 4 Gt 1L
Oy [~ Ot |--------
GCO “““
E ,’j”i E, \
(1-d)E, ./ /! i
44 (1_dc)E0// |
e A
-y ol
/ / i / // E,
f—— gin —fe ol > s >
& & c gt kgl €
Pl el c | o t
el e el P Ol
(@) (b)

Figure 5. Damage curves of concrete under uniaxial compression and tension: (a) uniaxial compres-
sion confinement; (b) uniaxial tension.

Table 5. Parameter values of concrete damage plasticity model.

Model Parameters  Dilatation Angle (°) Eccentricity feolfvo K Viscosity Parameter
Value 30 0.1 1.16 0.667 0.0005
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fst,r
fy,r -

Since the stiffness degradation of concrete in tensile and compressive damage is
inconsistent, the tensile damage factor d; and compressive damage factor d. in the code
are introduced to describe the stiffness degradation of both. According to the tensile
and compressive damage curves, ABAQUS uses an automatic relationship to convert
cracking strain into plastic strain values, with the specific relational expressions shown in
Equations (7) and (8).

k__de o
1—d¢ Ep

pl _ _ck el el _ ¢
& =& tEp— & =&

@)
in which ¢! represents tensile plastic strain, £ represents tensile inelastic strain, €8l repre-

sents tensile elastic strain under initial stiffness, and d; represents the tensile damage factor.

pl _ in de Oc
e =&l — C=,
1—-d. Ep

(®)

where sgl represents compressive plastic strain, ¢l represents compressive inelastic strain,
sglc represents compressive elastic strain under initial stiffness, and d. represents the com-
pressive damage factor.

By simply specifying the o — eS¢ — d; relationship under tension and the o, — & — d..
relationship under compression, the built-in ABAQUS program will automatically complete

. 1 i 1
the conversion between ¢k — e} and el — b

3.2.2. Concrete Constitutive Model

The defined property of steel bars in ABAQUS is an elasto-plastic model. Therefore, the
material constitutive relationship of steel bars in the model of this study adopts a bilinear
model, and the schematic diagram of its plot of stress against strain and the relational
expression are shown in Figure 6.

E e, &<¢
o, =
fy,r+k(gs—ey), E>E,

E, represents the elastic modulus of steel bars.

£, represents the strain of steel bars.

f,. represents the yield strength of steel bars.

f.. represents the ultimate tensile strength.

€, represents the yield strain of steel bars.

k represents the slope of the hardening segment of steel bars,

>

M- _

=  which is herein taken as 0.01E_.

u

Figure 6. Stress—strain curve of the steel bars.

3.2.3. CFRP Sheet Constitutive Model

In the simulation analysis, the CFRP sheet is an anisotropic material, and only the
tensile stress on the CFRP sheet is considered. When the ultimate tensile strain is reached,
it is considered to have fractured and failed. Therefore, the linear elastic model is used
to define its properties, and the stress—strain curve and relational expression are shown
in Figure 7.
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O—A

O'frI:

O-frp = Efrpgfrp .
E,, represents the tensile elastic modulus of the CFRP sheet.

&, represents the strain of the CFRP sheet.

Figure 7. Stress—strain curve of the CFRP sheet.

The ABAQUS software provides a model for defining the orthotropy of fiber materials
(lamina). The definition of the material direction of the fiber layer in this paper is shown in
Figure 8, in which the direction 1 and direction 2 are respectively the circumferential and
axial directions for the installation of CFRP. The local coordinate system adopts a cylindrical
coordinate, where directions 1 and 2 correspond to the circumferential and axial directions
of the CFRP sheet bonded and laid, respectively. The parameters of this model can be set
according to the material property parameters of the CFRP sheet.

Figure 8. CFRP material direction.

3.3. Interactions

Since no obvious slip phenomenon was observed between the fabricated templates,
steel bars, CFRP sheets, and concrete during the test, the model assumes that the core area
concrete is perfectly bonded with the fabricated templates, steel bars, and CFRP sheets. For
cast-in-place columns, there is only contact between concrete and steel bars. For fabricated
columns, in addition to embedding the steel skeleton into the entire model, it is necessary
to set the contact relationship between the concrete column, fabricated templates, and
CFRP sheets.

3.3.1. Steel Bar—Concrete Column Interaction

When the bond-slip between concrete and steel bars is not considered, the steel
skeleton composed of longitudinal bars and stirrups is embedded into the concrete column
through the embedded constraint relationship, thereby effectively achieving the synergistic
deformation effect between the concrete and steel bars, as shown in Figure 9a.

https:/ /doi.org/10.3390/buildings16132564
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(a) (b)

Figure 9. Interaction between components. (a) Embedded constraint. (b) Surface-to-surface contact.

(c) Tie constraint.

3.3.2. Contact Relationship Between Fabricated Templates and Core Cast-in-Place Concrete

Regarding the contact at the joints between fabricated templates and between the
inner surface of the templates and the cast-in-place concrete, surface-to-surface contact is
used for definition to simplify calculations. The equivalent friction method is selected to
simulate the interface contact between new and old concrete, as illustrated in Figure 9b. In
this method, Coulomb friction force is employed to simulate the tangential force between
new and old concrete, and the bond performance between them is defined by setting
the magnitude of the interface friction coefficient, with the friction coefficient taken as
1. For the normal interaction between new and old concrete, hard contact is adopted to
simulate the normal action, meaning that new and old concrete are allowed to separate
after detachment.

3.3.3. Interaction Between CFRP Sheets and Concrete

CFRP sheets are bonded to concrete through impregnating adhesive. To facilitate the
handling of the contact effect between concrete and CFRP sheets, the effect of structural
adhesive is usually not considered. A tie constraint is used to bind to the concrete surface,
so that there is no relative movement between the two different units, as shown in Figure 9c.

3.4. Boundary Conditions and Loading Method

Loading reference points were created at the top and bottom surfaces of the column,
and each reference point was coupled to the corresponding surface using a coupling
constraint, as shown in Figure 10a. To closely replicate the experimental loading conditions,
displacement-controlled loading was adopted. For the concentrically loaded column, the
bottom end was fully fixed (Ul = U2 = U3 = UR1 = UR2 = UR3 = 0), while the top end was
restrained against translations in the X and Z directions and rotations about the X, Y, and Z
axes (Ul = U3 =0, UR1 = UR2 = UR3 = 0). For the eccentrically loaded column, both ends
were pinned: the bottom end was fixed against translations in the X, Y, and Z directions
and rotations about the X and Y axes (Ul = U2 = U3 = 0, UR1 = UR2 = 0), and the top end
was restrained against translations in the X and Z directions and rotations about the X and
Y axes (Ul = U3 =0, UR1 = UR2 = 0), as illustrated in Figure 10b.

https:/ /doi.org/10.3390/buildings16132564
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/ i
(a) (b)

Figure 10. Boundary conditions and bearing constraint diagram. (a) Coupling of the column top
(bottom) surface to the reference point. (b) Support constraints and loading arrangement.

3.5. Model Establishment and Mesh Division

In this simulation, the concrete column and templates are modeled using the eight-
node reduced integration 3D solid element C3D8R. Longitudinal bars and stirrups are
modeled using the two-node linear 3D truss element T3D2. CFRP sheets are modeled using
the four-node reduced integration 3D membrane element M3D4R. The models in this study
are all 3D solids with relatively regular shapes. Therefore, structured mesh division is
adopted to generate hexahedral elements. The concrete column, fabricated panels, and
steel skeleton are divided into elements of 30 mm, while the CFRP sheets are divided into
elements of 25 mm. The mesh convergence analysis confirms that the adopted mesh density
has no appreciable influence on the numerical results, ensuring the stability and reliability
of the solution. The mesh division of each component is shown in Figure 11.

(b) (d)

Figure 11. Mesh division of each component. (a) Core concrete. (b) Fabricated concrete templates.
(c) Stirrups and longitudinal bars. (d) CFRP sheets.

4. Model Validation

Finite element model results usually differ from experimental phenomena: (1) The
finite element model adopts an ideal material model, while the properties of materials such
as steel bars and concrete in actual components are affected by factors like initial defects
and construction quality. (2) In finite element models, loads or displacements are usually
applied directly at both ends of the specimen, whereas actual specimens have loading
devices at both ends, which deform during the test, leading to changes in the stress state of
the specimen. (3) The contact and constraint conditions in the finite element model cannot
be completely identical to those of actual components. Therefore, this finite element model
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can be used to simulate the entire loading process of the compressive performance of CFRP
sheet-confined fabricated concrete columns.

Table 6 shows the comparison of ultimate bearing capacity between the test results
and finite element simulation results of eccentric compression columns. As shown in the
table, the simulation results of ultimate bearing capacity are in good agreement with the
test data, and the error is below 3%.

Table 6. Comparison of ultimate bearing capacity of eccentric compression column test and model.

Specimen ID  Test Ultimate Bearing Capacity (kN) Simulation Ultimate Bearing Capacity (kN) Error
RC-LE 528.80 533.71 0.93%
RC-SE 1870.40 1895.51 1.34%
PC-LE 515.07 520.82 1.12%
PC-SE 1779.25 1808.38 1.64%

PCCF-LE 578.85 565.72 —1.42%
PCCEF-SE 2021.70 2071.04 2.44%
PCCS-LE 548.43 552.46 0.73%
PCCS-SE 1928.80 1974.15 2.35%

As illustrated in Figure 12, the ascending segment of the load—displacement curves
for the simulated and test specimens of eccentric compression columns follows a basically
similar trend, but the loading curves of the fabricated columns show certain discrepancies in
the descending segment. This is because in the finite element model, loads or displacements
are usually applied directly at both ends of the specimen, whereas actual specimens have
loading devices (steel plates) at both ends. The steel plates deform during the test. After
reaching the ultimate bearing capacity, the specimen fails, and the steel plates undergo
stress release and rebound, leading to changes in the stress state of the specimen. Therefore,
after the peak load, a sudden downward trend is observed.
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Figure 12. Cont.
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Figure 12. Comparison of load—displacement curves of eccentric compression column test and model.
(a) RC-LE. (b) PC-LE. (c) RC-SE. (d) PC-SE. (e) PCCF-LE. (f) PCCF-SE. (g) PCCS-LE. (h) PCCS-SE.

Figure 13a-h show the comparison of failure modes between the test data and finite
element model analysis results of the specimens. As can be seen from the figures, the
failure modes of the finite element model and the test specimens are basically the same,
both conforming to the failure characteristics of eccentric compression columns. Based
on the above analysis, it can be verified that using this model to study the eccentric
compression performance of cast-in-place and fabricated reinforced concrete columns is
feasible and accurate.

(d) (8 (h)

Figure 13. Failure mode comparison diagrams of eccentric compression column test and model.
(a) RC-LE. (b) PC-LE. (c) RC-SE. (d) PC-SE. (e) PCCF-LE. (f) PCCF-SE. (g) PCCS-LE. (h) PCCS-SE.
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5. Parameter Analysis

To further investigate the effects of different factors on the compressive performance of
CFRP sheet-confined fabricated concrete columns, this paper, based on the aforementioned
finite element analysis model, studies the influences of factors such as fabricated concrete
column damage, CFRP sheet layers, strip width, net spacing, and concrete strength on the
compressive mechanical properties of fabricated concrete columns.

5.1. Model Design
5.1.1. Layers, Strip Width, and Spacing of CFRP Sheet

Based on the CFRP sheet-confined column model, 54 eccentric compression columns
were designed with concrete strength grades C40 and C30. The thickness of the CFRP sheet
is 0.167 mm, and the number of layers is set to 1, 2, 3, and 4. The eccentricities are 200 mm
and 40 mm.

For the selection of CFRP strip width and net spacing, since the research object is
an eccentric column, the adjacent joints of fabricated templates are structurally weak. To
ensure the overall stability of the specimens, CFRP sheets are bonded at the joints between
corbels and templates with a strip width of 100 mm. CFRP sheets are bonded at each
template joint, and additional CFRP sheets are evenly bonded in the gaps. The strip widths
used are 125 mm, 100 mm, 75 mm, 50 mm, 25 mm, 15 mm, and 10 mm. Since the net
spacing changes with the strip width, there are many combinations of strip width and
net spacing, which can easily result in the same constraint amount. To better describe the
constraint amount of the specimens, the CFRP strip strengthening ratio ks is introduced,
defined as the ratio of the strip width to the sum of the net spacing and strip width. The
values of ks are 0, 0.25, 0.3, 0.38, 0.4, 0.5, 0.63, 0.75, and 1, respectively. The CFRP strip
bonding scheme of the specimens is shown in Figure 14.
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Figure 14. Scheme diagrams of different carbon fiber cloth pastes (ks). (a) 0.75. (b) 0.63. (c) 0.5. (d) 0.4.
(e) 0.38. (f) 0.3. (g) 0.25.
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5.1.2. Strengthening of Damaged Columns

The width and net spacing of CFRP sheets, number of layers, reinforcement ratio, and
concrete strength grade of the specimens were kept constant. The damage levels of the
specimens were set as 0.3, 0.35, 0.4, 0.45, and 0.5 times the peak bearing capacity of the
unstrengthened specimens. Among these specimens, the CFRP sheet arrangement of the
simulated specimens was one layer of full wrapping strengthening, with concrete strength
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grades C30 and C40, a single-layer CFRP sheet thickness of 0.167 mm, and eccentricities of
200 mm and 40 mm.

5.2. Analysis of the Influence of CFRP Sheet Layers on Compressive Performance of
Fabricated Columns

5.2.1. Ultimate Bearing Capacity Analysis

Table 7 shows the ultimate bearing capacity values of fabricated eccentric compression
columns confined with different layers of CFRP sheets. In the table, the “increase amplitude”
refers to the change in ultimate bearing capacity of specimens confined with different CFRP
sheet layers relative to unconfined specimens, and the “relative increase rate” refers to the
ratio of the increment in ultimate bearing capacity of the current layer-confined specimen
to the ultimate bearing capacity of the previous layer-confined specimen.

Table 7. Ultimate bearing capacity of fabricated large eccentric compression columns confined with
different layers of CFRP sheets.

Specimen ID Strengthening Number of Ultimate Bearing Increase Relative Increase
Method Layers Capacity (kN) Amplitude (%) Rate (%)
LE-0 Unstrengthened 0 520.82 - -
LE-F1 Full Wrapping 1 565.72 8.62 -
LE-F2 Full Wrapping 2 593.12 13.88 4.84
LE-F3 Full Wrapping 3 611.25 17.36 3.06
LE-F4 Full Wrapping 4 620.69 19.18 1.54
LE-S1 Strip 1 552.46 6.08 -
LE-S2 Strip 2 559.40 741 1.34
LE-S3 Strip 3 563.85 8.26 0.98
LE-54 Strip 4 567.44 8.95 0.64
SE-0 Unstrengthened 0 1808.32 - -
SE-F1 Full Wrapping 1 2071.04 14.52 -
SE-F2 Full Wrapping 2 2115.14 16.96 2.13
SE-F3 Full Wrapping 3 2175.82 20.32 2.87
SE-F4 Full Wrapping 4 2208.39 2212 1.50
SE-S1 Strip 1 1974.15 9.17 -
SE-S2 Strip 2 1994.01 10.26 1.01
SE-S3 Strip 3 2010.51 11.18 0.83
SE-54 Strip 4 202591 12.03 0.77

It can be seen from the data in the table that for both fabricated large and small
eccentric compression columns, after being strengthened with CFRP sheets, the ultimate
bearing capacity increases with the increase in the number of layers, and the full wrapping
confinement effect is always better than the strip confinement effect. Specifically, for large
eccentric compression columns, full wrapping with 1-4 layers of CFRP sheets increases
the bearing capacity by 8.62% to 19.18%. For small eccentric compression columns, the
increase amplitude under the same number of layers is 14.52% to 22.12%. In comparison,
the strengthening effect of small eccentric compression columns is more significant, which
is due to the fact that CFRP sheets can more effectively constrain lateral deformation,
thereby enhancing the bearing performance to a greater extent.

As the number of CFRP sheet strengthening layers increases, the increase amplitude
of ultimate bearing capacity shows a decreasing trend. For example, for large eccentric
compression specimens with full wrapping strengthening, when the number of layers
increases from 1 to 4, the increase rate per layer gradually decreases from 4.84% to 1.54%.
Small eccentric compression specimens also show a similar pattern. This indicates that the
synergistic working capacity of CFRP sheets weakens during multi-layer strengthening,
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and the strength utilization rate gradually decreases. Therefore, the strengthening effect
does not increase linearly with the number of layers, but there is a reasonable range. This
can also be seen from Figure 15a,b.
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Figure 15. Variation in ultimate bearing capacity of fabricated reinforced concrete columns with
number of CFRP sheet layers. (a) Large eccentric compression. (b) Small eccentric compression.

Based on the comprehensive research results, it is recommended that the number
of CFRP sheet layers in practical applications be preferably 2-3 layers. Beyond this
range, continuing to increase the number of layers will no longer significantly improve the
bearing capacity.

5.2.2. Load-Displacement Curve Analysis

The load—displacement curves in Figure 16 show that with the increase in the number
of CFRP sheet strengthening layers, the ultimate displacement of the specimens increases
significantly, and the deformation capacity is enhanced. This is because the confinement
effect of the CFRP sheets is fully exerted mainly after the peak load. It restrains the lateral
expansion of concrete, increases the ultimate compressive strain, and thereby delays the
failure process and improves the ductility of the specimens.
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Figure 16. Load—displacement curves of fabricated columns confined with different layers of CFRP
sheets. (a) LE-F. (b) SE-F. (c) LE-S. (d) SE-S.
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Specifically, for small eccentric compression specimens, CFRP sheet confinement
(especially the full wrapping form) can make the descending segment of the curve gentler,
significantly improving ductility. However, for large eccentric compression specimens,
although the bearing capacity is improved, the effect of using only transverse CFRP sheet
confinement to improve ductility is limited, indicating that the strengthening method
has an insignificant effect on improving the deformation performance of large eccentric
compression columns.

5.2.3. Failure Mode Analysis

As mentioned earlier, the improvement effect of CFRP sheets on bearing capacity is no
longer significant when the number of layers exceeds three. Figures 17 and 18, through
finite element simulation, respectively show the concrete equivalent plastic strain and
CFRP sheet stress distribution of fabricated large and small eccentric compression columns
strengthened with two and three layers of CFRP sheets when reaching ultimate bearing
capacity. The analysis indicates that an increase in the number of CFRP sheet layers leads
to a significant rise in the concrete equivalent plastic strain within the compression zone
of the specimen, an expansion of the compression zone height, and a tendency toward
uniformity in the compressive stress distribution. This phenomenon is particularly obvious
in fully wrapped strengthened specimens, whose stress uniformity is better than that of
strip strengthened specimens. The reason is that full wrapping provides continuous and
complete confinement, while the confinement effect of strip strengthening is uneven at the
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Figure 17. Equivalent plastic strain of concrete and stress nephograms of CFRP sheets for two-layer
and three-layer fabricated columns under large eccentric compression. (a) LE-F2. (b) LE-F2 CFRP.
(c) LE-F3. (d) LE-F3 CERP. (e) LE-S2. (f) LE-S2CFRP. (g) LE-S3. (h) LE-S3 CFRP.
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Figure 18. Equivalent plastic strain of concrete and CFRP stress nephograms of two-layer and three-
layer CFRP sheet confined fabricated small eccentric compression columns. (a) SE-F2. (b) SE-F2 CFRP.
(c) SE-F3. (d) SE-F3 CFRP. (e) SE-S2. (f) SE-S2 CFRP. (g) SE-S3. (h) SE-S3 CFRP.

From the stress nephogram of CFRP sheets, it can be found that the stress is mainly
concentrated in the compression zone of the specimen, reflecting that the concrete deforma-
tion and confinement demand in this area are the largest. It is worth noting that with the
increase in the number of CFRP sheet layers, its own stress level shows a downward trend.
At the same time, the crack development in the concrete is denser and more sufficient. This
seemingly contradictory phenomenon precisely indicates that increasing the number of
layers effectively improves the overall confinement stiffness of the composite, allowing the
high-strength performance of CFRP sheets to be more fully exerted, thereby maintaining
high bearing capacity even after concrete cracking and failure process delay. Therefore,
the simulation results confirm from the perspective of micromechanics that increasing the
number of CFRP sheet layers can effectively improve the bearing performance and ductility
of fabricated columns by improving stress distribution and enhancing the confinement
effect. The numerical values in the figure represent the stress at the response location.

5.3. Analysis of the Influence of CFRP Sheet Width and Net Spacing on the Compressive
Performance of Fabricated Columns

5.3.1. Analysis of Ultimate Bearing Capacity

The simulation data in Table 8 show that the width and net spacing of CFRP strips
have a significant influence on the ultimate bearing capacity of fabricated columns. When
strip strengthening is only applied at the joints of the fabricated formwork, the ultimate
bearing capacity of both large and small eccentric compression specimens decreases with
the reduction in strip width.
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Table 8. Ultimate bearing capacity of fabricated columns with different width and spacing of
CFRP sheets.

. ) ] Confinement Ultimate Bearing Capacity (kN)
Specimen ID Width (mm)  Net Spacing (mm) Ratio ks Large Eccentric ’ SrIrJlall gccentric
WO - - 0 520.82 1808.38
W1 125 75 0.63 557.86 1980.46
W2 100 100 0.50 552.46 1974.15
W3-1 125 0.38 552.79 1968.82
W3-2 7 25 0.75 560.55 1988.49
Wi4-1 150 0.25 546.25 1963.48
W4-2 50 50 0.50 550.19 1976.31
W4-3 15 0.77 558.16 1989.71
W5-1 75 0.25 544.92 1963.71
W5-2 25 25 0.50 547.94 1975.61
W5-3 15 0.63 555.46 1982.86
We-1 85 0.15 543.29 1958.89
We6-2 35 0.30 545.64 1966.22
Wé6-3 15 25 0.38 546.49 1971.08
We6-4 10 0.60 559.78 1983.02
W7-1 90 0.10 541.22 1956.60
W7-2 40 0.25 542.31 1961.73
W7-3 10 15 0.40 551.35 1973.83
W7-4 10 0.50 554.61 1978.37
W8 Full Wrapping 0 1.00 565.72 2071.04

Controlling the net spacing of strips to be the same, the ultimate bearing capacity of
the specimens increases with the increase in strip width. Meanwhile, the comparative data
reveal that for the same strip width, the bearing capacity of the specimens declines when
the strip net spacing becomes larger. Wider strips and smaller net spacing can provide
more effective confinement, thereby achieving a better strengthening effect.

When the confinement ratio ks of the specimen is 0.5, the strip width and net spacing
are 100 mm, 50 mm, 25 mm, and 10 mm, respectively. When the strip width decreases from
100 mm to 25 mm, the ultimate bearing capacity decreases with the reduction in CFRP
strip width and net spacing. However, when the CFRP strip width decreases to 10 mm,
the ultimate bearing capacity reaches the maximum. The reason is that the smaller the net
spacing between adjacent CFRP sheets, the stronger the confinement effect on concrete. If
only reducing the net spacing between CFRP strips is considered while ignoring the strip
width, the CFRP sheets will break due to excessive tensile stress during loading, losing the
confinement effect on concrete.

Based on the above analysis, when the CFRP strip width is constant, reducing the net
spacing between strips leads to an increase in the ultimate bearing capacity of the specimen.
When the CFRP net spacing is constant, the ultimate bearing capacity increases with the
increase in strip width. The ultimate bearing capacity increases with the confinement
ratio, but the improvement amplitude is small, indicating that an appropriate CFRP sheet
arrangement should be selected for confinement.

5.3.2. Load-Displacement Curve Analysis

Figure 19 shows the load—displacement curves of fabricated large and small eccentric
compression columns with different CFRP strip widths and net spacings. It can be seen
that in the elastic stage, the curves remain almost unchanged because the concrete does not
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undergo significant deformation in the initial loading stage, and the CFRP sheets do not
exert passive confinement. When the specimens enter the plastic deformation stage, the
slopes of the curves begin to differ because the specimen deformation increases significantly,
activating the CFRP confinement effect. As the CFRP strip width and confinement ratio
decrease, the confinement effect on the concrete weakens, leading to a gradual reduction in
the ultimate bearing capacity of fabricated large and small eccentric compression columns,
with no significant improvement in ductility.
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Figure 19. Load-displacement curves of fabricated columns with different widths and spacings of
CFRP sheets. (a) Large eccentric. (b) Small eccentric.

5.3.3. Failure Mode Analysis

Figure 20 shows the influence of CFRP strip width variation on the failure mode of
large eccentric compression members when the net spacing is fixed. The results show
that as the strip width decreases, the concrete cracks on the tensile side tend to be dense,
while the non-uniformity of compressive strain distribution and plastic strain of concrete
on the compressive side both increase. This is mainly because although the narrowing
of strips increases the number of strips, the direct confinement area decreases, which
easily leads to stress concentration at the formwork corners, resulting in a reduction in the

confinement effect.
Comparison of specimens with the same width and different net spacings reveals

that when the strip width is constant, reducing the net spacing leads to a further increase
in cracks on the tensile side, while making the compressive stress distribution on the
compressive side more uniform and increasing the height of the compressive zone. This
indicates that reducing the net spacing can effectively increase the confinement ratio,
thereby enhancing the confinement effect of CFRP sheets on concrete and improving the
bearing capacity of the member.

Figure 21 shows the failure modes of small eccentric compression members with
different CFRP strip widths under fixed net spacing. As shown in Figure 21a, when the
net spacing is 25 mm, the strip widths of W3-2, W5-2, and W6-3 are 75 mm, 25 mm, and
15 mm, respectively. It can be observed that under the same net spacing, the plastic strain
of concrete in the compressive zone increases as the strip width decreases. A small amount
of strain appears in the tensile zone, indicating fewer and narrower cracks in the tensile
zone. Comparing specimens W5-22 and W5-32, under the same strip width, the smaller the
net spacing, the smaller the concrete strain in the compressive zone. This is because more
strengthening strips (higher strengthening ratio) result in more confinement applied to the
concrete in adjacent net spacing, enabling it to bear higher pressure.
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Figure 20. The failure modes of fabricated large eccentric compression columns with different widths
and spacing of CFRP sheets. (a) W3-21. (b) W5-21. (c) W6-31. (d) W4-31. (e) W5-31. (f) W7-31.
(g) W6-41. (h) W7-41.

5.4. Analysis of the Influence of CFRP Sheet Strengthening on Compressive Performance of
Damaged Fabricated Columns

5.4.1. Ultimate Bearing Capacity Analysis

The damage degree was defined as follows: while the CFRP sheet width, clear spacing,
number of layers, reinforcement ratio, and concrete strength grade of the specimens were
kept constant, different damage levels were set as 0.3, 0.35, 0.4, 0.45, and 0.5 times the peak
bearing capacity of the unreinforced control specimen.

In Table 9, finite element simulation results show that after strengthening with CFRP
sheets, the ultimate bearing capacity of damaged fabricated columns with different damage
degrees is significantly improved. Moreover, with the increase in damage degree, the
ultimate bearing capacity only shows a limited decrease. For small eccentric compression
specimens, when the damage degree increases from 0.3 to 0.5, its ultimate bearing capacity
slightly decreases from 1863.70 kN to 1858.27 kN, with a small reduction range. For large
eccentric compression specimens, when the damage degree is in the range of 0.3 to 0.5,
the ultimate bearing capacity slightly decreases from 564.11 kN to 561.67 kN. Overall,
the increase in damage degree has little influence on the ultimate bearing capacity of the
strengthened columns, and the strengthening effect of CFRP on damaged columns is stable
and significant.
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Figure 21. The failure modes of fabricated small eccentric compression columns with different widths
and spacing of CFRP sheets. (a) W3-22. (b) W5-22. (c) W6-32. (d) W4-32. (e) W5-32. (f) W7-32.
(g) W6-42. (h) W7-42.

Table 9. Ultimate bearing capacity of CFRP-reinforced and damaged fabricated large-biased columns.

Specimen ID Damage Eccentricity Number of Initial Load Peak Load Improvement
Degree (mm) Layers (kN) (kN) Amplitude (%)
DO0-1 0 40 - - 1808.38 -
D1-1 0 40 1 - 2071.04 -
D2-1 0.3 40 1 503.3 1863.7 3.06
D3-1 0.35 40 1 668.81 1861.97 2.96
D4-1 0.4 40 1 723.35 1861.27 2.92
D5-1 0.45 40 1 828.67 1859.92 2.85
Dé6-1 0.5 40 1 904.19 1858.27 2.76
DO0-2 0 200 - - 520.82 -
D1-2 0 200 1 - 565.72 -
D2-2 0.3 200 1 147.03 564.11 8.31
D3-2 0.35 200 1 182.29 563.61 8.22
D4-2 0.4 200 1 221.1 563.06 8.11
D5-2 0.45 200 1 237.86 561.91 7.89
D6-2 0.5 200 1 260.41 561.67 7.84
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5.4.2. Load-Displacement Curve Analysis

From the load-displacement curves of the specimens presented in Figure 22, the
following conclusions are obtained. Since the initial strengthening load is applied be-
fore the member reaches the peak strain, the damaged fabricated reinforced concrete
columns strengthened with CFRP sheets can be repaired. The bearing capacity and stiffness
can return to the undamaged state, and the downward trend slows down after reach-
ing the peak load. Compared with undamaged fabricated reinforced concrete columns,
the bearing capacity of damaged strengthened columns is improved after CFRP sheet
strengthening, and the improvement amplitude is slightly larger for members with smaller
bearing capacity. This is because the confinement effect of transverse CFRP sheets in-
creases the compressive strain of concrete and enhances its bearing capacity. The high
tensile strength and elastic modulus of CFRP sheets are fully utilized, leading to ductile
failure of the eccentric compression column. Meanwhile, it can be seen from the figure
that the damage degree has a greater impact on the bearing capacity of small eccentric
compression columns.

600 [ 2000 +
500 I
= I 1500 |
§ o : E | DO0-2
g 300 = 1000 - b
g I DO-1 2 —=—DI-2
= 200 - —* DI S ——D2-2
| —+—D2-1 500 - D62
100 ——D6-1
L 1 L | L 1 L 1 n 1 " 1
0 5 10 15 0 2 4 6
Displacement(mm) Displacement(mm)

(@) (b)

Figure 22. Load-displacement curve of damaged fabricated columns strengthened with CFRP sheets.
(a) Large eccentric. (b) Small eccentric.

5.4.3. Failure Mode Analysis

The compressive damage variable is defined as a scalar index representing the stiff
degradation of concrete under compression, ranging from 0 (undamaged state) to 1 (fully
damaged state).

Figure 23a shows the failure mode of the unreinforced column. Under no load, the ini-
tial stress state is 0. When the specimen reaches the ultimate bearing capacity, the concrete
stress in the compressive zone of the column is 17.65 MPa, the concentrated stress at the
corner of the fabricated formwork concrete is 5.37 MPa, and the concrete compressive dam-
age variable is 0.96%. Figure 23b shows the failure mode of the CFRP sheet-strengthened
damaged column with an initial stress state of 11.75 MPa and the column under a load of
503.30 kN. When the specimen reaches the ultimate bearing capacity, the concrete compres-
sive damage variable is 0.96%. Although the stress on the concrete increases, the stress
distribution at the corner of the fabricated panel decreases. This indicates that after CFRP
sheet strengthening, with a continuous increase in load, crack propagation is delayed
compared with the unreinforced column; the height of concrete in the compressive zone
increases, and the compressive stress distribution becomes more uniform.
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Figure 23. Failure mode analysis process of damaged fabricated columns strengthened with CFRP
sheets. (a) Unreinforced column. (b) CFRP sheet-strengthened damaged column.

Figure 24 shows the axial stress nephograms of concrete in unreinforced and strength-
ened concrete eccentric compression columns at ultimate bearing capacity. For small
eccentric compression specimens strengthened with full wrapping CFRP sheets, the axial
compressive stress value under ultimate bearing capacity of concrete is increased, the
height of the compressive zone is also increased, and the distribution of compressive
stress is more uniform. The compressive stress gradually decreases from the compressive
zone to the tensile zone of the column, and the fabricated formwork concrete is mainly
affected by tensile stress. For large eccentric compression specimens under full wrapping
strengthening, the axial compressive stress of concrete does not change significantly, and
the height of the compressive zone does not change obviously. It can be seen from the stress
nephograms of CFRP sheets of specimens D3-1 and D6-1 that the greater the damage de-
gree, the stronger the confinement effect of CFRP sheets on concrete, and the more uniform
the distribution of concrete compressive stress. It can be seen from the stress nephograms of
CFRP sheets of specimens D3-2 and D6-2 that under large eccentric compression state, the
greater the damage degree, the smaller the confinement effect of CFRP sheets on concrete
in the tensile zone.
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Figure 24. Axial stress nephograms of concrete under ultimate bearing capacity of unreinforced and
reinforced damaged specimens. (a) D3-1. (b) D3-1. (c) D6-1. (d) D6-1. (e) D3-2. (f) D3-2. (g) D6-2.
(h) D6-2.

6. Conclusions

This paper employs ABAQUS finite element software to construct finite element

models of cast-in-place columns, fabricated columns, and CFRP sheet-confined fabricated
columns. On this basis, the effects of column damage degree, concrete strength grade,
number of CFRP sheet layers, strip width, and net spacing on the compressive performance
of fabricated reinforced concrete columns are analyzed.

1.

The bearing capacity variation trend of the finite element model is basically consistent
with that of the test specimens, and the ultimate bearing capacity error is within 3%,
which verifies the correctness of the ABAQUS finite element model and the rationality
of the material constitutive relationship established in this paper.

As the number of CFRP sheet layers increases, both the ultimate bearing capacity and
ductility of large and small eccentric compression specimens can be enhanced under
full wrapping or strip confinement. The improvement amplitude of ultimate bearing
capacity under full wrapping confinement is larger than that under strip confinement.
The maximum increase in ultimate bearing capacity can reach 19.18%. For less than
three layers of CFRP sheets, the ultimate bearing capacity improvement is relatively
significant. The maximum relative improvement can reach 4.84%. When four layers
of CFRP sheets are used to confine eccentric compression columns, the improvement
amplitude of ultimate bearing capacity is low, the utilization rate of CFRP sheets is
small, and the ultimate bearing capacity of axially compressed columns cannot be
significantly improved. The maximum relative improvement is merely 1.54%. This
indicates that the confinement effect of the members does not increase linearly with
the number of layers, and the relative improvement rate will gradually decrease.
There is an optimal number of layers for the CFRP sheet strengthening scheme. Based
on the simulation results, it is recommended to use 2-3 layers as the ideal number of
CFRP sheet layers.

https:/ /doi.org/10.3390/buildings16132564


https://doi.org/10.3390/buildings16132564

Buildings 2026, 16, 2564 27 of 28

3. For constant strip width, a smaller spacing results in smaller concrete strain in the
compressive zone. Under the same net spacing, reducing the strip width leads to an
increase in the number of cracks in the member while the crack width decreases, and
the ultimate bearing capacity of the column diminishes as the strip width decreases.

4. After strengthening with CFRP sheets, the ultimate bearing capacity of initially dam-
aged large and small eccentric compression columns is increased, and the deformation
capacity and ductility of the members are improved to a certain extent. The damage de-
gree has a greater impact on the ultimate bearing capacity of CFRP sheet-strengthened
small eccentric compression columns; the greater the damage degree, the smaller
the improvement amplitude in ultimate bearing capacity. The maximum increase
in ultimate bearing capacity can reach 8.31%. The damage degree has no significant
impact on the ultimate bearing capacity of CFRP sheet-strengthened large eccentric
compression columns—regardless of greater damage degree, there is no significant
change in the improvement of ultimate bearing capacity.
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