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Abstract 

The seismic performance of a concrete column retrofitted with an iron-based shape memory alloy (Fe-SMA) was 
evaluated under cyclic loading. In addition to structural behavior, internal damage was monitored using an ultrasonic 
pulse velocity test. The round shapes of three reinforced concrete (RC) columns were tested: a non-retrofitted RC 
column as a control, a carbon fiber-reinforced polymer (CFRP) column, and an Fe-SMA retrofitted column. During the 
cyclic loading test, the degradation of the column was defined based on the decrease in compressional wave veloci-
ties. The experimental results demonstrated a maximum improvement of 175% in seismic performance of the Fe-SMA 
retrofitted RC column compared with the controlled column. This is primarily owing to the active constraints of the 
SMA, which were quantified based on ultrasonic velocities. Furthermore, the surface degradation process was identi-
fied using external cracks, which were not visible in the CFRP retrofitted RC column.
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1  Introduction
Over the past few decades, critical seismic damage 
to buildings and infrastructure has been extensively 
reported worldwide. The brittle failure of reinforced con-
crete (RC) columns in low-rise piloti buildings is one 
type of such damage, as observed in the 2017 Pohang 
earthquake in Korea (AIK 2018). Generally, seismi-
cally deficient RC columns can fail in shear, flexure, or 
flexure–shear modes, exhibiting a limited deformation 
capability. A crucial and common cause for such brittle 
failure of RC columns is poor seismic detailing and lack 
of concrete confinement associated with insufficient and/
or unsecured transverse reinforcement (Kim et al., 2020). 
Several retrofitting methods have been investigated and 
implemented to increase the deformation capability (i.e., 

ductility) of existing vulnerable RC columns. Steel jackets 
and fiber-reinforced polymer (FRP) sheets (Shehata et al., 
2002, Seible et  al., 1997, Akguzel et  al., 2012, Yahiaoui 
et al., 2022, Vahidpour et al., 2022, Zhao et al., 2020) are 
the most used conventional methods that rely on passive 
confinement mechanisms, in which confinement is trig-
gered by the lateral expansion of concrete. Concrete in a 
confined region is subjected to triaxial compression and 
can exhibit significantly enhanced compressive behav-
ior. However, because of its intrinsic mechanism, which 
requires concrete dilation, passive confinement inevita-
bly involves concrete damage; therefore, passively con-
fined RC columns may have limited retrofitting effects 
with a certain level of seismic damage (Xiao et al. 2003; 
Saadatmanesh et  al., 1994; Ma et  al., 2017; Sarno et  al., 
2006). Furthermore, the application of these conventional 
materials requires additional demanding operations, 
such as the welding of steel jackets or the use of wet pro-
cess materials (mortar or epoxy resin), which are labor-
intensive and time-consuming for field applications.
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Recent studies have demonstrated the significant 
potential of shape memory alloys (SMAs) as smart ret-
rofitting materials for RC columns. Shin and Andrawes, 
(2010) studied the use of nickel–titanium (NiTi)-based 
SMA wires for the seismic retrofitting of RC columns. 
In that study, NiTi-SMA wires were used to apply heat-
activated prestressing to the plastic hinge region of the 
RC columns. This active confinement technique pro-
vides a confining pressure to concrete in advance with-
out requiring concrete dilation; thus, it is useful for 
delaying concrete damage and enhancing the deforma-
tion capacity of RC columns. The efficacy of SMA-based 
active confinement has been experimentally verified 
through quasi-static and dynamic tests of RC columns 
(Choi et  al., 2012; Jung et  al., 2018; Shin & Andrawes, 
2011). In these tests, SMA confinement prevented the 
spalling and crushing of concrete and significantly 
improved the ductility of the columns. The superior 
effect of SMA confinement compared with passive 
confinement provided by FRP has been clearly demon-
strated in experimental studies (Shin & Andrawes, 2010, 
2011). Another promising aspect of SMA confinement 
is its ease and rapidity because the confinement can be 
instantly activated through simple heating of the pre-
strained SMA. Fig. 1 depicts the mechanisms of active 
and passive confinement methods and how active con-
finement can suppress the lateral expansion and damage 
of concrete.

However, from a practical and economical perspec-
tive, the use of NiTi-SMA in the construction field is 
not feasible because of its excessively high manufac-
turing and processing costs. In recent years, low-price 
iron-based SMAs (Fe-SMAs) have emerged and gained 
significant interest as attractive substitutes for NiTi-
SMAs. With a price of only 5%–10% that of NiTi-SMAs, 
Fe-SMAs are available for mass production and have a 
satisfactory prestressing capability (Cladera et al., 2014). 

Currently, various research and development activities 
are being undertaken on the application of Fe-SMAs to 
civil infrastructure systems. Cladera et al., (2014) stud-
ied the development and thermomechanical proper-
ties of Fe–Mn–Si alloys suitable for civil engineering. 
Czaderski et  al., (2014) experimentally evaluated the 
pre-stressing effect of Fe–Mn–Si alloys, and this tech-
nique was further studied for the flexural strengthening 
of RC beams by several researchers (Hong et al., 2018a, 
2018b; Rojob & El-Hacha, 2017; Shahverdi et al., 2016). 
Zerbe et al., (2017) and Ji et al., (2020) used an Fe–Mn–
Si SMA for the external or internal confinement of RC 
columns. The tests indicated that the Fe-SMA was effec-
tive in increasing the strength and ultimate deformation 
of RC columns under axial compression. However, pre-
vious studies focused only on the retrofitting effect of 
Fe-SMAs for axial compression; thus, further research 
on the flexural and shear retrofitting of Fe-SMAs for RC 
columns is required.

In this study, RC columns retrofitted with carbon 
FRP (CFRP) sheets and Fe-SMA strips were tested 
under quasi-static cyclic loading. During the test, the 
retrofitting effect was evaluated using the dry-coupled 
ultrasonic pulse velocity (UPV) test. At a pre-defined 
target drift ratio of the columns, internal damage was 
monitored by converting the ultrasonic velocity into the 
dynamic modulus of the materials. The uniqueness of 
this study was (1) to monitor the degradation progress 
of RC columns using dry-coupled UPV test and (2) to 
demonstrate the retrofitting effect with respect to the 
internal damage of the columns assessed using non-
destructive evaluation. The experimental results proved 
that the proposed Fe-SMA retrofitting method has both 
structural and practical benefits. In addition, the results 
from the non-destructive inspection will broaden our 
understanding of the structural behaviors and damage 
propagation of columns under cyclic loading.
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Fig. 1  Comparison of active and passive confinement methods
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2 � Methodology
2.1 � Active Confinement Using Shape Memory Alloys
An SMA is a smart material that has exceptional ther-
momechanical characteristics known as the shape 
memory effect (SME). Many researchers have employed 
the SME for pre-stressing techniques for concrete struc-
tures (Choi et  al., 2012; Hong et  al., 2018a; Janke et  al., 
2005; Jung et  al., 2018; Rojob & El-Hacha, 2017; Shah-
verdi et  al., 2016; Shin & Andrawes, 2011). The SME is 
activated when the crystal structure of the SMA trans-
forms from martensite to austenite when heated. At tem-
peratures below the martensite finish temperature (Mf), 
the SMA is in the martensite phase and can be perma-
nently deformed after being loaded and unloaded beyond 
the elastic range. At temperatures above the austenite 
start temperature (As), the pre-strained SMA recovers 
its original shape as the austenite phase begins to form, 
and shape recovery is completed at the austenite fin-
ish temperature (Af). When shape recovery is physically 
restrained, a large recovery stress (i.e., pre-stress) is gen-
erated in the SMA. Fig. 2 depicts how the recovery stress 
is induced from the pre-strained SMA. For SMA-based 
active confinement, pre-strained SMAs can be wrapped 
around an RC column and firmly anchored. When 
heated, the SMAs restrained by the column provide a 
lateral confining pressure to the column. Fig.  3 shows 
the SMA confinement used to retrofit the plastic hinge 
regions of the circular RC columns in which crushing of 
concrete is expected to  occur due to excessive flexural 
deformation.

2.2 � Ultrasonic Pulse Velocity Test
The UPV test is a standard method in which the com-
pressional wave (or pressure, longitudinal wave) veloc-
ity is measured through concrete elements (ASTM 

C597, 2016); this velocity is typically in the range of 
3700–4200 m/s for ordinary concrete (Naik et al., 2004). 
The compressional wave velocity ( Vc ) is related to the 
mechanical properties of the materials, and the relation-
ship is expressed as

where E, ρ, and v are the elastic modulus, density, and 
Poisson’s ratio of a material, respectively. With minimal 
variation in the density and Poisson’s ratio of materials, 
the wave velocity frequently correlates with the elastic 
modulus of the material. Therefore, the increment and 
reduction in the velocity imply the healing and degrada-
tion of materials with respect to the elastic modulus.

Ultrasonic tests in concrete are frequently limited by 
the applied frequency band and coupling procedure. 
Concrete is a typical composite material consisting of 
cement, several mineral admixtures, and aggregates such 
as sand and gravel. In particular, coarse aggregates cause 
strong scattering, and high-frequency ultrasonic waves 
do not propagate through concrete. Therefore, compared 
with the maximum size of coarse aggregates, a larger 
wavelength of ultrasound with a frequency of less than 
100 kHz has been applied to concrete inspection (Chek-
roun et  al., 2009; Ohdaira & Masuzawa, 2000; Saffar & 
Abdullah, 2013). Conventional ultrasonic transducers are 
fabricated from piezoelectric materials (e.g., lead zirco-
nate titanate, PZT). The transducers at low frequencies 
have a large diameter because piezoelectric materials 
gradually resonate based on their shape or boundary. 
The coupling procedure for large transducers is com-
plex, where a gel-type coupling material is required to 
reduce the acoustic impedance mismatch between the 

(1)Vc =

√

E(1− v)

ρ(1+ v)(1− 2v)
,

Fig. 2  Mechanical and thermomechanical behavior of typical SMAs
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transducer and concrete. The acoustic impedance ( Z ) is 
the intrinsic material property, expressed as

The reflection coefficient, which indicates the acoustic 
energy reflection rate, can be calculated using the acous-
tic impedances of materials ( Z1 and Z2 ) as

Table  1 lists the acoustic impedances of PZT, air, and 
concrete. Note that the air gap represents the insufficient 
coupling between the ultrasonic transducer and con-
crete. Absolute values of the reflection coefficients close 
to 1 indicate that most of the wave energy is reflected. 

(2)Z = ρVc.

(3)R =
Z2 − Z1

Z2 + Z1

.

Therefore, coupling materials are required to reduce the 
energy transmission when using the UPV.

Confined 

regions

Heating

Active confining pressure

Prestressing

Deformed 

SMA

Activated 
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Fig. 3  Schematic of the concept of using SMAs to apply active confinement on RC columns

Table 1  Acoustic properties of PZT, air, and concrete

*A negative reflection coefficient represents the phase inversion of the wave

Material Acoustic 
impedance 
(MRayl)

Reflection coefficient calculated using 
Eq. (3)

PZT to air Air to 
concrete

PZT to 
concrete

PZT-4 36.15 − 0.999 – − 0.52 to 
− 0.62Air at 25 °C 0.00042 0.999

Concrete 8.36–11.3 –
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In this study, recently developed dry-coupled trans-
ducers were used, which significantly improved the cou-
pling with the UPV. As shown in Fig.  4, the ultrasonic 
equipment consisted of seven transducers, and the tip 
of every transducer simultaneously generated compres-
sional waves into the concrete. In the receiving part, the 
compressional waves were measured using the seven 
transducers, and one waveform was stored as an average 
of the seven. The dry-coupled transducers were hand-
held equipment, and the operator simply contacted the 
transducers to the surface of the concrete. Details of the 
equipment used are listed in Table 2.

3 � Experiment and Results
3.1 � RC Column Specimens and Seismic Retrofitting
In this study, three circular RC columns were tested 
under quasi-static cyclic loading. Each specimen was 
designed as a cantilever column with a diameter ( d ) of 
300 mm and clear height of 1500 mm, with the assump-
tion that the specimen represented half of an RC column 

in a piloti building. The columns were reinforced with 
eight D19 (19.05  mm diameter) longitudinal reinforc-
ing bars. D10 (9.53  mm diameter) hoops were widely 
spaced at 300  mm along the height of the column to 
reflect insufficient transverse reinforcement. The 300 mm 
hoop space was determined based on the hoop space of 
the actual RC columns which showed poor seismic per-
formance in the 2017 Pohang earthquake (Architectural 
Institute of Korea, 2018). The measured yield strengths of 
the longitudinal and transverse reinforcements were 450 
and 420  MPa, respectively. The compressive strength of 
the concrete measured on the testing day was 36  MPa. 
Details of the specimens are presented in Table  3 and 
Fig. 5.

While one specimen (Control) remained in the as-built 
condition, the other two were retrofitted in the plastic 
hinge region. For the specimen denoted as CFRP, a CFRP 
sheet was selected as the retrofitting material. The CFRP 
sheet had a thickness ( tf  ) of 0.11  mm, elastic modulus 
( Ef  ) of 252,117  MPa, ultimate tensile strength ( ffu ) of 
4,513  MPa, and ultimate tensile strain ( εfu ) of 0.0179. 
Two layers of CFRP sheets were provided to apply a tar-
get passive confinement pressure ( fl,p ) of 1.5 MPa, deter-
mined using Eq. (4):

where n is the number of CFRP layers, and εfe is the 
effective hoop rupture strain of the CFRP, herein 0.004 
according to ACI 440.2R-17 (2017). The height of the ret-
rofitted region was determined to be 1.5 times the col-
umn diameter (i.e., 450  mm = 1.5 × 300  mm) according 
to the Caltrans guidelines (2013). During CFRP retrofit-
ting, the concrete surface was first coated with primer, 
and epoxy resin was applied for the adhesion of the CFRP 
sheets.

For SMA confinement, Fe–17Mn–5Si–5Cr–4Ni–0.1C 
alloy developed by Hong et  al. (2020) was used. The 
selected Fe-SMA was manufactured and processed into 

(4)fl,p =
2ntf Ef εfe

d
,

Fig. 4  Applied dry-coupled UPV transducer (ACSA A1410 Pulsar)

Table 2  Specification of the applied UPV equipment

Parameter Specification

Type of ultrasonic transducers Undamped dry-point-contact 
transducers

Transducer configuration Array of seven dry-point-contact 
transducers

Operating frequency 50 kHz

Maximum thickness of the inspection 
object

2.5 m

Indication resolution of the propaga-
tion time of ultrasonic waves

0.1 µs

Indication resolution of the propaga-
tion velocity of ultrasonic waves

10 m/s

Table 3  Test specimen details

Property Value

Section diameter (mm) 300

Effective height (mm) 1500

Axial force (kN) 254.47

Compressive strength, f
′

c (MPa) 35.6

Yield strength of longitudinal reinforcement (MPa) 458.5

Yield strength of tie reinforcement (MPa) 431.4

Longitudinal reinforcement ratio (%) 3.2

Volumetric ratio of tie reinforcement (%) 0.05
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strips with a thickness of 1.95 mm and width of 5.5 mm. 
The Fe-SMA strips pre-strained by 4% were wrapped 
around the plastic hinge region of the column in a spiral 
form. Considering the outstanding performance of active 
confinement (Shin & Andrawes, 2010, 2011), compared 

with passive confinement, we selected a target active 
confinement pressure ( fl,a ) of 0.75  MPa, which was 
half of the pressure provided to the CFRP. Based on the 
recovery stress ( σr ) of the selected Fe-SMA (350  MPa) 
measured after being heated to 250 °C, a center-to-center 

(a) (b)

A A’

Lateral load

Vertical load
(254.47 kN)

1500 mm

1300 mm

450 mm

Threaded rod

450 mm

Retrofitting area 

CFRP SMA Spiral
Ties: D10@300mm

Logitudinal bar: D19 (8ea)

40 mm

cover

300 mm

Section A-A’

(c)

Lateral cyclic

loading

Axial loading

Specimen

Fig. 5  Design of the RC columns and test setup. a Test setup; b cross-section of RC columns; c real photo of test setup
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spacing ( sSMA ) of 32 mm was selected to provide an fl,a of 
0.75 MPa, calculated using Eqs.  (5) and (6) as suggested 
by Shin and Andrawes, (2011):

where ASMA and s∗SMA are the cross-sectional area and 
clear spacing of the Fe-SMA strips, respectively, ke is a 
reduction factor that accounts for unconfined regions of 
concrete, and ρcc is the ratio of the area of longitudinal 
reinforcement to the area of the gross cross-section of the 
column. The SME of the Fe-SMA spirals was activated by 
directly heating them with a butane gas torch up to 250 
℃. Fig. 6 shows images of the three test specimens after 
seismic retrofitting. Note that for Fe-SMA, the surface of 
the concrete was partially visible after the retrofitting was 
complete, which is beneficial for assessing visual damage 
after a seismic event.

Fig.  5 also shows a schematic illustration of the test 
setup, which used two hydraulic servo-controlled 
actuators. The vertical actuator applied an axial load of 
approximately 255 kN, corresponding to 15% of the col-
umn’s axial load capacity. The horizontal actuator applied 
displacement-controlled lateral loads which correspond 
to pre-defined target drift ratios of the column. The tar-
get drift ratio incrementally increased from 0.5% to 7%, 
and was repeated three times at each target value in both 
the positive and negative directions. The loading pro-
tocol in the lateral direction determined based on ACI 

(5)fl,a = ke
2ASMAσr

dsSMA
,

(6)ke =
1−

s∗SMA
2d

1− ρcc
,

374.1–05 (2014) is depicted in Fig. 7. During the testing, 
the columns were assumed to reach their ultimate state 
when the lateral load decreased below 80% of its maxi-
mum value; accordingly, the testing continued beyond 
the pre-defined ultimate state.

3.2 � Testing Setup and Data Acquisition
In this study, the compressional wave velocity was meas-
ured from the columns before, during, and after cyclic 
loading. The measurements were performed at a selected 
zero lateral displacement, as shown in Fig. 7. For the con-
trolled column, the initial stages of the loading cycles 
were thoroughly measured because the brittle failure of 
concrete was expected. Ultrasonic tests were performed 
at three locations (50, 150, and 200 mm) above the col-
umn base using dry-coupled transducers, as shown in 
Fig.  8. The locations were marked on the surface of the 
column and measured during the subsequent loading 
cycles. Ultrasonic transducers were placed on the sur-
face of the CFRP column. The individual measurements 
took approximately 10 s and were repeated three times. 
The transducers were fully detached and reattached for 
each repetition. The waveform was wirelessly stored on 
a tablet computer through Bluetooth, and the averaged 
through-thickness velocity was calculated based on the 
pre-installed geometric information.

Fig.  9 shows examples of waveforms obtained from 
the controlled column after the drift ratios of 0%, 0.75%, 
and 1.5%. The arrival of waves was clearly delayed as the 
loading cycles increased, which was caused by inter-
nal damage to the concrete. Note that no surface cracks 
were identified during the loading cycles. With a col-
umn diameter of 300  mm and the arrival of waves, the 

Fig. 6  Photos of column specimens after seismic retrofitting. a Control; b CFRP; c Fe-SMA
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through-thickness velocity was obtained. Velocities from 
individual measurements are presented in the Appendix. 
The initial velocities of the Control, CFRP, and Fe-SMA 
columns at the zero-loading cycle were 4164, 4271, and 
4180 m/s, respectively. The velocities were in the range of 
those of typical ordinary concrete (Naik et al., 2004). The 
degradation process of the concrete was monitored based 
on velocity measurements, which were normalized using 
the initial velocity of each specimen.

3.3 � Results
3.3.1 � Structural Responses of Columns
Fig. 10 shows the global lateral force–drift ratio relation-
ships of the columns obtained from cyclic loading. Gen-
erally, the responses of the columns were similar at the 
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Fig. 8  Example of UPV measurements and locations

Fig. 9  Waveforms obtained at different drift ratios from the control



Page 9 of 19Lee et al. Int J Concr Struct Mater           (2023) 17:13 	

early loading stage but changed significantly after attain-
ing the maximum forces. First, the as-built column (Con-
trol) initially exhibited stable responses with a maximum 
force of 60.2 kN at a drift ratio of 2.36% on average. How-
ever, after the peak, Control experienced a rapid decrease 
in the lateral load, recording the ultimate point at a 3% 
drift ratio, and it completely lost its load-carrying capac-
ity. In contrast, the retrofitted columns exhibited stable 
and ductile responses. CFRP recorded an average maxi-
mum force of 62.6 kN at a drift ratio of 2.84%, exhibiting 
a slight strength increase of 4% compared with Control. 
As the drift ratio increased further, the lateral force of 

CFRP began to decrease, but at a much gradual rate. 
CFRP attained its ultimate point (50 kN) at a drift ratio of 
5% on average and continued to exhibit stable responses 
even after the ultimate state, as shown in Fig. 10(b). The 
response of Fe-SMA was comparable to that of CFRP. 
The average maximum force of Fe-SMA was 61.7 kN at a 
drift ratio of 2.71%, and it had about 2.5% higher strength 
than Control. As indicated by the envelope curves in 
Fig.  10(d), the post-peak response of the Fe-SMA was 
very close to that of CFRP. The retrofitted columns dem-
onstrated that they still had fairly large load-carrying 
capacity beyond the ultimate point; however, the testing 
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was terminated at a 7% drift ratio. To estimate the cyclic 
deformation capabilities of the specimens, the displace-
ment ductility factor ( µd ) proposed by Elnashai and Di 
Sarno (2008) was computed by using Eq. (7):

where �+
u  and �−

u  are the positive and negative displace-
ments at ultimate state, respectively; �+

y  and �−
y  are the 

positive and negative displacements at the yield point, 
respectively. µd of control, CFRP, and Fe-SMA columns 
were 1.99, 3.45, and 3.32, respectively. The test results 
clearly indicated that both retrofitting methods enhanced 
the deformation capacity of the seismically vulnerable RC 
column. In terms of µd , the Fe-SMA exhibited a consid-
erable retrofitting effect. Furthermore, note that the Fe-
SMA exhibited satisfactory performance, although its 
confinement pressure was half that of CFRP confinement.

To determine the variation in the damage level with 
the displacement increment, the secant stiffness was cal-
culated at the first cycle of each drift ratio, as shown in 
Fig. 11. Fe-SMA initially had a slightly higher secant stiff-
ness, followed by CFRP and Control. As the drift ratio 
increased, the secant stiffness of all specimens decreased 
at a relatively constant rate. At a drift ratio of 3%, Con-
trol had a secant stiffness of 1.15  kN/m at its ultimate 
point. The retrofitted columns continued to have similar 
responses, and the secant stiffnesses decreased as low as 

(7)µd =

∣

∣�+
u

∣

∣+

∣

∣�−
u

∣

∣

∣

∣�+
y

∣

∣+

∣

∣�−
y

∣

∣

,

0.39–0.41 kN/m at a 7% drift ratio. With respect to the 
global structural response, both CFRP and Fe-SMA could 
be considered to have sustained a comparable level of 
seismic damage.

3.3.2 � Degradation of Columns Defined by UPV
Internal damage was defined as the compressional veloc-
ity of the ultrasound through the thickness of the col-
umns. Fig.  12 presents the through-thickness velocities 
of each specimen averaged from all measurements dur-
ing the loading cycles. To identify the velocity reduction, 
we normalized the velocities based on the initial meas-
urements of each specimen. A greater velocity reduc-
tion was observed in the forced direction than in the 
non-forced direction. This was because more tensile 
stress was directly applied to the concrete at the side of 
the forced direction, causing cracking and faster degra-
dation progress, and the direction of the damage influ-
enced ultrasonic wave propagation. For Control, more 
than 80% of velocity reduction occurred at the sixth load-
ing cycle because the ultrasonic waves barely propagated 
through the column. At the sixth loading cycle, both 
the CFRP and Fe-SMA specimens exhibited meaningful 
velocity reduction compared with the previous loading 
cycles owing to concrete damage. However, the retrofit-
ting of the column prevented further damage in the con-
crete, resulting in only about 20% velocity reduction from 
both specimens. After the eighth loading cycle, the CFRP 
specimen exhibited a significant decrease and finalized 
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at a 60% velocity reduction, whereas Fe-SMA presented 
gradual degradation progress with only a 40% velocity 
reduction at the final stage. For the non-forced direction, 
less than 20% velocity reduction occurred at the final 
loading cycle for Fe-SMA, which implied minimal inter-
nal damage to concrete.

4 � Discussion
4.1 � Observation of Seismic Damages
Fig.  13 shows the damage status of the tested columns 
after the test. Visual inspection of seismic damages 

provides practical, valuable information for the decision-
making process on damage estimation and post-earth-
quake restoration. In Fe-SMA, in which the concrete 
surface was partially visible, after horizontal tensile 
cracks developed in the plastic hinge region, the con-
crete damage did not progress further. However, Con-
trol experienced spalling of the cover concrete first in 
the plastic hinge region and eventually experienced 
shear failure with large diagonal concrete cracking. As 
shown in Fig. 13, the damage pattern of Fe-SMA mark-
edly contrasted with that of Control. The pre-stressed 
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Fe-SMA strips, which actively confined the plastic hinge 
region, prevented the damage progress, resulting in the 
improved ductility of the column. However, for the speci-
men confined by the CFRP sheet, we could not conduct 
a visual inspection. Fig.  14 presents the damage status 
of CFRP with and without the CFRP sheets. Owing to 
the external CFRP sheets, although the column already 
reached its ultimate status, the damage could not be 
properly identified. After the CFRP sheets were removed, 
severely spalling concrete was observed at the bottom of 
the column.

The concrete damage at different locations was fur-
ther evaluated based on the ultrasonic velocity measured 

at three locations above the column base. Owing to the 
plastic hinge during cyclic loading, the lower location of 
the column was expected to be more damaged.

Fig.  15 directly compares the progressive damage 
defined by the velocity reduction at different locations 
per specimen. For the control as shown in Fig.  15(a), 
all measurements significantly decreased by more than 
80% after the maximum force of the column because 
the concrete was completely degraded. The retrofitted 
columns exhibited gradual degradation reduction rates 
after the maximum force of the columns. For Fe-SMA 
as described in Fig.  15(c), the velocity reductions at 5 
and 15 cm consistently decreased with a constant slope 
of the line. Interestingly, the velocity reduction at 20 cm 
in Fe-SMA was significantly delayed and finalized with 
only a 30% decrease. This implied that the range of plas-
tic hinges in the column was efficiently shortened under 
cyclic loading. The CFRP specimen exhibited different 
velocity reduction behaviors as shown in Fig. 15(b). From 
the locations at 5 and 15 cm in the CFRP specimen, the 
rate of velocity reduction was steeply modified after a 5% 
drift ratio, becoming higher than the reduction at 5 cm. 
This result indicated that the range of concrete damage 
widened with increasing seismic loading.

4.2 � Global Structural Behavior of Columns Across Loading 
Cycles

The global structural behavior of all specimens was inves-
tigated using the secant stiffness of the column and the 
averaged through-thickness velocity, as shown in Fig. 16. 
With increasing loading levels, the stiffness of the col-
umns generally decreased because of induced internal 
damage. The slopes of the lines indicate the degradation 
rates between measurements. The initial stiffness was 
similar among the columns, with that of the Fe-SMA 
being slightly higher than those of the others. The retro-
fitted columns exhibited notably different behaviors from 
the control, presenting significantly less load-induced 
degradation after a certain stiffness of 2.3  kN/mm. The 
controlled column significantly degraded with a slope 
of 0.579. For Fe-SMA, a minimal velocity reduction was 
observed, where the degradation rate was generally con-
stant at 0.189. This behavior differed from that of CFRP, 
with two different degradation rates of 0.134 and 0.87. 
This was because the passive confinement effect was sig-
nificantly reduced at higher loading levels. Consequently, 

Fig. 13  External damages of concrete columns: a Control; b Fe-SMA

Fig. 14  CFRP specimen after failure: a with CFRP; b without CFRP
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the velocity reduction in Fe-SMA was finalized at only 
40%. This was because the active confinement efficiently 
increased the ductility of the column under cyclic load-
ing; thus, material degradation delayed.

5 � Conclusions
In this study, the effect of SMA retrofitting on concrete 
columns was evaluated using the UPV test. Three con-
crete columns (the control, retrofitted by CFRP, and 
Fe-SMA) were investigated, and the through-thickness 
velocity was measured during cyclic loading. The findings 
reported in this paper demonstrate the ability of UPV 
test in obtaining meaningful degradation information 
for concrete. The data produced from the measurements 
enabled the quantification of the damage levels and eval-
uation of the retrofitting effect with respect to the degra-
dation rate. Based on the results presented in this paper, 
the following conclusions were drawn:

1.	 Dry-coupled transducers for the UPV test enable to 
efficiently measure ultrasonic waves through a con-

crete column without additional coupling materi-
als or procedures. The obtained through-thickness 
velocity is promising for the effective quantification 
of damage to RC columns after seismic events.

2.	 The column retrofitted with Fe-SMA exhibited dis-
tinct behavior to cyclic loading with respect to both 
the ductility and internal damage measured using 
the ultrasonic velocity compared with the control. 
The Fe-SMA specimen had a relatively lower veloc-
ity reduction and degradation rate during the entire 
loading cycle than the CFRP specimen.

3.	 From a practical perspective, unlike CFRP, Fe-SMAs 
have the benefits of an efficient retrofitting procedure 
and observable surface damage after seismic loading.

Appendix
See Tables 4 and 5.
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Cycle 7 1 – – – 3499 3440 3781 4026 3654 3966

2 – – – 3495 3475 3741 3699 3665 3980

3 – – – 3494 3523 3689 3709 3644 3968

Avg – – – 3496 3479 3737 3811 3654 3971

Cycle 8 1 – – – 3276 3358 3522 3553 3515 3945

2 – – – 3289 3367 3530 3543 3541 4083
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Avg – – – 3293 3349 3528 3627 3529 3989
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