)

Check for
updates

Axial Compression Behavior of RC Columns
Strengthened with SMA/CFRP

Ruirong Wan, Xuhua Liang, Yifeng Deng, Chunling Lu”

Guangxi Key Laboratory of Green Building Materials and Construction Industrialization,
Guilin University of Technology, Guilin, China, 541004.
*e-mail: 2000013@glut.edu.cn

Abstract. A novel prestressed NiTi-SMA/CFRP composite material was devel-
oped by utilizing the shape memory effect and super-elasticity of NiTi-SMA
wires to apply prestress to the CFRP layer, and used to strengthen RC circular
columns. Axial compression tests were conducted on one control column and
four composite-strengthened columns, considering the number of SMA wires and
the wrapping spacing as variables. The axial compression performance of each
specimen was analyzed. Results show that this strengthening method effectively
improved the failure mode and significantly enhanced both the initial stiffness
and peak load capacity. This improvement is attributed to the recovery stress gen-
erated by thermally activated NiTi-SMA, which imparts prestress to the CFRP
layer, providing continuous circumferential confinement that restricted concrete
cracking and expansion, thereby improving the axial performance. Furthermore,
the loading process was divided into three stages. It was observed that the SMA
wires, as the weak component within the composite layer, fractured progressively
during loading, contributing to the favorable ductility of the specimens. This
study provides experimental evidence and practical insights for the application
of NiTi-SMA/CFRP composite materials in strengthening RC columns.

Keywords: Shape Memory Alloy; CFRP; Composite material reinforcement;
Axial Load-Bearing Capacity

1 Introduction

Strengthening and retrofitting of bridge piers is a common practice in bridge engineer-
ing. Among various methods, Carbon Fiber Reinforced Polymer (CFRP) strengthening
has become a mature active strengthening technique, where CFRP is typically pre-
stressed to mitigate stress lag effects. Researchers worldwide have conducted system-
atic experimental and theoretical studies on the axial compression behavior of RC col-
umns strengthened with prestressed CFRP. Janke L et al. ! investigated the enhance-
ment of load-bearing capacity and ductility through tests on cylindrical columns
strengthened with single-layer prestressed CFRP. Later, Lu 2* comprehensively studied
how wrapping parameters (including hoop configuration, layer numbers, and prestress
level) affect the axial compression performance of piers. For large-scale members,
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Zhou Changdong? focused on the strengthening effects of transversely prestressed sin-
gle-layer CFRP wraps on large-diameter RC cylinders. However, this technique has
limitations including the requirement for special anchoring devices, complex opera-
tions, and sudden failure characteristics.

Shape Memory Alloys (SMAs) have attracted extensive research attention in recent
years due to their remarkable Shape Memory Effect (SME) and super elasticity prop-
erties. Andrawes B.'s team (Shin M. °) pioneered a composite strengthening system
combining SMA with Glass Fiber Reinforced Polymer (GFRP), which effectively uti-
lizes SMA''s super elasticity and GFRP's high tensile strength. Wu Gang et al. 7 devel-
oped an active strengthening method using Fe-SMA strips externally bonded with
BFRP, conducting compressive tests to evaluate the performance of concrete columns
under passive, active, and hybrid confinement. Results demonstrated that all three con-
finement methods effectively enhanced both load capacity and corresponding defor-
mation of short columns. Thermal activation of Fe-SMA strips at 300°C generated re-
covery stresses up to 350MPa,The FRP/SMA composite strengthening improved axial
compressive performance and ductility by 24% and 111.5% respectively. Compared to
unstrengthened concrete columns, SMAs significantly increased peak strain and duc-
tility, but showed limited improvement in axial load-bearing capacity for strengthened
piers. The high material costs have also constrained their widespread engineering ap-
plications.

This study investigates the material characteristics of CFRP and nickel-titanium
shape memory alloy (NiTi-SMA), proposing a composite system that utilizes NiTi-
SMA's shape memory effect, where thermal activation induces constrained recovery
stress (i.e., prestress) for RC column strengthening. Axial compression tests were con-
ducted on one unconfined column and four prestressed NiTi-SMA/CFRP composite-
strengthened columns, analyzing the failure modes and axial load-bearing capacity of
each specimen, demonstrating the effectiveness of this strengthening technique.

2 Materials and Methods

2.1  Test Piece Design and Parameter Setting

The experimental program comprised five RC circular columns, with a height of 550
mm and diameter of 180 mm, reinforced according to the requirements of the "Code
for Design of Concrete Structures”, featuring a longitudinal reinforcement ratio of
0.96% and volumetric stirrup ratio of 1.19%, with 15 mm concrete cover thickness (see
Fig. 1). Specimen dimensions and reinforcement details are shown in the Fig.1. The
strengthening configuration of NiTi-SMA/CFRP composite is illustrated in Fig. 2. The
experimental protocol of this study is shown in Table 1.
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Fig. 2. Schematic diagram of reinforced RC pier column with NiTi SMA/CFRP composite ma-
terial

Table 1. Parameter settings for each specimen

Number of  The winding spacing of

Specimen SMA wires  the composite material strengthening method
RC-0 - - -
JFM-5-100 5 100
JFM-5-50 5 50 NiTi-SMA/CFRP
JFM-10-100 10 100
JFM-10-50 10 50

Note: In specimen labeling, JFM denotes NiTi-SMA/CFRP composite strengthening,
taking JFM-5-50 as an example, this specimen was strengthened with 5 SMA wires at
50 mm winding spacing.

2.2 Material Properties

All specimens were cast using C30-grade concrete, with measured properties detailed
in Table 2. Longitudinal reinforcement consisted of 8 mm HRB400 steel bars, while 6
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mm HPB300 steel bars were used for stirrups. Tensile tests were conducted on the steel
bars according to standards, with mechanical properties summarized in Table 3. The
NiTi-SMA wires primarily contained nickel and titanium elements, and their measured
material properties are presented in Table 4. The epoxy resin (Sikadur® -330CN) com-
prised Component A (base) and Component B (hardener), mixed at a 3:1 ratio with 3-
minute stirring before application. During construction, the adhesive was uniformly
brushed onto CFRP fabric surfaces to ensure complete saturation. For multi-layer ap-
plications, subsequent layers were applied within 60 minutes (at ambient temperature)
with roller compaction performed for each layer. Tensile tests were conducted on the
CFRP fabric, and the measured mechanical properties are compiled in Table 5.

Table 2. Material properties of concrete

feu (MPa) fe (MPa) E. (MPa)
34.1 29 2.2x103
Note: feu is cube strength of concrete, f: is prism strength of concrete, E. is elastic
modulus.
Table 3. Performance indicators of steel reinforcement materials
Steel type d (mm) fy (MPa) fu (MPa) E (MPa) v
HPB300 6 431.5 580.5 2.1x10° 0.3
HRB400 8 410.5 528 2.0x10° 0.3

Note: d represents diameter, fy represents yield strength, fu represents ultimate strength,

E represents elastic modulus, v represents Poisson's ratio.

Table 4. Performance indicators of NiTi-SMA wire material

Materials dm/mm fm /MPa en/% En/MPa
NiTi-SMA 1.0 1124 16.64 1.326x10%

Note: dm represents diameter, fm represents tensile strength, &,, repre-

sents elongation, E represents elastic modulus.

Table 5. Performance indicators of CFRP fabric material

Materials tr (mm) fr (MPa) & (%) Ef/MPa
CFRP 0.167 3548 1.64 2.32x103

Note: ¢, ff, & and E; represent CFRP thickness, tensile strength, elongation and

elastic modulus, respectively.
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2.3 Pre Deformation and Thermal Excitation of SMA Wire

The SMA wires were prestretched to 12% strain using anchoring devices, after stretch-
ing, the SMA wires and CFRP fabric were bonded together with epoxy resin and then
wound around the column. The SMA-wrapped specimens were thermally activated us-
ing convective heating. A custom heating sleeve was designed to ensure uniform ther-
mal excitation, consisting of: two 1800W heat guns, fiberglass insulation, three K-type
thermocouples installed inside the sleeve, and custom-made heating components. To
ensure sufficient and uniform heating of all composite materials, heat for 10-15 minutes
after the temperature recorded by three evenly distributed thermocouples reaches
350 °C. (see Fig. 3)
g

Fig. 3. Heating device and process diagram

2.4  Preparation Method of NiTi-SMA/CFRP Composite Material

The NiTi-SMA/CFRP composite was fabricated by bonding two CFRP layers with one
SMA wire layer using Sikadur®-330CN epoxy impregnating resin, as illustrated in Fig.
4.
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Fig. 4. Schematic diagram of NiTi-SMA/CFRP composite material composition

2.5 Loading Device and Scheme

The tests were conducted using a 2000 kN capacity testing jack, as shown in Fig. 5.
Initial loading was applied in 20 kN increments at a rate of 0.5 kN/s; near the failure
stage, the loading scheme was adjusted to 5 kN increments while maintaining a 0.2
kN/s loading rate.
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3 Results & Discussion

3.1 Destruction Mode

The failure mode of strengthened column RC-0 is shown in Fig 6(a). During initial
loading, no surface cracks were observed on specimen RC-0, as axial displacement in-
creased, fine cracks initiated on the column sides, longitudinal reinforcement yielded
at 783 kN loading, after peak load was reached, transverse splitting failure occurred at
mid-height, with longitudinal bars buckling outward and bearing capacity dropping ab-
ruptly, leading to specimen failure.
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Fig. 6. Schematic diagram of specimen failure

For strengthened columns, taking specimen JFM-5-50 as an example, the initial
loading stage exhibited elastic deformation, with continued loading, concrete cracking
and minor spalling occurred at the one-third height of the column, accompanied by
slight lateral bulging. Upon reaching peak load, audible tearing sounds occurred, fol-
lowed by SMA wire fracture and gradual load capacity degradation, concrete fragments
spalled at the fractured strengthening zone, leading to specimen crushing. Post-failure
examination revealed distinct indentation marks on all strengthened specimens' con-



266 R. Wan et al.

crete surfaces, confirming that SMA thermal activation effectively generated circum-
ferential confinement stress. The ultimate failure mode for all strengthened specimens
was SMA wire fracture, with no observed rupture in the CFRP fabric.

3.2  Load Displacement Curve

Fig. 7 presents the load-displacement curves of all test specimens. Table 6 summarizes
the experimental results for each specimen. All specimens exhibited purely elastic be-
havior during initial loading with negligible plastic deformation. For strengthened col-
umns, the recovery force generated by thermally activated SMA wires was transferred
to CFRP, effectively applying prestress to the CFRP, this resulted in the specimens
being subjected to confining pressure from both SMA and CFRP prior to loading, Con-
sequently, all strengthened specimens demonstrated extended elastic stages along with
higher peak loads and ultimate displacements. However, increasing the winding spac-
ing to 100mm showed negligible effect on the concrete strain of specimens, as the area
ratio between strongly and weakly confined regions remained essentially unchanged.

The specimen with 10 SMA wires exhibited higher initial stiffness and peak load
capacity compared to the one with 5 wires. This indicates that as the wire density in-
creases, the confinement effect of the SMA wires on the column strengthens in the early
loading stage, resulting in a larger strongly confined area. In the load-displacement
curve, this is reflected by a steeper initial slope and a longer elastic phase. During the
secondary ascending stage, the higher wire density more effectively restrained crack
development, leading to an increase in the specimen's peak load.
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Fig. 7. Load displacement curves of each specimen

3.3  Peak Bearing Capacity

Fig. 8 shows the peak loads of all specimens, where Nand Ngrepresent the peak bear-
ing capacities of strengthened and unstrengthened specimens, respectively.As shown
in the Fig. 8, all strengthened specimens exhibited increased ultimate bearing capacities
compared to RC-0, with improvement ratios ranging from 13.3% to 29.0%.With in-
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creasing SMA wire quantity, the confinement effect on the columns was enhanced, ef-
fectively restraining crack propagation, thereby contributing to improvements in both
yield load and ultimate load. Although the number of wires varied, the area ratio be-
tween strongly and weakly confined regions showed minimal differences, resulting in
no significant additional gain in load-bearing capacity.

Specimens with 50 mm winding spacing exhibited marginally higher bearing capac-
ity than those with 100 mm spacing, though the difference was relatively modest. The
results demonstrate that increasing winding spacing does not significantly enhance
load-bearing capacity, thus adopting larger spacing in similar strengthening schemes
can achieve comparable reinforcement effects while reducing material costs and im-
proving economic efficiency.

Table 6. Test results of each specimen

Specimen Prax/kN Apax/mm P,/kN Ay /mm Y/%
RC-0 863 3.65 660 4.82 —
JFM-5-100 978 5.37 730 8.02 13.32
JFM-5-50 1020 5.45 770 8.27 18.19
JFM-10-100 1012 5.48 759 8.66 17.26
JFM-10-50 1113 5.15 850 8.45 28.96

Note: Py, 4 crepresents the peak load,A,,,denotes the corresponding displacement at
peak load, P,indicates the ultimate load,defined as the point when the load drops to
75% of Ppqy,With its corresponding displacement designated asA,,, ¥y represents the
load-bearing capacity enhancement ratio of strengthened columns relative to control

columns.
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Fig. 8. Peak load for each specimen
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3.4  Failure Mechanism of JFM Specimen

The loading stages of the JFM specimens are illustrated in Fig. 9.

Stage I (0—A): During the initial loading phase, the JFM-10-50 specimen exhibited
elastic behavior. Compared to the load—displacement curve of the unstrengthened col-
umn RC-0, the JFM specimen showed a significantly higher slope, indicating that the
NiTi-SMA/CFRP composite strengthening effectively enhanced the initial stiffness of
the specimen.

Stage II (A-B): In the subsequent ascending phase, the load increase of the JFM-10-
50 specimen became more gradual, but the rate of reduction in slope remained relatively
low, demonstrating good continuity in bearing capacity. The JEM specimen exhibited
higher load-carrying capacity at this stage, primarily attributed to the confining effect
provided by the SMA and CFRP layers, which effectively suppressed the propagation
of concrete cracks.

Stage III (B—C): After reaching the peak load, the JFM-10-50 specimen entered the
descending phase, during which the overall failure process was significantly delayed
compared to RC-0. As the concrete expands, the SMA wires gradually reach their ulti-
mate tensile strain and fracture, but the CFRP shows no significant deformation, lead-
ing to a gradual reduction in the confinement of the column. Unlike sudden brittle fail-
ure, the load decrease of the JFM specimen exhibited a staged and progressive charac-
teristic. After fracture, the specimen showed no significant surface spalling or through-
cracks, with damage mainly confined to the core concrete region. Meanwhile, the CFRP
layers largely remained intact without reaching their ultimate tensile capacity. Com-
pared to the brittle failure mode of RC-0, the JFM specimen demonstrated superior
ductility and a more controllable failure process, which would extend the structural
warning time and enhance the overall ductility and safety of the structure. The cross-
sectional morphology at point C is shown in Fig. 10.
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Fig. 9. JFM specimen failure stage division
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Fig. 10. Schematic diagram of the cross-section of JFM specimen after failure

4 Conclusion

This study investigated the axial compression performance of RC columns strengthened
with prestressed NiTi-SMA/CFRP composites, axial compression tests were conducted
on one unstrengthened column and four prestressed NiTi-SMA/CFRP strengthened col-
umns, detailed analysis was performed on the failure modes and test results. The main
conclusions are as follows:

Test results demonstrate that all strengthened column types showed improved axial
load-bearing capacity, with enhancement ranging from 13.3% to 29.0%.

Specimens with 10 SMA wires exhibited higher load capacity than those with 5
wires. Increased strengthening improved deformation capacity, created more uniform
stress distribution, and enhanced structural integrity.

The loading process of the prestressed SMA/CFRP composite-strengthened speci-
mens can be divided into three stages. During service, the SMA wires, acting as the
weak component within the composite layer, progressively reached their ultimate ten-
sile strain and fractured, leading to a gradual loss of confinement on the concrete. This
behavior indicates that the specimens exhibit favorable ductility characteristics.

Increasing winding spacing to 100mm altered the area ratio between strongly and
weakly confined regions, reducing strong confinement zones while increasing weak
ones, yet caused no significant peak capacity reduction. This suggests cost-effective
strengthening can still provide substantial reinforcement.

Additionally, to overcome the discontinuity limitation of the composite system pre-
sented in this study,subsequent research could investigate continuous NiTi-SMA/CFRP
composite strengthening systems,thereby providing both theoretical validation and de-
sign guidelines for practical implementation of prestressed NiTi-SMA/CFRP compo-
site strengthening technology.
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