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Abstract: In order to improve the seismic performance of reinforced concrete (RC) frames, carbon
fiber-reinforced polymer (CFRP) was used to retrofit reinforced concrete frame structures. The
comparison pseudo-static test results show that the peak load, initial stiffness and ductility of the
CERP retrofitted model were increased by 43.89%, 39.27% and 30.1%, respectively. Based on the
parametric study of the finite element model, the contribution of CFRP to the seismic upgrading
effect of RC columns was quantitatively revealed, and an optimized design of retrofitted CFRP was
proposed. The results show that the peak load, ductility and energy dissipation capacity of the whole
structure are improved by using CERP full-wrap reinforcement and strip reinforcement models with
different coverage areas. The damage degree of the column decreases, the damage degree of the beam
increases, and the failure mode changes from “column hinge” to “beam hinge”. Simultaneously,
different CFRP reinforcement areas and the distance between strip CFRP have different reinforcement
effects on concrete structures. Based on the investigation results, the recommended ratio of CFRP
strip to spacing is 1 to 1.25.

Keywords: carbon fiber-reinforced polymer; reinforced concrete column; pseudo-static test; finite

element numerical simulation; seismic performance

1. Introduction

Based on the design concept of “strong columns and weak beams”, reinforced concrete
frame structures are damaged by the overall yielding mechanism of the “beam hinge”
during an earthquake, which can realize the ideal deformation capacity of the structure
under the premise of beam hinge energy dissipation to give the structure a more ideal
energy consumption performance. However, in the destructive earthquakes that have been
seen since the turn of the new century, the actual earthquake damage of reinforced concrete
frame structures shows that after setting up the infill wall, the reinforced concrete frame
structure usually yields at the column end first [1-5]. To address the real-world problem,
the use of carbon fiber reinforcement is an effective way to improve the failure modes of
frame beams and columns. Carbon fiber-reinforced polymer (CFRP) has been widely used
for structural rehabilitation, repairing and strengthening owing to its superior properties,
such as high tensile strength, light weight, excellent corrosion- and fatigue-resistance,
convenient installation scope and durability [6-9]. Moreover, CFRP reinforcement can
reduce the average stress in the original structure and significantly increase the fatigue
life [10]. Currently, externally bonded CFRPs are well accepted owing to their simple
workmanship requirements and convenient construction. However, with this technique,
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only 20-30% of the tensile strength of the CFRP can be utilized owing to the debonding
failure between the CFRP and concrete. The prestressed CFRP has shown more efficient
strengthening results, which would offer more advantages, such as reducing the deflection
and crack widths of the strengthened concrete structures, delaying the onset of concrete
cracking and the yielding of the internal steel reinforcements, and the removal of premature
debonding failure. However, it is more complicated to determine the control value of
prestress, the application system and the end anchorage [11,12].

The results of domestic and foreign experimental research show that the ductility,
bearing capacity and seismic performance of columns after reinforcement with CFRP have
been significantly improved [13-16]. In recent years, domestic and international research
on the CFRP retrofitting of reinforced concrete structures has focused on the reinforcement
of individual members. Dirikgil T. [17] and Jizhong Wang et al. [18] retrofitted reinforced
concrete columns using CFRP and analyzed the force properties under cyclic lateral loading,
finding that the ductility and load carrying capacity of the columns after retrofitted were
significantly improved. Wei et al. [19,20] presented an effective partial confinement method,
whereby different layers of CFRP sheets were wrapped around the lower-strength part to
explore the improvement achieved by partial confinement; the experimental results indicate
that both the strength and the ductility of the lower-strength part could be significantly
increased. Ilki A. [21] and Benzai et al. [22] conducted axial compression tests on CFRP-
retrofitted reinforced concrete columns, which showed that the strength and ductility of
the columns after CFRP reinforcement were substantially improved. Haiyang Zhu [23]
and Tingyan Wang et al. [24] used CFRP to retrofit concrete beams, and to investigate the
effects of the anchoring method by assessing whether the concrete beams are damaged by
the reinforcement. Lin Shu [25] and Zheng Fang al. [26] studied the effect of the amount
of CFRP on the ultimate bearing capacity of reinforced concrete slabs. A novel wedge-
shaped bond anchorage system was developed by Li et al. [11]. This wedge—extrusion
bond anchor successfully anchored the CFRP plate. A higher anchorage bearing capacity
and stress level were obtained, and the optimal tensile properties of the CFRP plate were
achieved. Zhimei Zhang [27] and Xinzheng Lu et al. [28] investigated the mechanical
properties of CFRP-retrofitted columns under axial compression by means of finite element
numerical simulation. Some scholars have also conducted experimental studies on the
overall framework model. Xiaoyun Guo [29] and Jianming Guo et al. [30] investigated the
effects of CFRP retrofitting on the overall seismic performance of frames via proposed static
tests. Eslami et al. [31] used CFRP to reinforce a frame structure, and showed that CFRP-
reinforced frame structures exhibit an optimized failure mode across the overall structure.
Balsamo [32] and Chen et al. [33] used CFRP to strengthen the RC frame structure, and
conducted seismic tests, which showed that CFRP reinforcement can improve the energy
dissipation capacity, strength and ductility of the overall structure.

The above experiments and finite element simulation studies have verified that the
bearing capacity and ductility of structural members after CFRP retrofitting are improved,
which is of benefit to the seismic performance of the structure. However, the above
studies are limited to the CFRP reinforcement of individual components, such as reinforced
concrete beams, slabs, and columns, and there are fewer studies that consider the effects of
CFRP reinforcement on the seismic performance of the overall structure, or that undertake
parametric quantitative analysis. In this paper, the proposed static tests were conducted
on a set of ordinary-model and CFRP-retrofitted columns, and finite element modeling
calculations were carried out on the experimental models to reveal the effects of CFRP
retrofitting on the failure modes of the frame columns; based on the parametric analyses,
the effects of strip-retrofitting on frame columns has been quantitatively investigated, with
CFRP utilization rate, width, and spacing as the controlled parameters. Further, CFRP full-
wrap and strip-retrofitted frame columns have been quantitatively studied in comparison
with those of CFRP full-wrap and strip-reinforced frame columns at the structural level.
The effects of CFRP full-wrap and strip-retrofitting on the seismic performance of the
structure are here investigated via a comparative study at the structural level.
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2. Experimental Program
2.1. Experimental Design and Material Properties

In this experiment, two groups of reinforced concrete beam-column models were
designed and fabricated to carry out the proposed static tests, and the experimental models
were taken from a two-bay, one-span frame structure model on the first floor of the teaching
building of the Xuankou Middle School, with a scaled-down ratio of 1:4, one group of which
was the ordinary model, and the other group of which was the CFRP-retrofitted model,
and the axial compression ratio was applied by the artificial mass in order to guarantee the
constant axial compression ratio during the test. The experimental models are shown in
Figure 1.

Figure 1. Ordinary and retrofitted RC frame model of pseudo-static test: (a) ordinary model;
(b) retrofitted model.

The cross-sectional dimensions of the beams are 120 mm x 200 mm with a length
of 2300 mm, and the cross sectional dimensions of the columns are 120 mm x 120 mm
with a height of 1000 mm. Both columns and beams are configured with 4 bars of HRB335
grade with a diameter of 10 mm as shown in Figure 2. The hoop reinforcement is made of
HPB300-grade galvanized iron wire of 3 mm diameter, the spacing of the non-encrypted
zone of column hoop reinforcement is 50 mm and the spacing of the encrypted zone is
25 mm, while the spacing of the beam hoop reinforcement is 100 mm without an encrypted
zone. The thickness of the protective layer of concrete on the columns is 10 mm, and the
thickness of the protective layer of concrete on the beams is 20 mm. The reinforcement
bars used in the experiment all meet the requirements of the Code for Structural Design of
Concrete Structures (GB 50010-2010) [34].

The strength class of the concrete of the model was C30, the mass ratio of cement,
sand and stone was 1:1.65:3.36, the strength of the cement was 42.5 MPa, the water—cement
ratio was about 0.6, and the model was cured for 28 days in an indoor environment after
it had been made. After making the experimental model, three 150 x 150 x 150 mm
cubic specimens and three 150 mm x 150 mm x 300 mm prism-shaped specimens were
made. The axial compression test of the test block was carried out on the test day using the
Changchun Kexin YAW-2000 (Changchun Kexin Testing Instrument Co., Ltd, Changchun,
China) electro-hydraulic servo press (Figure 3).
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Figure 2. Beam and column dimensions and reinforcement diagram: (a) beam section reinforcement
diagram; (b) column section reinforcement diagram.

(a) (b)
Figure 3. Axial compression test of concrete specimens: (a) cube specimen; (b) prism specimen.

The retrofitted model chamfered the four columns, polished the corners of the columns
smoothly without leaving any edges, and then retrofitted the columns with CFRP
(Figure 1b). The CFRP was produced by Changzhou Baifeng Carbon Fiber Company
(Changzhou, China), and the bonding adhesive was made by mixing epoxy resin adhesive
with curing agent according to the quality ratio of 4:1. We brushed a layer of adhesive on
the surface of the column, wrapped a layer of CFRP around the full height of the column,
and set the fiber weaving direction along the circumferential direction of the column. We
then brushed a second layer of adhesive onto the CFRP, with a lap length of 100 mm. A
number of 200 mm x 30 mm CFRP specimens were made, and tensile tests were carried
out with an MTS Model E45 (MTS (China) Co., Ltd., Shenzhen, China) universal testing
machine according to the “Test Method for Tensile Properties of oriented fiber reinforced
Plastics (GB/T 3354-1999)” [35], as shown in Figure 4. The tensile strength and elastic
modulus of the CFRP can be calculated according to o = % and E = lft—%, respectively.
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o is the tensile strength, F,, is the peak tensile failure load, b is the width of the specimen,
t is the thickness of the specimen, E is the elastic modulus, ! is the original length of the
specimen, AF is the load increment in the elastic stage, and Al is the elongation-at-break of
the specimen. The performance parameters of the materials are shown in Tables 1 and 2.

(b)

Figure 4. CFRP specimens and tensile equipment: (a) CFRP specimens; (b) tensile equipment.

Table 1. Performance parameters of concrete.

Mean Compressive
Strength/MPa

34.44 30,764 12,306

Modulus of Elasticity/MPa Shear Modulus/MPa

Table 2. Performance parameters of CFRP.

Thickness/mm Mean Tensile Strength/MPa Modulus of Elasticity/GPa
0.2 3145 210

2.2. Experimental Set-Up

A concrete cover plate was placed on top of the beam in the experimental model, and
20 tons of counterweight was uniformly applied onto the concrete cover plate to provide
the vertical load. In order to ensure axial pressure loading, a total of four columns were
designed for use in the experimental model, and the average experimental value of the
concrete strength was used to calculate the axial pressure ratio of the columns, which was
0.25. The base of the experimental model and the reaction floor were fixed with anchor bolts,
and the model was loaded by displacement control using an MTS high-precision hydraulic
servo actuator. The horizontal displacement and bearing capacity of the experimental
model were measured by displacement sensors and force sensors. YHD-100 displacement
sensors (Bengbu Dahe Electric Co., Ltd., Bengbu, China) and LK-G500 laser displacement
sensors (KEYENCE (China) Co., Ltd., Shanghai, China) were arranged on the beam to
jointly check the displacement; it was found that the displacement of the test model featured
deviations and twists. The complete test system is shown in Figure 5.
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Figure 5. Experimental loading device diagram.

The test loading conditions were determined according to the building seismic test
method regulations JGJ /T 101-2015 [36]. In order to ensure the continuity and uniformity
of repeated loading, a small displacement amplitude is preferred for loading, the step
difference should be reduced before yield displacement for loading, and the displacement
increment is usually less than 10% of the yield displacement [37]. In this paper, the initial
loading displacement was set as 2.5% of the structure’s yield displacement. The experiment
was divided into 14 levels of loading: 0.2 mm, 0.4 mm, 0.8 mm, 1.2 mm, 2.0 mm, 3.0 mm,
4.0 mm, 8.0 mm, 12.0 mm, 16.0 mm, 20.0 mm, 30.0 mm, 40.0 mm and 50.0 mm. Each
condition was repeated three times, the loading frequency of 0.2-4.0 mm was 0.05 Hz, and
the loading frequency of 8.0-50.0 mm was 0.01 Hz, as shown in Figure 6.
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Figure 6. Experimental loading system diagram.

3. Results and Discussion
3.1. Failure Mode and Experimental Results

When the unreinforced model was loaded to 1.2 mm, the concrete surface was not
damaged, and when loading to 2.0 mm, cracks appeared at the ends of the columns first,
while the beams were relatively intact, indicating that even if the reinforcing effect of the
floor slabs and infill walls were not taken into account, it would be difficult to realize the
failure mode of “strong columns and weak beams”. When loaded to 16.0 mm, the crack
width increased greatly and extended to the beam—column node; when loaded to 20.0 mm,
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cracks began to appear on both sides of the beam end; when loaded to 30.0 mm, the cracks
at the beam—column node penetrated into the bottom of the beam, part of the concrete was
dislodged, and the cracks at the top of the column were obvious. When loaded to 50.0 mm,
the concrete at the beam—column node and the bottom of the beam was dislodged, and at
this point, the bottom of the column developed large cracks with concrete dislodgement, as
shown in Figure 7.

(b)

Figure 7. Column failure under the ordinary model: (a) column top destruction; (b) column bottom
damage.

When the CFRP-retrofitted model was loaded to 8.0 mm, the concrete surface was
not damaged; when loaded to 12.0 mm, the beam-column node area began to display
small cracks, which gradually become larger with the increase in displacement. Under
16.0 mm loading, beam-column node cracks began to develop; under the 20.0 mm con-
dition, the beam end began to experience damage, accompanied by a small amount of
concrete dislodgement; with 30.0-50.0 mm three-level loading, damage became obvious in
the beam-column node area and beam end, accompanied by a large amount of concrete
dislodgement, as shown in Figure 8. Compared with the failure mode of the ordinary
model, cracks appeared earlier in the beam—column node area and the beam end of the
retrofitted model; the beam end showed a large amount of concrete dislodgement under the
30.0 mm condition, and the damage that developed at the end of the column was signifi-
cantly smaller than that in the ordinary model, indicating that the strength of the column
was significantly improved after CFRP retrofitted, and the failure mode was changed from
“column hinge” damage to “beam hinge” damage.

(a) (b)

Figure 8. Column damage under the CFRP retrofitted model: (a) damage to the bottom of the beam;

(b) column bottom damage.
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The hysteresis curve describes the load-deformation relationship of a structure under
reciprocating horizontal loads, reflecting the deformation performance, stiffness degrada-
tion and energy dissipation characteristics of the structure. The hysteresis curves of the
two groups of models are shown in Figure 9. From the comparison of the hysteresis curves,
it can be seen that the peak load-bearing capacity and initial stiffness of the ordinary model
are smaller than those of the retrofitted model, and the hysteresis curves show obvious
pinching phenomena, which indicate that the beam-column system has an insufficient
energy dissipation capacity and that the degradation in the load-bearing capacity is more
serious; the load-bearing capacity under the 50.0 mm condition is only 56.92% of the peak
load-bearing capacity. The peak load-bearing capacity of the CFRP retrofitted model is
significantly improved and the hysteresis curve is relatively fuller, while the load-bearing
capacity under the 50.0 mm condition degraded to 80.91% of the peak load-bearing capacity,
which is still more satisfactory. The retrofitted beam—column system has a more desirable
energy dissipation capacity and ductility.
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Figure 9. Hysteric load-displacement responses curve: (a) ordinary model; (b) CFRP-retrofitted
model.

-60 -40

The skeleton curve is the envelope curve obtained by connecting the load peak points
of each level of loading to the hysteresis curve, which can respond to the maximum
value of the horizontal load of each cycle of loading, and is the basis for determining the
characteristic features of the restoring force model. According to Table 3 and the skeleton
curves (Figure 10) and stiffness degradation curves (Figure 11) of the two groups of models,
the load-bearing capacity of the CFRP-retrofitted model is more significantly improved
relative to the unreinforced model, and the stiffness is also improved to a certain extent.
The peak load-bearing capacity of the retrofitted model was increased by 43.89%, the
initial stiffness by 39.27%, and the ductility by 30.1%. The experimental results show
that CFRP retrofitting effectively improves the peak load-bearing capacity, ductility, and
stiffness of the structure, while optimizing the failure modes and overall performance of the
structural system.
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Table 3. Experimental results of the two groups of models.

Ultimate Yield Peak Ductilit Initial
Specimen Displace- Displace- Raise/% y Raise/% Stiffness Raise/%
Load/kN Factor
ment/mm ment/mm (kKN/mm)
Ordinary 3457 7.54 40.37 - 459 - 8.94 -
model
Retrofitted 33.50 5.95 58.08 43.87 5.97 30.07 12.44 39.15
model

60 -—*— Frame structure(The first time) . ,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,
—— Frame structure(The third time) ;
—— CFRP retrofit(The first time) ' :

0 CFRP‘rctroﬁt(Thc Fhird time) | F s ,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,

Lateral Load (kN)
o

[
N
o

-60 -40 -20 40 60

0 20
lateral displacement (mm)

Figure 10. Load-displacement envelope curves of the two models.

14 -

i Frame structure
—— CFRP retrofit

Stiffness (kN/mm)

0 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55
Lateral Displacement (mm)

Figure 11. Stiffness degradation curves of two models.

3.2. Finite Element Modelling and Analysis

In order to better carry out a parametric study of CFRP retrofitting and investigate
the effects of the retrofitting method on the seismic performance of a frame structure, a
finite element model of a reinforced concrete frame structure has been established in this
paper, and the beam—column dimensions, reinforcement, material properties, restraining
methods, axial compression ratios, and loading conditions of the finite element model are
all consistent with those of the experimental model. For computational efficiency, a one-bay,
one-span approach was used for modeling. A C3D8R solid unit was used for concrete,
T3D2 truss units for the rebar, and M3D4R shell units for the CFRP [38,39]. The model was
constructed in the ABAQUS 2020 software. The finite element model is shown in Figure 12.



Buildings 2024, 14, 1604

10 of 18

O1f----4

&c

(a) (b)
Figure 12. Finite element model: (a) ordinary model; (b) CFRP model.

The concrete damaged plasticity (CDP) model was used to assess the concrete consti-
tutive relation, the bilinear hysteretic system with degraded stiffness was used to assess the
reinforcement constitutive relation, and the orthogonal anisotropic linear elasticity model
was used to assess the CFRP; the constitutive relations of the three materials are shown in
Figure 13. The parameters of all three materials were obtained via the experiment, and the
detailed information is shown in Tables 4-6.

/0 o
]; -/ OCfipl-mmmmmmemmem e
Es
& ¢
A3,
o 0 gr;lax &
(b) (c)

Figure 13. Constitutive relationships of each material: (a) concrete damaged plasticity; (b) bilinear
hysteretic system with degrading stiffness; (c) constitutive relationships of CFRP.

Table 4. Material parameters of concrete.

Modulus of Mean Compress
. 3 . P : 4
Density (kg/m) Elasticity/MPa Poisson’s Ratio Strength/MPa
2400 30,764 0.2 34.44
Table 5. Material parameters of CFRP.
Modulus of Tensile
. 3 .
Density (kg/m?) Elasticity/MPa Strength/MPa Thickness/mm
1560 210,000 3145 0.2
Table 6. Material parameters of steel rebar.
Modulus of Yield
i 3 . . .
Category Density (kg/m”) Elasticity/MPa Poisson’s Ratio Strength/MPa
Rebar335 7800 200,000 0.3 335
Rebar300 7800 200,000 0.3 300
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3.3. Result of Finite Element Analysis

The failure mode of the two models under the 50.0 mm condition are shown in
Figure 14. As can be seen from the damage comparison diagrams, the damage at the top of
the CFRP-retrofitted model’s columns obviously extends into the beam, and the damage at
the bottom extends into the floor beam. Stress diagrams of the reinforced cage are shown in
Figure 15. The damage of the steel cage in the retrofitted model extends into the beam, and
the high-stress region of the steel cage in the beam is obviously enlarged, which indicates
that the failure mode of the beam—column structure can be optimized and the column
damage region can be reduced by CFRP retrofitting. In summary, the failure mode of the
frame structure under the action of lateral force is changed from “strong beams and weak
columns” plastic hinge brittle failure to “strong columns and weak beams” plastic hinge
ductile damage when retrofitted with CFRP.

(a)

Figure 14. Frame model plastic damage: (a) original model; (b) CFRP-retrofitted model.

1) ) o o
(a) (b)

Figure 15. Steel cage stress diagram: (a) ordinary model; (b) CFRP-retrofitted model.

The skeleton curves of the two models are shown in Figure 16, and the hysteresis
curves of the two models are shown in Figure 17. Due to the slip between the cover plate
and the model during the experiments, it is difficult to simulate this phenomenon via
numerical model hysteresis curves, so the hysteresis curves do not have a high degree of
fit. Comparisons of the skeleton curves show that the peak data of the numerical model
and the experimental model at all levels are close to each other, and the trend in both is
roughly the same, but the resulting cumulative damage simulation for the model under
the condition of large displacement is not ideal (the data in the third circle have a lower
degree of fit). In general, the numerical model can simulate the experimental results more
accurately. At the same time, it should be noted that the simulated peak load-bearing
capacity at the same level is slightly higher than the experimental value.
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Figure 16. Load-displacement envelope curves: (a) ordinary model; (b) CFRP-retrofitted model.
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Figure 17. Hysteric load—displacement response curves: (a) ordinary model; (b) CFRP-retrofitted
model.

The ductility coefficients in Table 7 are calculated with the assumption that u = Au/Ay,
where y is the ductility coefficient, Au is the ultimate lateral displacement, taken as the
lateral displacement corresponding to the specimen when the ultimate load is reduced to
85%, and Ay is the yield displacement; the latter two are both obtained according to the
farthest point method proposed by Feng Peng et al. [40,41].
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Table 7. Experimental and finite element results.
. Yield . Initial
Specimen . Ultimate Displacement Peak Raise/% Error/% Ductility Raise/% Error/% Stiffness  Raise/%
Displacement/mm Load/kN Factor
/mm (KN/mm)

Ordinary 32.30 718 20.19 - - 450 - - 447 -
model

Ordinary

numerical 34.80 7.45 20.70 - 2.53 4.67 - 3.78 4.67 -
model

Retrofitted 35.20 6.00 2904 4383 - 587 3044 - 6.22 39.15
model

Retrofitted

numerical 43.50 7.10 29.06 40.39 0.07 6.13 31.26 443 6.75 44.54
model

4. Finite Element of CFRP-Retrofitted Reinforced Concrete Columns
4.1. Finite Element Model Reinforcement Scheme

In order to further investigate the influence of CFRP retrofitting on the seismic perfor-
mance of reinforced concrete frame structures, based on the model of numerical analysis
shown in the previous section, six kinds of CFRP-retrofitted models were designed for
the parametric research, with the amount of CFRP, the spacing, and the width of strips as
control parameters. The detailed parameters of CFRP retrofitting are shown in Table 8, and

the CFRP-retrofit model is shown in Figure 18.

120
—
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107 1% 18 22 7
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= — - Vel
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Figure 18. CFRP retrofit column diagram.
Table 8. Column model parameters.
Specimen Column Column Configuration CFRP CFRP
P Size/mm Height/mm CFRP/mm? Spacing/mm Width/mm
A 120 x 120 1000 — — —
A0 120 x 120 1000 480,000 0 1000
Al 120 x 120 1000 192,000 600 200
A2 120 x 120 1000 288,000 200 200
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Table 8. Cont.

Specimen C.olumn C.olumn Conﬁguratign C.FRP .CFRP
Size/mm Height/mm CFRP/mm Spacing/mm Width/mm
A3 120 x 120 1000 289,920 132 151
A4 120 x 120 1000 288,000 80 100
A5 120 x 120 1000 285,120 58 74
A6 120 x 120 1000 211,200 80 55

4.2. Results of Finite Elements Modeling

The results of the analysis of the eight models are listed in Table 9, and the skeleton
curves are shown in Figure 19. In Al, A2, and AOQ, the peak loads are 24.46 kN, 25.63 kN,
and 29.06 kN, respectively, indicating that the improvement in bearing capacity has an
approximately linear relationship with the area covered by CFRP. However, the ductility
performance of Al is the worst among the three models, indicating that only the ends
of the columns are strengthened, which reduces the equivalent ratio of the shear span
to the effective depth of the columns, and leads to a decrease in the ductility coefficient.
Comparing Al and A6, with the same wrapped area, the number of strips is greater in the
latter, while the spacing is smaller, and the bearing capacity and ductility are improved.

Table 9. Finite element analysis results of different reinforcement models.

Specimen Disp}ilcttiﬁl::ft/mm Displaz{(ieftll(:nt/mm Lol;e;/tN Raise/% D;:::ii:y Raise/% S:inflft:lzlss Raise/%
(kN/mm)

A 34.80 7.45 20.70 - 4.67 - 4.67 -

A0 43.50 7.10 29.06 40.42 6.13 31.26 6.75 44.54
Al 35.00 7.70 24.46 18.17 4.55 —257 5.63 20.56
A2 35.75 7.00 25.63 23.46 5.11 9.42 5.77 23.55
A3 37.15 6.30 26.92 30.08 5.90 26.34 5.89 26.12
A4 45.40 7.15 26.53 28.20 6.35 35.97 6.11 30.84
A5 40.80 6.70 28.58 38.08 6.09 30.41 6.33 35.55
A6 40.95 7.10 24.74 19.55 5.77 23.55 5.56 19.06

A3

Lateral Load(kN)

-50 -40 -30 -2

0 -0 0 10 20
Lateral Displacement(mm)

Figure 19. Load-displacement envelope curves for each group.
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According to the skeleton curves of each model (Figure 19), it can be seen that the
peak load of the retrofitted model is improved no matter what kind of method is used, and
the rate of improvement in the peak load increases with increases in the amount of CFRP;
the peak load of the fully wrapped model increases the most. The A1 model is retrofitted
only at the ends of the columns; it shows a smaller increase in the peak load and it has the
poorest ductility. The influence of the A2~A®6 retrofit models varied according to the width
and spacing of the CFRP strips. The strip-retrofit model showed a relatively slow rate of
decrease in its skeleton curve after reaching the maximum peak load, which was attributed
to the fact that, with the increase in the amount of CFRP, the area of corresponding CFRP
restraining the concrete became larger, and the restraining effect was also increased.

Table 9 shows that the initial stiffness and ductility of A0 and A2~A6 underwent
different degrees of improvement, among which the peak load after the application of the
model of full wrapping showed the greatest improvement, reaching 40.42%. Meanwhile,
it should be noted that the initial stiffness of A1, which was only retrofitted at the top
and bottom ends of the column, increased by 20.56%, but the ductility decreased by 2.57%
compared with that of the ordinary model, which was the only way in which ductility was
reduced. A4 showed the best deformability, with a 35.97% increase in ductility; here, the
width of the strips was 1/10 of the column height, and the strip width to spacing ratio
was 1:0.8.

Figure 20 shows the stiffness degradation curves of each model. It can be seen that the
initial stiffness values of the retrofitted models underwent different degrees of improvement,
and the initial stiffness of the fully wrapped model showed the largest improvement.
Meanwhile, the influences of different retrofitting methods on stiffness degradation are
not significant, and the stiffness degradation trends of all models are basically the same.
The stiffness degradation trends all gradually slowed down when the storey drift ratio
exceeded 5%.

I

Stiffness(kN/mm)

()

20 30 40
Lateral Displacement(mm)

Figure 20. Stiffness degradation curves of each group.

The influence of the strip width to spacing ratio on the ductility of the retrofitted
frame structure is illustrated in Figure 21. The ductility coefficient and peak load increased
with the increase in the amount of CFRP between A0, Al and A2. From the comparisons
between Al and A6, A2, A3, A4 and A5, and A0 and A4, it was found that with a reasonable
design of strip width to spacing ratio, the ductility of the strip-retrofitted model will be
better than that of the fully wrapped model, and the ductility coefficient increases with the
increase in this ratio when the strip to spacing ratio is less than 1.25 for the same region
of retrofitted CFRP. The A4 and A5 models illustrate that, when seeking to increase the
ductility, the strip width cannot be reduced too much. Based on the investigation results,
the recommended ratio of CFRP strip to spacing is 1 to 1.25.
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Figure 21. Diagram of the relationship amongst ductility factors for each group.

5. Conclusions

In this experimental study, the seismic performances of reinforced concrete frame
columns retrofitted with CFRP were analyzed via static tests on two sets of two-bay,
one-span frame structure models, establishing finite element models on the basis of the
experiment results, and carrying out a parametric study of CFRP retrofitting, which assessed
the influence of CFRP retrofitting on the failure modes, hysteresis curves, skeleton curves,
hysteresis dissipation, and stiffness degradation. The following conclusions were obtained:

(1) Based on the results of the static seismic tests, the peak load, initial stiffness and
ductility of the fully wrapped CFRP model were improved by 43.89%, 39.27% and
30.1%, respectively. The beam end of the retrofitted model showed obvious “plastic
hinge” damage, while the plastic hinge region of the column was significantly reduced,
indicating that CFFP retrofitting improved the overall failure mode while improving
the seismic performance of the reinforced concrete frame, causing the failure mode to
change from “column hinge” damage to “beam hinge” damage;

(2) Based on the results of numerical analysis, we can see that the horizontal peak load
of reinforced concrete frames is approximately linearly related to the region of CFRP
retrofitting. In the case when the same region of CFRP is retrofitted, the retrofitting
method has a more significant influence on the structural ductility. The A6 model’s
ductility coefficient is 5.77, while that of model Al is only 4.55. The A4 model’s
ductility coefficient is 6.35, while that of A3 is only 5.90;

(3) Both fully wrapping and strip-wrapping with CFRP can effectively improve the
seismic performance of reinforced concrete frame structures, and when the CFRP
width to spacing ratio is between 1.0 and 1.25, the structural system will reach the
optimal ductility while guaranteeing the lateral load-bearing capacity.
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