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Abstract: Ultra-high-performance concrete (UHPC) is a kind of structural material with ultra-high
strength, extremely low porosity, and excellent durability, which has extremely broad application
prospects. In order to promote the application of UHPC constrained by carbon fiber-reinforced poly-
mer (CFRP) sheets as strengthening material in practical engineering, a total of nine specimens were
designed, and two kinds of UHPC strengthening layer thickness (35 mm and 45 mm, respectively)
were designed. By changing the constraint form of the UHPC strengthening layer (longitudinal
reinforcements and ordinary stirrups, longitudinal reinforcements and spiral stirrups, and CFRP
sheets, respectively), the axial compression performance of the strengthened column was explored.
The study shows that compared with the without strengthened column, the uplift of carrying capacity
of the strengthened test column is 277-561%. The reinforcement form of the strengthening layer has
little influence on the lifting capacity. Among the three different strengthening methods, the wrapped
CFRP has the best improvement effect on carrying capacity and ductility, followed by longitudinal
reinforcements and spiral stirrups in the strengthening layer. With the increase of CFRP layers from
two to five layers, the maximum carrying capacity increases by 21.3%. The carrying capacity of three
different types of UHPC-strengthened columns is theoretically calculated, and the accuracy of the
theoretical calculation method is verified by comparing the test value with the theoretical value,
which provides a theoretical basis for the application of UHPC-strengthened columns in the future.

Keywords: ultra-high-performance concrete (UHPC); carbon fiber-reinforced polymer (CFRP);

concrete column; axial compression performance

1. Introduction

Ultra-high-performance concrete (UHPC) is a fiber-reinforced cement-based composite
with ultra-high impermeability and mechanical properties, which is based on micro-scale
optimization of fine aggregate and ultra-fine aggregate (silica fume and sand), mixed with
high-efficiency superplasticizer to reduce the water-cement ratio, and mixed with high-
strength steel fiber [1]. As a new type of cement-based structural engineering material, it
has ultra-high strength and toughness and can be used to construct new lightweight and
high-strength structures. Good durability makes the UHPC structure have a longer life and
lower maintenance costs [2].

At present, research on reinforced concrete members strengthened by UHPC has
been carried out [3], Tanarslan et al. [4] enhanced the interfacial bonding ability between
prefabricated UHPC thin layer and reinforced concrete beams by implanted bars, epoxy
resin interfacial agent, and compression. Al-Osta et al. [5] carried out research on UHPC
strengthening of reinforced concrete beams, considering the influence of different interface
treatment methods and different strengthening positions on the beam strengthening effect.
Using UHPC material as the strengthening layer of the ordinary concrete short column
can improve the ultimate compressive capacity and ductility of the short column. The
test results of Alsomiri and Xie et al. [6,7] show that increasing the thickness of the UHPC
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strengthening layer can significantly improve the compressive capacity of the cylinder,
which provides a theoretical basis and reference for practical strengthening engineering.

UHPC usually exhibits weak ductility under axial compression, which can be im-
proved by fiber-reinforced polymer confinement. Zeng [8-10] proposed using fiber-
reinforced polymer (FRP) grids as the reinforcement material of UHPC and embedding
FRP grids in UHPC to improve its strength and ductility. The experimental results show
that the confinement of FRP grids improves the strength and ductility of UHPC. Carbon
fiber-reinforced polymer (CFRP) sheets have the advantages of high strength and durability
and are lighter than other strengthening materials. Many scholars have studied the mechan-
ical properties, thermal properties, and alkaline resistance of CFRP materials [11,12]. Guo
et al. [13] performed accelerated aging experiments on carbon fiber-/glass fiber-reinforced
hybrid rods. The water absorption and diffusion behavior of the fiber matrix, the change
of interfacial strength, and dynamic thermodynamic properties were investigated. The
long-term life evaluation shows that the interface shear strength of the hybrid rod shell
has a fast degradation rate and reaches a stable level of 62%. The advantages of CFRP are
also reflected in the seismic restoration and reinforcement of existing reinforced concrete
structures [14]. Many scholars have studied the compressive properties of FRP-constrained
UHPC [15-17]; the tests show that the ultimate strength and strain of UHPC columns are
significantly improved by increasing the thickness of the FRP constraint layer, showing
better ductility. Huang [18] conducted experiments on FRP-constrained UHPC columns
under cyclic axial compression and proposed its stress-strain model. Abadel et al. [19]
explored the influence of CFRP sheets strengthening on the compressive strength of UHPC
at 400 °C. After CFRP sheets material strengthening, the compressive strength has been
improved. The model of FRP-constrained concrete column to predict the axial stress-strain
and ultimate strength of FRP-constrained UHPC column is not accurate [20-24] due to
the limited test results, and a large number of test studies are needed. The study on
the strengthening of UHPC with FRP sheets is of great significance to the engineering
application of UHPC materials.

Some scholars have studied the axial compression performance of UHPC columns
by combining FRP sheets and stirrups. Chang et al. [25,26] used high-strength spiral
stirrups constrained UHPC and stirrups and CFRP sheets constrained UHPC to carry
out axial compression tests. With the increase of stirrups volume ratio, the ductility of
UHPC was improved, and the prediction model of transverse strain and axial strain curves
of UHPC constrained by CFRP sheets and stirrups was established. Lu [27] conducted
the axial compression test on reinforced concrete columns strengthened with fiber high-
performance concrete by using the enlarged section method. The effects of the thickness
of the strengthening layer, the stirrups in the strengthening layer, and the stirrup spacing
on the axial compression performance of the FRP-strengthened columns were evaluated.
Based on the confined concrete theory, a theoretical calculation model was established,
and the axial carrying capacity of the column was discussed. The results showed that the
carrying capacity and ductility of the column can be improved by adding stirrups in the
strengthening layer.

In conclusion, UHPC, as a new type of composite material, has been widely recognized
for its superior mechanical properties in the practical application of civil engineering. The
performance and durability of reinforced concrete members strengthened UHPC are better
than those reinforced concrete members, so it has better engineering application value
to strengthen concrete members by UHPC. Due to the limitation of the test equipment
and the test site, to avoid the stress concentration phenomenon of the square column,
the shortened cylindrical column is used as the research object. Whether the relevant
conclusions can be applied to long columns, remain to be studied. In order to further
explore the compressive performance of the UHPC strengthening layer, this paper uses
CFRP sheets to wrap the UHPC strengthening layer, adds longitudinal reinforcements and
ordinary stirrups to the UHPC strengthening layer, and adds longitudinal reinforcements
and spiral stirrups to the UHPC strengthening layer. In this paper, a total of nine specimens
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were designed to study the effects of the thickness of the UHPC strengthening layer,
strengthening layer reinforcement form, and confinement form on the axial compression
performance of the strengthening column, providing a theoretical basis for the application
of UHPC as strengthening material in engineering.

2. Test Program
2.1. Design of Test

Nine reinforced concrete columns were made; the height of the specimen column was
300 mm, the diameter was 150 mm, the concrete strength grade was C35, the longitudinal
reinforcement was configured as 6412 mm, the stirrup was configured as $8@60 mm, and
the thickness of the concrete cover was 15 mm. The parameters of the specimens are shown
in Table 1.

Table 1. Test column parameters.

heni Thickness of Strengthening Layer Strengthening Layer
Number Strengt ening Layer Strengthening Layer Longitudinal Reinforcements Stirrups
Confinement Form
(mm) Arrangement Form Arrangement Form

Z1 - - - -

longitudinal
z2 reinforcements and 35 64012 D8@40

ordinary stirrups

longitudinal

Z3 reinforcements and 45 64012 D8@40
ordinary stirrups

longitudinal

74 reinforcements and 35 64012 D8@40
spiral stirrups

longitudinal

z5 reinforcements and 45 64012 D8@40
spiral stirrups

Z6 2 layers of CFRP 35 - -
z7 5 layers of CFRP 35 - -
Z8 2 layers of CFRP 45 - -
Z9 5 layers of CFRP 45 - -

For each cylinder, 64212 steel bars 270 mm in length were first cut and bound for
stirrups. After the steel cage was made, the steel cage was put into the prefabricated mold
with an inner diameter of 150 mm and a height of 300 mm. Then concrete was poured, and
six C35 concrete cube test blocks (150 mm x 150 mm x 150 mm) were reserved, which were
naturally cured to maturity with the specimens. After the column was cured, according to
the code for the design of strengthening concrete structure, the column was chipped with a
chipping machine, and the surface was cleaned. The column, after chipping, was connected
with the longitudinal reinforcement of the strengthening layer through the anchor bar, and
then it was put into the prefabricated strengthening layer mold. After removing the mold,
it can be seen that the interface between the UHPC strengthening layer and the new and
old concrete of the strengthening column was well combined, and the appearance of the
UHPC strengthening layer was smooth and dense. The UHPC surface was polished after
the strengthening column specimens were cured to the age, the impregnating glue was
evenly applied to the CFRP sheets by wet adhesive method, and the CFRP sheets were
seamlessly wound around the surface of the strengthening column.

2.2. Details of Material Mechanical Properties

The concrete design strength grade was C35, and the mix design and preparation
are shown in Table 2. Six standard cube test blocks (150 mm x 150 mm x 150 mm) were
reserved during concrete pouring, and their compressive strength was measured after 28d
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of laboratory curing together with the specimens. Their mechanical properties are shown
in Table 3. Table 4 shows the UHPC mix design and preparation, and Table 5 shows its
mechanical properties. Table 6 shows the mechanical properties of steel bars, HPB300
strength grades stirrup, and HRB400 strength grades longitudinal reinforcement. Table 7
shows the mechanical properties of CFRP sheets. Table 8 shows the mechanical properties
of CFRP sheets impregnating glue.

Table 2. Mixture proportions of concrete (kg/m?).

Strength Class Cement Water Sand Coarse Aggregate Superplasticizer
C35 380 180 648 1198 2.8

Table 3. Mechanical properties of concrete.

Strength Class feu (MPa) f. (MPa) 1 f: (MPa) 1 E. (N/mm?2) !
C35 37.36 28.4 2.891 31946

! The cubic compressive strength f, is the measured value. f., f;, and E, are calculated according to the literature [28].

Table 4. Mixture proportions of UHPC (kg/m?3).

Cement Fine Sand Silica Fume, Fly Ash Additive Water Steel Fiber
1025 700 315 8 226 202

Table 5. Mechanical properties of UHPC.

Number 1 2 3 Average
Cube compressive strength
125.88 110.8 123.28 124
feu (MPa)
Axial compressive strength
£.1 (MPa) 110.8 108.2 108.5 109.1

1 According to the literature [29], the axial compressive strength of UHPC is f, = 0.88 foy.

Table 6. Mechanical properties of steel bars.

Reinforced Type Diameter (mm)  Yield Strength (MPa) ~ 1cnsie Strength

(MPa)
HRB400 12 468 630
HPB300 8 323 453
Table 7. CFRP sheet parameters.
Name Tvpe Density Thickness Tensile Strength  Elastic Modulus
M (g/cm?) (mm) (MPa) (GPa)
UT70-20G Unilateral high-strength fabric 1.8 0.111 3400 245
Table 8. Mechanical parameters of adhesive.
N Tensile Strength Elastic Modulus Bending Strength Compressive Strength Ultimate Elongation
ame (MPa) (MPa) (MPa) (MPa) (%)
Sikadur®-330CN >40 >3000 >60 >70 >1.5

2.3. Loading Device and Measuring Point Layout
2.3.1. Test Setup

It was loaded monotonically at a rate of 0.3 mm/min. Before loading, the end of the
specimen was polished by an angle grinder and made level with fine sand to ensure that
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the whole section of the specimen was compressed. The specimens were preloaded, and
the preloaded load value was 10% of the calculated ultimate carrying capacity. Checked
whether the strain box, testing machine, and other equipment were working normally
before starting the formal test. Figure 1 shows the test loading device.

LVDT
Strain Gauges

[ p——

5000KN microcomputer
controlled hydraulic
pressure testing machine

Figure 1. Setup of the test.

2.3.2. Loading Device and Measuring Point Layout

Longitudinal strain gauges and hoop strain gauges were pasted on two symmetrical
sides in the middle of the concrete; longitudinal strain gauges and hoop strain gauges were
pasted on two symmetrical sides of the middle part of the strengthening layer of UHPC;
three longitudinal reinforcements were spaced apart, and strain gauges were pasted in the
middle; two strain gauges were symmetrically pasted on the stirrups. Figure 2 shows the
position of strain gauges.

Longitudinal tensile steel bar strain gauge

Transverse stirrup strain gauge

Concrete longitudinal strain gauge

e
—

300

Concrete hoop strain gauge

Cross—section View
Profile View

(a) (b)

Figure 2. Location of the strain gauge. (a) Profile view. (b) Cross-section view.
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3. Test Result and Analysis
3.1. Test Observations

Z1 is the without-strengthening column, and the strain of the whole section was
uniformly distributed under the axial load. At the initial stage of loading, the steel bars
and concrete were in the elastic stage. In this stage, the compression deformation of the test
column increased with the increase of the load, and the load of the steel bars and concrete
was proportional to the displacement. When the load continued to increase, the concrete
began to appear in small vertical cracks. When approaching the failure load, the cracks
gradually extended, and obvious longitudinal penetrating cracks appeared. The concrete
fell off, and the longitudinal reinforcements and stirrups were deformed. The failure form
is shown in Figure 3.

Figure 3. Z1, 72, and Z3 failure forms.

The UHPC-strengthened columns with longitudinal reinforcements and ordinary
circular stirrups in the strengthening layers of Z2 and Z3 had the same elastic stage in
the initial loading period as Z1, and the load had a linear relationship with the axial
deformation. The load continued to increase, and the increased rate of axial deformation
exceeded the increased rate of load. When the load was close to the peak, the sound of
steel fiber pulling out in UHPC could be heard. When the load reached the peak load, the
load did not drop precipitously but showed a slow decline. After the longitudinal crack
was connected, it could still bear a large load. Finally, the crack of the UHPC strengthening
layer was connected, and the failure form is shown in Figure 3.

74-75 are UHPC-strengthened columns equipped with longitudinal reinforcements
and spiral stirrups in the strengthening layer, and the test phenomenon is similar to that of
Z2 and Z3. When the confinement capacity of spiral stirrups completely lost its effect, the
load of the test column decreased significantly, and the failure form is shown in Figure 4.

Z6-79 are UHPC-strengthened columns with CFRP sheets, which are in the elastic
stage in the early stage of the test. With the gradual increase of load, the surface of CFRP
sheets did not change, and the sound of concrete cracking was heard, and the sound of
steel fiber pulling out was always heard. The crack of the UHPC strengthening layer made
a sound, and the slope of the load-displacement curve decreased, which was still linear.
The original pictures and failure forms of CFRP-constrained strengthening columns are
shown in Figure 5.
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(b)

Figure 5. Z6-79 original pictures and failure forms. (a) Original pictures. (b) Failure forms.

3.2. Ultimate Carrying Capacity

The carrying capacity of the test columns with the three strengthening methods was
greatly improved compared with that of the without strengthening column. Table 9 and
Figure 6 show the ultimate carrying capacity of each test column. According to the different
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strengthened methods, the three strengthened columns were compared with the without
strengthened columns, and the three different strengthening methods were compared.

Table 9. Carrying capacity of test columns.

Number Test C.allzﬂ\r’i'l(rll(gl\I ?apaaty Calculate flzlna':;)g Capacity i = (Nu—N1)/Ni 7= Np/Na Index (:f) ]I))uctlhty
Z1 686.12 748.78 - 1.09 1.00
z2 2583.73 2787.24 2.77 1.08 1.09
z3 3167.48 3417.00 3.62 1.08 1.32
z4 2714.05 2947.67 2.96 1.09 1.10
z5 3259.46 3538.62 3.75 1.09 1.30
Z6 3278.23 3345.73 3.78 1.02 1.00
z7 3976.31 3720.59 4.80 0.94 1.66
Z8 4089.81 4141.86 4.96 1.01 1.08
Z9 4533.41 4494.80 5.61 0.99 1.33

Note: #; represents the increase in the carrying capacity of the strengthened column Z2-Z9 relative to the
without-strengthened column Z1. 7 is the ratio of the theoretical and test carrying capacity of the test column.

V) Test Carrying Capacity

- Calculate Carrying Capacity

Load KN

A\
AT
AN NN
A Y
AN
AN

é
%
%
é
’

Z1 Z2 73 74 Z5 76 VA Z8 79

Figure 6. Ultimate carrying capacity of test columns.

Compared with the without-strengthening column, the carrying capacity of the test
column was greatly improved by using UHPC strengthening, and the carrying capacity
increased more with the increase of the thickness of the strengthening layer. The strength-
ening method of Z2 and Z3 is the UHPC column with longitudinal reinforcements and
ordinary circular stirrups in the strengthening layer. With the increase of the thickness
of the strengthening layer, the lifting range of the carrying capacity of the strengthening
column also increased. Compared with Z1, the carrying capacity increased by 277% and
362%, respectively. For UHPC columns in Z4 and Z5 with longitudinal reinforcements and
spiral stirrups in the strengthening layer, when the thickness of the strengthening layer
increased, the carrying capacity of the strengthened column also increased. Compared with
Z1, the carrying capacity of Z4 and Z5 increased by 296% and 375%, respectively.

The longitudinal reinforcements and circular stirrups were used in the strengthening
layer, and the carrying capacity of Z3 with a thickness of 45 mm increased by 22.6%
compared with that of Z2 with a thickness of 35 mm. The carrying capacity of Z5 with a
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thickness of 45 mm strengthened by longitudinal reinforcements and spiral stirrups was
20.1% higher than that of Z4 with a thickness of 35 mm strengthening layer. When the
strengthening layer is thick, the strengthening efficiency can be improved by changing the
reinforcement form of the strengthening layer. Under the condition that the thickness of the
strengthening layer was the same and the stirrup spacing of the strengthening layer was
the same, when the thickness of the strengthening layer was 35 mm, the carrying capacity
of Z4 of the strengthening layer with longitudinal reinforcements and spiral stirrups was
5% higher than Z2 of the strengthening layer with longitudinal reinforcements and circular
stirrups. When the thickness of the strengthening layer was 45 mm, the carrying capacity
of Z5 with longitudinal reinforcements and spiral stirrups in the strengthening layer was
2.9% higher than that of Z3 with longitudinal reinforcements and circular stirrups in the
strengthening layer.

By comparing the carrying capacity of three different strengthened column confine-
ment forms, when the thickness of the strengthening layer was 35 mm, the Z6 carrying
capacity of the strengthening layer with two layers of CFRP sheets was 26.9% higher than
the Z2 of the strengthening layer with longitudinal reinforcements and circular stirrups,
and the Z7 carrying capacity of the strengthening layer with five layers of CFRP sheets
was 53.9% higher than Z2 of the strengthening layer with longitudinal reinforcements and
circular stirrups. When the thickness of the strengthening layer was 45 mm, the Z8 of the
strengthening layer with two layers of CFRP sheets was 29.1% higher than the Z3 carrying
capacity of the strengthening layer with longitudinal reinforcements and circular stirrups,
and the Z9 of the strengthening layer with five layers of CFRP sheets was 43.1% higher
than the Z3 carrying capacity of the strengthening layer with longitudinal reinforcements
and circular stirrups. When the thickness of the strengthening layer was the same, the
maximum increase in the carrying capacity of the wrapped CFRP sheets was 53.9% among
the three strengthening methods.

For the CFRP-constrained UHPC strengthening column, Z6 and Z7 were strengthened
with CFRP sheets on the basis of 35 mm UHPC strengthening layers. Z8 and Z9 were
strengthened with CFRP sheets based on a 45 mm UHPC strengthening layer. Compared
with the without strengthened column Z1, the carrying capacity of Z6, Z7, Z8 and Z9
increased by 378%, 480%, 496% and 561%, respectively. The thickness of the strengthening
layer of Z6 and Z7, Z8 and Z9 were 35 mm and 45 mm, respectively. With the increase of
the thickness of the strengthening layer, the carrying capacity of Z8 with the thickness of
the strengthening layer of 45 mm was 24.8% higher than that of Z6 with the thickness of the
strengthening layer of 35 mm. Using five layers of CFRP sheets to reinforce the specimen,
the carrying capacity of Z9 with a thickness of 45 mm was 14.0% higher than that of Z7
with a thickness of 35 mm. The maximum carrying capacity increased by 24.8% with the
increase in strengthening layer thickness. The carrying capacity can be greatly improved
by using CFRP constraints. With the increase of CFRP layers from two to five layers, the
carrying capacity of Z7 was 21.3% higher than that of Z6, and that of Z9 was 10.8% higher
than that of Z8.

All three strengthening methods can greatly improve the carrying capacity of the
column. The optimal carrying capacity of the column is strengthened by UHPC constrained
by wrapped CFRP. The carrying capacity of the column strengthened by longitudinal
reinforcements and spiral stirrups in the UHPC strengthening layer is the second, and the
carrying capacity of the column strengthened by longitudinal reinforcements and ordinary
circular stirrups in the UHPC strengthening layer is the worst.

The axial force of ordinary reinforced concrete columns is borne by both steel bars and
concrete, as shown in Equation (1).

N = fcoAco +fyAs (1)

feo is the axial compression strength of concrete; A, is the section area of concrete; f,
is the compression strength of longitudinal reinforcement; A is the cross-section area of
longitudinal reinforcement.
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According to the literature [30], the axial compressive carrying capacity of UHPC
strengthened column with longitudinal reinforcements and ordinary stirrups are shown in
Equation (2).

N = feoAco + fyAs + aes (feAc + f1yAls) )

s is the correction coefficient considering the degree of strength utilization of newly
added concrete and steel bars; f. is the axial compression strength of UHPC; A, is the
section area of UHPC; f',, is the compression strength of the longitudinal reinforcement in
the strengthening layer; A’; is the cross-section area of longitudinal reinforcement in the
strengthening layer.

According to the literature [31], the calculation formula of carrying capacity of UHPC
strengthened column with longitudinal reinforcements and spiral stirrup are shown in
Equations (3) and (4).

N = feooAco +fyAs + s (chc + 2o‘fy,sAssO +f/yA/s) 3)

Ttdcor Assi
S

Agso = (4)

« is the reduction coefficient of the constraint of a spiral stirrup on concrete; Agsq is the
conversion area of spiral stirrups; d., is the diameter of the core area, determined according
to the inner surface of the spiral stirrup; A is the section area of a single screw stirrup; s
is the spacing of spiral stirrups; f, s is the compression strength of spiral stirrups.

There are few research results on the axial compression test of CFRP-constrained
UHPC concrete columns. Due to the strain difference between UHPC and concrete being
very small, the confining pressure effect of UHPC on concrete is not considered in the
calculation of the carrying capacity, but only the confining effect of CFRP sheets on UHPC
and concrete is considered. The calculation of the carrying capacity of the CFRP-constrained
UHPC column is given in reference [32], and CFRP constrained concrete column is given
in reference [33]. Equations (5) and (6) are used to calculate the confinement stress of the
CFRP sheets. The calculation formula of confinement stress {'; is shown in Figure 7 and
Equation (7).

fee = feo +33f] ®)

fc/c = fclo + 2'53](110‘32 (6)

fl, _ ZEFRPEIh,ruptfrp @)
dCOY

enrup = 0.586¢ £, 8

N = N¢c + Ny + Ng )

N = fecAce + foeAbe + fyAs (10)

Ergp is the elastic modulus of CFRP sheets; ¢, is the measured hoop rupture strain
of CFRP sheets, and the calculation method is shown in Equation (8); ¢4, is the CFRP
sheets’ ultimate tensile strain; d’ ., is the diameter of the confinement members; tp is the
thickness of CFRP sheets; f.. is the confinement stress of CFRP on concrete; f, is the axial
compression strength of concrete; f . is the confinement stress of CFRP on UHPC; f (, is the
axial compression strength of UHPC; A is the cross-section area of concrete; Al is the
cross-section area of UHPC; f, is the compression strength of longitudinal reinforcement;
A is the cross-section area of longitudinal reinforcement. The carrying capacity calculation
formula is shown in (9) and (10). The calculation results are shown in Table 10.
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Figure 7. Distribution of confinement stress of UHPC-concrete column by CFRP sheets.

Table 10. Results of calculation.

Test Carrying Capacity Calculate Carrying Capacity

Number N, (kN) Ny, (kN) 7 =Ny /Ny
Z6 3278.23 3345.73 1.02
z7 3976.31 3720.59 0.94
Z8 4089.81 4141.86 1.01
Z9 4533.41 4494.80 0.99

3.3. Load-Displacement Curve

Z2 and Z3 are UHPC-strengthened columns equipped with longitudinal reinforce-
ments and ordinary circular stirrups in the strengthening layer; Z4 and Z5 are UHPC-
strengthened columns equipped with longitudinal reinforcements and spiral stirrups in the
strengthening layer; Z6-79 are UHPC-strengthened columns constrained by CFRP sheets.
The carrying capacity of strengthened columns Z2-79 was greatly improved compared
with that of without strengthened Z1. Compared with Z1, the carrying capacity of the
columns strengthened with wrapped with CFRP sheets could be improved by up to 561%.
When the wrapped two layers of CFRP sheets Z6 and Z8 (the thickness of the strengthening
layer is 35 mm and 45 mm, respectively) reached the peak load, the carrying capacity
decreased rapidly. When wrapped in five layers of CERP sheets, compared with Z6 and
Z8, the curve trend of Z7 and Z9 was relatively smooth after the load approached the peak
load, and the strengthening effect was better. The displacement corresponding to the peak
load of each strengthened column was larger than the displacement corresponding to the
ultimate load of the without-strengthened column Z1 because the peak strain of UHPC
was larger than that of ordinary concrete. For the strengthened column with steel bars
or CFRP sheets, when the peak load was reached except for Z6 and Z8 with fewer CFRP
sheets, other strengthened columns had greater deformation capacity.

Figure 8 shows the load-displacement curve of Z1-Z9. The curve of Z2-Z5 shows a
straight line at the initial stage of loading, and when it is close to the peak load, the curve
shows an inflection point. At this time, large cracks appeared in the UHPC strengthening
layer, and then the peak load was reached. Compared with the brittle failure of Z1, Z2-Z5
still has greater deformation ability and better ductility after passing the inflection point. At
the initial stage of loading, columns Z6-Z9 constrained by CFRP sheets presented a straight
line, which rose to about the peak load of columns Z2-Z5 constrained by longitudinal
reinforcement and stirrups. At this stage, there was no large crack in UHPC. When the load
exceeded the peak load of Z2-75, the strengthening layer of UHPC cracked and generated
transverse deformation. At this time, the CFRP sheets began to play a restraint role, and
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the strengthening layer wrapped by the CFRP sheets was in a state of three-dimensional
compression, which could continue to bear the load. After Z6 and Z8 reached the peak
load, the curve had an inflection point, and then the specimen had a brittle failure. The
brittle failure of Z6 and Z8 columns occurred due to the small number of CFRP sheets.
It can be seen from the curve of Z7 and Z9 that with the increase of load, the transverse
deformation of the strengthening layer increased, and the restraint effect of CFRP sheets
was fully exerted. Due to the large thickness of CFRP sheets, the failure mode was in which
CFRP sheets gradually ruptured from the inside out. There is no obvious inflection point
in Z7 and Z9 curves, and the load-displacement curve fluctuates until the end of loading.
After the test, it was observed that the failure form of Z6-79 was that the concrete in the
strengthening layer was crushed, and the CFRP sheets were ruptured. Due to the wrapping
of the CFRP sheets, it was difficult to monitor the compression state of the internal UHPC
and concrete at any time during the test. Therefore, the maximum load generated by the
press was recorded as the ultimate carrying capacity of the test column.
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Figure 8. Load-displacement curve of test columns.

3.4. Strain Analysis

Figures 9 and 10 show the load-strain curves of the columns with longitudinal rein-
forcements and circular stirrups in the strengthening layer and longitudinal reinforcements
and spiral stirrups in the strengthening layer. At the initial stage of load application, the
load-strain curve of concrete was close to the slope of UHPC. In this case, the difference
between the axial strain of UHPC and concrete was small, indicating that there was no rela-
tive slip between UHPC and concrete with the increase of load. When the load approached
the peak load, the strengthening layer was the strengthening column with longitudinal
reinforcements and stirrups, and the concrete reached the axial and transverse limit strain
before the UHPC, then the load decreased after the UHPC reached the limit strain. In
Figures 9 and 10, the load-strain curves of UHPC and concrete gradually decreased with
the increasing load, indicating that the growth rate of axial strain and transverse strain
of UHPC and concrete exceeded the increase rate of load when the load approached the
peak load.
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Figure 9. The strengthening layer is the load-strain curve of UHPC and concrete longitudinal
reinforcement and ordinary stirrup.
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Figure 10. The strengthening layer is the load-strain curve of UHPC and concrete longitudinal
reinforcement and spiral stirrup.

Figure 11 shows the load-strain curves of CFRP and concrete of UHPC strengthened
column constrained by CFRP. At the initial stage of loading, the slope of the two was
close, showing a linear relationship. The strain change was relatively small, indicating that
CFRP and concrete had good cooperation. No slip phenomenon occurred, and the overall
performance of the strengthened column was good. As the load increased, the concrete
reached the ultimate transverse strain before CFRP. The slope of the load-strain curve of
CFRP and concrete decreased gradually with the continuous increase of load, indicating
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that the growth rate of axial strain and transverse strain of CFRP and concrete exceeded
the increase rate of load when the load approached the peak load.

—m— CFRP (Transverse Strain)
—e— (FRP (Axial Strain)
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ne
Figure 11. The strengthening columns with CFRP sheets and load-strain curves of CFRP and concrete.

3.5. Ductility Analysis

Ductility is the deformation capacity during which the carrying capacity does not
decrease significantly after reaching the ultimate carrying capacity. The ratio DI of dis-
placement g g5 when the reinforced column reaches 85% of the residual bearing capacity
after the peak load and displacement 6, when the peak load is adopted as the ductility
index. The greater the DI value, the better the ductility. Table 9 shows the DI values of
each column. Brittle failure occurs when column Z1 reaches the peak load and the DI value
is 1. The DI values of strengthened columns Z2 and Z3 are 1.09 and 1.32, respectively.
When the strengthening layer is equipped with longitudinal and stirrups, the ductility can
be increased by increasing the thickness of the strengthening layer. The DI values of the
strengthened columns Z4 and Z5 are 1.10 and 1.30, respectively. For Z6 and Z8, brittle
fracture occurs due to the small number of wrapped CFRP layers, the DI values are 1.00
and 1.08, and the ductility is low. Compared with Z6 and Z8, when the number of CFRP
layers is five, the DI values of Z7 and Z9 are 1.66 and 1.33. With the increase of CFRP layers,
the ductility of columns will be improved.

According to the load-displacement curves of the three strengthening methods in
Figures 8 and 12, it can be seen that the DI value of the column strengthened by longitu-
dinal reinforcement and circular stirrup is higher. Compared with the load-displacement
curve of the column strengthened with spiral stirrup and CFRP sheets, the curve of the col-
umn strengthened with longitudinal reinforcement and circular stirrup decreases faster and
is steeper after reaching the ultimate carrying capacity, indicating that the column strength-
ened with spiral stirrup and CFRP confinement has better ductility. In the strengthening
layer, the longitudinal reinforcements and stirrups have the same influence factors on the
ductility of the strengthening column; that is, the thicker the strengthening layer is, the bet-
ter the ductility is. The ductility of CFRP sheets confined strengthened column is influenced
as the more CFRP sheets layers, the better ductility. CFRP sheets confined strengthened
column should pay attention to the CFRP sheets; when the number of wrapped CFRP
sheets layer is small, brittle fracture is easy to occur.
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Figure 12. DI values of ductility of test columns.

4. Conclusions

In this paper, the axial compressive properties of three UHPC-strengthened columns

were studied which are strengthened columns with longitudinal reinforcements and ordi-
nary circular stirrups in the strengthening layer, strengthened columns with longitudinal
reinforcements and spiral stirrups in the strengthening layer, and strengthened columns
with CFRP sheets. The failure form and carrying capacity of strengthened columns were
studied, and the following conclusions were obtained:

@

@

®G)

4)

The thicker the UHPC strengthening layer is, the greater the uplift of carrying capacity
is. Compared with the without strengthened column Z1, the uplift of carrying capacity
of the strengthened test column Z2-79 is 277-561%.

For the three different strengthening methods, the wrapped CFRP sheets have the
best effect on improving the carrying capacity and ductility, followed by longitu-
dinal reinforcements and spiral stirrups. Compared with the strengthening form
in the strengthening layer, the carrying capacity of the wrapped CFRP sheets in-
creases by 53.9% at most, and the reinforcement form of the strengthening layer has
little influence on the increase of the carrying capacity. The carrying capacity of the
strengthening column with the strengthening form of longitudinal reinforcements
and spiral stirrups increases by 2.9% to 5% compared with the strengthening form of
longitudinal reinforcements and circular stirrups.

Due to the confinement effect of UHPC and CFRP, the internal core concrete and UHPC
strengthening layer are in a state of three-dimensional compression, which greatly
improves the strength of concrete and UHPC, and the ultimate carrying capacity of
UHPC strengthened concrete column with CFRP confinement is greatly improved.
Calculate the carrying capacity of three different strengthening methods, and the cal-
culated value is similar to the test value, which provides a reference for the calculation
of the carrying capacity of columns strengthened with UHPC.
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