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Abstract 

Recently, strong earthquakes are continuously occurring all over the world regarding, repair and strengthening of 
non‑seismically designed structures. Presently, fiber‑reinforced polymer (FRP) surface‑bonding method is used as a 
quick and easy way to retrofit and strengthen damaged columns and walls. However, the inherent problems of the 
FRP surface‑bonding method of bond degradation are adhesive interfaces and FRP sheet aging during service‑life 
still. In order to overcome these problems, it is necessary to develop new materials and techniques that can induce 
monolithic behavior between the structural member and retrofit material by eliminating the bonding interface. One 
solution is to use repair and strengthening using stiff‑type polyurea (STPU) developed as a seismic retrofitting material 
which can be applied by spraying method. In order to investigate the retrofitting effect of STPU, pseudo‑dynamic 
push–pull test and dynamic shaking table tests are performed. The novelty of the study is that the RC columns 
strengthened with a newly developed STPU are tested for pseudo‑dynamic (i.e., also represents the static behavior) 
and dynamic behavior. From the test results, overall strengthening effect of the STPU for both static and dynamic 
loading conditions can be understood, which can be used for retrofitting of concrete structures all over the world. The 
study results are discussed in detail in the paper.
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1 Introduction
Recently, strong earthquakes with magnitude of over 
7.0 on the Richter scale have been reported all over the 
world (i.e., Haiti earthquake with 7.0 magnitude, Turkey 
earthquake with 7.3 magnitude, Taiwan earthquake with 
7.3–7.6 magnitude, Chile earthquake with 7.8 magnitude, 
Nepal earthquake with 7.8 magnitude, etc.). These recent 
earthquakes caused devastating human casualties, criti-
cal infrastructures damages, and enormous economic 
losses (KMA, 2016). In Korea, a recent earthquake of 
5.0 magnitude occurred at the eastern sea shore and 5.1 

magnitude in the south eastern province (KMA, 2016). 
Although seismic requirements have been enforced by 
Korea Road Bridge Design Standard from 1992, only 37% 
of facilities meet the seismic requirements presently and 
rest do not satisfy the earthquake requirements, which 
are in danger of possible damages from earthquake. 
After the occurrence of Fukushima nuclear disaster 
induced earthquake in Japan, much attention has been 
paid to seismic retrofitting of infrastructures and struc-
tures in Korea as the demand for seismic retrofitting and 
strengthening increased (Chung et  al., 2002; Jin, 2016; 
Kim et al., 1997; Lee et al., 2012).

Among representative seismic retrofitting and 
strengthening methods, such as cross-section enlarge-
ment method, reinforcement addition and replacement 
method, specific member reconstruction method, exter-
nal surface wrapping method, etc., most extensively used 

Open Access

International Journal of Concrete
Structures and Materials

Journal information: ISSN 1976‑0485 / eISSN2234‑1315.

*Correspondence:  jjhkim@yonsei.ac.kr

1 School of Civil and Environmental Engineering, Yonsei University, 50, 
Yonsei‑ro, Seodaemun‑gu, Seoul 03722, Republic of Korea
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-5138-8282
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40069-022-00552-6&domain=pdf


Page 2 of 28Lee et al. Int J Concr Struct Mater           (2022) 16:65 

method is external surface wrapping method using steal 
plate and fiber-reinforced polymer (FRP) sheet.

Currently, FRP wrapping method is considered to be 
the most cost-effective and simple way to improve the 
load-carrying capacity, ductility, and shear strength 
of deteriorated concrete members (Almusallam et  al., 
2018; Bonacci & Maalej, 2001; Chen et al., 2008; Chung 
et al., 2018; Kim et al., 2013; Lu et al., 2005; Truong et al., 
2017; Youm et  al., 2006). The FRP surface wrapping 
method gives confinement effect and stiffness enhance-
ment to resist seismic loading. The external wrapping 
material can be categorized into stiff and ductile type of 
steel plate and FRP sheet, respectively. Researches on 
the surface wrapping using ductile type material (DTM) 
started in Japan. FRP sheet wrapping is effective due to 
its high tensile strength property, which applies continu-
ous confinement pressure to the deteriorated member 
while maintaining its elastic behavior. One example of 
the effectiveness of FRP surface wrapping method was 
verified through Sanriku Shore Japan earthquake with 
7.5 magnitude on March 11, 2011. The reinforced con-
crete columns retrofitted by surface wrapping of FRP 
sheet survived the earthquake without extensive dam-
age, while the columns surface wrapped by steel plate 
had extensive concrete spalling and member damage. 
Although the retrofitting and strengthening by surface 
wrapping FRP sheet on deteriorated concrete member 
are effective, the long-term effectiveness of the method 
has been questioned due to service life of bonding epoxy 
and resin impregnated between fibers from weathering. 
More specifically, the concrete members exposed to con-
tinuous outside environmental conditions of sunlight, 
wind, storm, temperature and humidity variations, etc., 
cause the deterioration of the bonding epoxy and surface 
wrapped FRP sheet to the point of retrofitting becoming 
meaningless. In order to overcome these problems, a new 
surface coating material without bonding interface and 
binding requirement is needed. One material that can 
solve this problem is polyurea (PU), which has equivalent 
material characteristics as FRP sheet, but do not require 
interface bonding and binding requirement. PU has good 
tensile strength with ductile property to give continuous 
confinement effect to the deteriorated concrete mem-
ber. Also, various study reports stated that the long-term 
characteristics of PU under outside weather conditions 
are excellent and can be used for 10–15  years (Huang 
et al., 2012; Zhang et al., 2006).

Therefore, in this study stiff-type PU (STPU) developed 
for seismic retrofitting is applied to reinforced concrete 
(RC) specimens to be evaluated under seismic loading. 
STPU is a newly developed seismic retrofitting mate-
rial by modifying the physical properties of PU (e.g., 

a polymer material with high-ductile and high-tensile 
strength properties) using highly polymerized com-
pounds. Also, since STPU along cannot apply sufficient 
strength and stiffness to large size RC members needed 
in civil infrastructures such as bridge girders and col-
umns, a hybrid method of using both STPU and glass 
fiber-reinforced polymer (GFRP) sheet (e.g., STPU on top 
of GFRP sheet) is proposed. Especially, STPU sprayed on 
top of wrapped GFRP sheet will protect GFRP from dete-
riorating under weathering conditions.

To evaluate the strengthening effectiveness of STPU 
only and hybrid GFRP-STPU (GFPU), quasi-static, 
pseudo-dynamic, and shaking table tests are conducted 
on the RC column model specimens. The basic concepts 
of the pseudo-dynamic test were proposed by Hakuno, 
and the computer-based technique was proposed for 
the study of the inelastic dynamic behavior of the struc-
ture against seismic load. Many studies on seismic per-
formance have been conducted in recent years using 
the pseudo-dynamic test by improving on the meth-
od’s shortcomings (Ang et  al., 1989; Chen et  al., 2003; 
Jung et  al., 2006; Li et  al., 2003; Marriott et  al., 2009; 
Shing & Vannan, 1991; Yang et  al., 2004). Quasi-static 
and pseudo-dynamic tests were performed on GFPU-
strengthened 1/2 scale model RC column specimens by 
applying cyclic loading. Also, shaking table test was per-
formed on a 1/6-scale GFPU-strengthened RC column 
specimens by applying El Centro seismic acceleration 
data. Based on the test results, the seismic strengthening 
performance of STPU surface wrapping is determined by 
comparing with the test results of non-strengthened RC 
column specimens. The experiments carried out in the 
study are to understand the strengthening effect of pol-
yurea applied to rectangular and circular RC columns for 
both quasi-dynamic and dynamic loading conditions.

2  Strengthening Evaluation Test Specimen Details
The target bridge was an 8-span continuous slab bridge 
in which each column was Π shape with circular cross-
section; the P4 column was selected as the target test 
column. For this column, H/D was 5.83, considerably 
longer than the 3.0 specified in the classification crite-
ria of slender columns. Using a conformity ratio of 1:2, a 
scaled model of circular and rectangular cross-sectional 
column was designed. The same compression load was 
designed to be applied to scaled models of both circular 
and rectangular cross-sectional columns. Table  1 pre-
sents a conformity ratio by physical quantity applied to 
the design, and Table 2 summarizes the dimension of the 
specimens of circular and rectangular half-scale models. 
The scaling of 1/2 and 1/6 models are selected to reduce 
the specimen size as much as possible while the column 
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behaviors under pseudo-dynamic and dynamic load-
ing, respectively, are maintained. Although the dynamic 
behavior would have been more clearly shown in a larger 
dynamic specimen such as 1/2 or ¼-scale specimen, the 
only available shaking table that can be used for the test 
was a machine that can only bare up to 1/6-scale speci-
men. In order to compensate for the small dynamic spec-
imen size, a very large weight mass is placed on the top 
of the column by anchoring to the specimen using a pre-
stressing tendon at the center of the cross-section of the 
full length of the column. The very heavy weight at the 
top of the column would induce the mass acceleration 
effect of the specimen, which would show the seismic or 
dynamic strengthening effect of the polyurea. Concrete 
with design compressive strength of 30 MPa was used to 
cast the specimens. Also, an axial load of 38.75 tons was 
applied to the column specimen by prestressing two steel 
wire strands in the vertical direction. The same axial com-
pressive load was applied to both circular and rectangu-
lar column specimens. The steel strand used for the axial 
load was SWPC 7-strand B type (1860 MPa) with a diam-
eter of φ15.2  mm, yield strength of 1600  MPa, ultimate 
strength of 1730 MPa, and unit weight of 1.101 kg/m.

2.1  Half‑Scale Model Column Specimen Details
One circular cross-sectional RC column specimen with-
out strengthening in half-scale to the target column was 
used in the quasi-static test. Total of six half-scale column 
specimens (3 circular and 3 rectangular column speci-
mens) were used in the pseudo-dynamic test. Figs. 1 and 
2 show the plan view and details of circular and rectan-
gular half-scale RC specimen, respectively. For circular 
cross-sectional columns with a cross-sectional diameter 
of 600 mm and a height of 2900 mm, 36-D13 longitudi-
nal rebars and D10 hoop ties with 150 mm spacing were 
placed. Considering the reinforcement ratio of 0.0161 of 
the target column, the reinforcement ratio was designed 
and manufactured to be 0.0161. For rectangular cross-
sectional columns with a width, a length, and a height of 
540  mm, 680  mm, and 2,900  mm, respectively, 46-D13 
longitudinal rebars and D10 tie hoop ties with spacing of 
150 mm were placed. Considering a reinforcement ratio 
of 0.0161 of the target column, a reinforcement ratio was 
designed and manufactured to be 0.0158.

2.2  One‑Sixth Scale Model Column Specimen Details
Total of six 1/6-scale column specimens (3 circular and 
3 rectangular cross-sectional column specimens) were 
used in shaking table test. Table  3 summarizes dimen-
sions and details of the circular and rectangular speci-
mens in one-sixth scale. Figs. 3 and 4 show the plans of 
circular and rectangular column specimens, respec-
tively. For circular cross-sectional columns with a cross-
sectional diameter of 200 mm and a height of 1025 mm, 
eight longitudinal D10 rebars and D10 hoop ties with 
75  mm spacing were placed. Considering the reinforce-
ment ratio of 0.0161 of the target column, the reinforce-
ment ratio was designed and manufactured to be 0.0182. 
For rectangular cross-sectional column specimens with 

Table 1 Similarity of pseudo‑dynamic test.

Quality Dimension Scale factor

Length M S

Mass M S3

Force MLT−2 S2

Stress ML−1  T−2 1

Velocity LT−1 1

Acceleration LT−2 S−1

Time T S

Table 2 Specification of circular and rectangular column specimens (similarity, 1:2).

Quality Target column Circular cross‑sectional 
column specimen

Similarity Rectangular cross‑
sectional column 
specimen

Section (mm) Diameter Diameter Length × breadth

1200 600 2 540 × 680

Height (mm) 6100 2900 2.10 2900

Geometry ratio 5.08 5.08 1 5.08

Axial load (ton) 155 38.75 2 38.75

Longitudinal reinforcing bar (mm) D25 = 25.4 D13 = 12.7 2 D13 = 12.7

Ratio of reinforcement 0.016129 0.016132 0.99, 1.01 0.015872

Hoop reinforcing bar (mm) D13 = 12.7 D10 = 9.53 1.33 D10 = 9.53

Spacing of hoop (mm) S = 300 S = 150 2 S = 150
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(a) Side view 

(b) Front view 

Fig. 1 Details of ½‑scale model circular cross‑sectional RC column specimens.
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(a) Side view 

(b) Front view 

Fig. 2 Details of ½‑scale model rectangular cross‑sectional RC column specimens.
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width, length, and height were 180  mm, 220  mm, and 
1025  mm, respectively, 10-D10 longitudinal rebars and 
D10 hoop ties with 75  mm spacing were placed. Con-
sidering a reinforcement ratio of 0.0161 of the target 
column, a reinforcement ratio was designed and manu-
factured to be 0.0180. Fig. 5 shows the photo of a front 
view of the specimens for shaking table test.

2.3  STPU and GFPU‑Strengthening Details
Two strengthening methods are proposed: (1) STPU 
sprayed on concrete surface only (STPU) and (2) wrap-
ping GFRP sheets on concrete surface followed by spray-
ing STPU on top of GFRP sheet (GFPU) as shown in 
Fig.  6a and b, respectively. For pseudo-dynamic and 
shaking table test, the strengthening material thickness 
of 5 mm is applied up to 1000 mm and 400 mm height 
from the base of the column, respectively. STPU have 
high tensile strength and low percent elongation. The 
material properties of STPU, rebar, tendon, and concrete 
are presented in Table 4. Tables 5 and 6 present an out-
line of the pseudo-dynamic and shaking table test speci-
mens according to strengthening type, respectively. The 
nomenclature of the specimens is R- or C- followed by 
either RC, PU, or GFPU. R- or C- represents rectangular 
or circular cross-section shape, respectively. RC, PU, or 
GFPU represents non-strengthened, PU-only strength-
ened, or GFPU-strengthened specimens, respectively. 
Fig. 7 shows the photos of the strengthened specimens.

2.4  Data Measurement Details
For tendon and steel strain measurement, Tokyo Sokki 
strain gauges are used. And for the measurement of dis-
placement, 1000-mm wire type LVDT are placed on the 
top of the column for the quasi-dynamic test while the 
same LVDTs are placed at the middle and bottom of the 
column for the dynamic test.

The data logger used in the experiment was TDS-303, a 
measurement equipment manufactured by Tokyo Sokki, 
Japan. TDS-303 is an equipment for the purpose of auto-
matic switching measurement of multi-points such as 
strain gauge, DC voltage, thermocouple, and platinum 
resistance thermometer. In addition, the concrete gauge 
used in the experiment is a P-type strain gauge and is 
used to measure behavior of concrete and mortar speci-
men or the static modulus of elasticity. Fig. 8 shows the 
TDS-303 and P-type strain gauges.

2.4.1  Pseudo‑dynamic Test Specimen
In order to measure deflections and strains of strength-
ened model column specimens under seismic loading 
in pseudo-dynamic test, LVDTs and strain gauges were 
used. As shown in Fig.  9a, a total of six LVDTs were 
placed. A 1000-mm wire type LVDT was installed at the 
top of the column specimen to measure a load point dis-
placement history. Similarly, a 200-mm LVDT at the col-
umn center, two 100-mm LVDTs at 500 mm and 250 mm 
from the column base (e.g., STPU-retrofitted height of 
1000 mm from the column base), and two 50-mm LVDTs 
at 1/2 location of footing height. Three strain gauges per 
specimen were attached on prestressing strand at the top, 
mid-height, and 500 mm from the column base locations 
as shown in Fig. 9b. The locations of rebar strain gauge 
are shown in Fig.  10. Thirty and 22 strain gauges were 
installed in the circular and square cross-sectional col-
umn specimen, respectively, as shown in Fig. 10a and b, 
respectively.

2.4.2  Shaking Table Test Specimen
In order to measure deflections and strains of strength-
ened model column specimens under El Centro earth-
quake loading in shaking table test, LVDTs, strain gauges, 
accelerometers were used. As shown in Fig.  11a, three 

Table 3 Specification of circular and rectangular column specimens (similarity, 1:6).

Quality Target column Circular cross‑sectional 
column specimen

Similarity Rectangular cross‑
sectional column 
specimen

Section (mm) Diameter Diameter Length × breadth

1200 600 2 540 × 680

Height (mm) 6100 1025 5.95 1025

Axial load (ton) 155 4.305 6 4.305

Longitudinal reinforcing bar (mm) D25 = 25.4 D10 = 9.53 2.66 D10 = 9.53

Ratio of reinforcement 0.016129 0.01817 0.88, 0.90 0.01801

Hoop reinforcing bar (mm) D13 = 12.7 D10 = 9.53 1.33 D10 = 9.53

Spacing of hoop (mm) S = 300 S = 75 4 S = 75
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(a) Side view 

(b) Front view 

Fig. 3 Details of 1/6‑scale model circular cross‑sectional RC column specimens.
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(a) Side view 

(b) Front view 

Fig. 4 Details of 1/6‑scale model rectangular cross‑sectional RC column specimens.
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LVDTs and two accelerometers were placed. A 1000-mm 
wire type LVDT was placed at the top of the specimen. 
A 1000-mm LVDT was placed at 200 mm from the col-
umn base (e.g., STPU-retrofitted height of 400 mm from 
the column base), and a 1000-mm LVDT was placed 
at the mid-height of the shaking table to measure table 
displacement history. Two 1.0  g accelerometers were 
attached at the top and 200 mm from the column base. 
Two strand gauges per specimen were attached on pre-
stressing strand at mid-height and 200 mm from the col-
umn base locations as shown in Fig.  11b. The locations 
of rebar strain gauge are shown in Fig. 12. A total of 24 
strain gauges per specimen were installed as shown in 
Fig. 12.

3  Quasi‑static Test
In order to determine the elastic–plastic hysteresis 
behavior of the specimens, a quasi-static test was con-
ducted. For the horizontal loading, the displacement 
control load was applied to measure a drift level based 
on displacement at the top of the specimen. The drift 
level was increased by 0.25% in every two cycles before 
proceeding to the next load step. The displacement–
time history based on displacement control loading is 
shown in Fig. 13. A hydraulic loading device (maximum 
stroke ± 250 mm, maximum loading 1000 kN) was used 
in the test with a constant axial load of 38.75 tons applied 
by 2 prestressed strands in the vertical direction.

3.1  Half‑Scale Model Column Specimen Details
A quasi-static test was conducted to model numerical 
analysis on non-elastic behaviors of a half-scale circu-
lar cross-sectional RC column specimen. Fig.  14 shows 
a load–displacement behavior in the quasi-static test. 
The maximum displacement of 69.23 mm and 61.46 mm 
occurred under the maximum push load of 196.04  kN 
and the maximum pull load of 179.57  kN, respectively. 
The initial stiffness and mechanical properties were cal-
culated by substituting the test data into the stiffness 
matrix.

Fig. 5 Front view of specimens of shaking table test

UPFG)b(UPTS)a(

Fig. 6 Two types of strengthening methods.

Table 4 Material properties of STPU.

Properties STPU Concrete Rebar Tendon

Drying time (s) 20 – – –

Tensile strength (MPa) 26 2.8 400 1600

Shore hardness (D) 70 – – –

Bond strength (MPa) 14 – – –

Percent elongation 150 – – –

Compressive strength (MPa) – 30 – –

Table 5 Outline of specimens of quasi‑static and pseudo‑dynamic test.

RC: non-strengthened, C-: circular column, R-: rectangular column.

Specimen Cross‑section type Strengthened type Test

C‑RC Circular RC Quasi‑static

C‑RC Circular RC Pseudo‑dynamic

R‑RC Rectangular RC Pseudo‑dynamic

C‑PU Circular STPU 5 mm Pseudo‑dynamic

R‑PU Rectangular STPU 5 mm Pseudo‑dynamic

C‑GFPU Circular GFPU (GFRP + STPU) 5 mm Pseudo‑dynamic

R‑GFPU Rectangular GFPU (GFRP + STPU) 5 mm Pseudo‑dynamic
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4  Pseudo‑dynamic Test
For input acceleration in the pseudo-dynamic test, 
1940, El Centro earthquake acceleration curve shown 
in Fig.  15 was used. The peak ground acceleration 
(PGA) was 0.35 g and total excitation time was 31.2 s. 

In the pseudo-dynamic test, 0.7  g acceleration (e.g., 
two folds of the maximum PGA of El Centro earth-
quake) was applied. The unit integration time was 
0.02 s and damping ratio was 5%. The results obtained 
from the quasi-static test were used to set initial stiff-
ness and frequency in the input data. Open System 
for Earthquake Engineering Simulation (OpenSees) 
was used for the analysis. Newmark-β was used as the 
time-integration method to conduct the test.

4.1  Test Results and Discussion
4.1.1  Force Versus Displacement Curve and Relative 

Displacement
0.7  g acceleration, which was twice that of the PGA 
of the El Centro EQ (PGA = 0.35  g), was applied to all 
specimens. Fig.  16 shows load–displacement curves in 
which 0.7 g was applied to circular and rectangular cross-
sectional specimens during the pseudo-dynamic test. 
Table 7 presents displacements for specimens according 

Table 6 Outline of specimens of shaking table test.

RC: non-strengthened, C-: circular column, R-: rectangular column.

Specimen Cross‑section type Strengthened type Test

C‑RC Circular RC Shaking table

R‑RC Rectangular RC Shaking table

C‑PU Circular STPU 5 mm Shaking table

R‑PU Rectangular STPU 5 mm Shaking table

C‑GFPU Circular GFPU (GFRP + STPU) 
5 mm

Shaking table

R‑GFPU Rectangular GFPU (GFRP + STPU) 
5 mm

Shaking table

(a) RC (b) PU (c) GFPU

(d) Spraying STPU

Fig. 7 Types of strengthening material.
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to the maximum load. The results of relative displace-
ment calculation from the maximum load in the push 
direction to the pull direction for C-RC, C-PU, C-GFPU, 
R-RC, R-PU, and R-GFPU were 124.00 mm, 118.51 mm, 
114.99  mm, 105.89  mm, 100.06  mm, and 96.18  mm, 
respectively. Compared to non-strengthened RC speci-
mens, the displacements of the circular and rectangular 
PU-strengthened specimens decreased by 4% and 6%, 
respectively. Compared to non-strengthened RC speci-
mens, the displacements of the circular and rectangular 
GFPU-strengthened specimens decreased by 7% and 9%, 
respectively. As expected, the comparison results showed 
that the GFPU-strengthening is more effective than PU-
only strengthening.

Fig.  17 shows a displacement–time curve of circu-
lar and rectangular cross-sectional specimens during 
the pseudo-dynamic test. Both of the circular and rec-
tangular specimens showed residual slanting failure 
deformation toward the pull direction after the seis-
mic test. The residual deflections at the load point for 
C-RC, C-PU, C-GFPU, R-RC, R-PU, R-GFPU speci-
mens were 20.91  mm, 10.31  mm, 6.79  mm, 20.69  mm, 
9.58 mm, and 8.25 mm, respectively. The residual deflec-
tions in the rectangular PU and GFPU-strengthened 
specimens decreased by 53.7% and 60.1% compared to 

non-strengthened specimen, respectively. The differ-
ence between PU and GFPU-strengthened rectangular 
specimens was 1.33 mm equivalent to 6.4% less for GFPU 
specimen. The residual deflections in the circular PU and 
GFPU-strengthened specimens decreased by 50.7% and 
60.5% compared to non-strengthened specimen, respec-
tively. The difference between PU and GFPU-strength-
ened rectangular specimens was 3.52  mm equivalent 
to 9.8% less for GFPU specimen. As expected, the best 
strengthening performance was observed in the GFPU-
strengthened specimens. Also, the better strengthening 
performance was observed in the GFPU-strengthened 
circular column than rectangular column due to the con-
tinuous confinement effect in circular column for not 
having sharp corners in the cross-section. Also, the test 
results showed that the strengthening specimens had 
higher stiffness than the non-strengthened specimens 
under seismic loading.

4.1.2  Rebar Strains
Figs.  18 and 19 show the load–strain curves of the 
main rebar strains in all specimens during the pseudo-
dynamic test. Table  8 presents the strain data of the 
specimens according to the maximum load. Com-
pared to non-strengthened RC specimens, the strain of 

(a) Concrete static strain measuring equipment (TDS-303)

(b) P-type Concrete strain gauge (PL-60-11-5L)

Fig. 8 Data measurement for restrained drying shrinkage test.
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PU-strengthened circular and rectangular specimens 
decreased by 16–43% and 15–26%, respectively. On the 
other hand, the strain of GFPU-strengthened circu-
lar and rectangular specimens decreased by 0–28% and 
5–23%, respectively. The rebar strain results showed that 
PU- and GFPU-strengthened of circular and rectangular 
specimens significantly improved under seismic loading.

Tables 9 and 10 show the main rebar strains in terms of 
stress for the circular and rectangular specimens, respec-
tively. The stress magnitudes of the main rebars under the 
same applied load magnitude are in the following order 
of non-strengthened RC, PU-strengthened, and GFPU-
strengthened specimens with the non-strengthened RC 
specimen being the largest. In the push direction (e.g., 
rebar in tension), the rebar in C-RC specimens yielded 
at the load of 50 kN with the rebar strain of 152.71 MPa 
(e.g., the allowable stress threshold of SS400 steel rebar 
is 140 MPa). The strengthened circular specimen began 
to yield when the load reached 90  kN with the rebar 
stresses of 133.7  MPa and 126.18  MPa for C-PU and 
C-GFPU specimens, respectively. The corresponding 
rebar stress at the same load for C-RC specimen was 
232.52 MPa. In the pull direction (e.g., rebar in compres-
sion), the rebars of C-RC and C-PU specimens yielded 
when the load reached 40  kN with the rebar strain of 
170.89 MPa and 160.38 MPa, respectively. However, the 
main rebar of C-GFPU specimen yielded at the load of 
50  kN with the stress of 174.14  MPa. The correspond-
ing rebar stresses at the same load for C-RC and C-PU 
specimens were 211.12  MPa and 194.77  MPa, respec-
tively. For rectangular specimens in push direction, the 
rebar in R-RC, R-PU, and R-GFPU yielded at the load of 
120 kN, 190 kN, and 180 kN, respectively, with the stress 
of 142.86  MPa, 142.07  MPa, and 142.62  MPa, respec-
tively. In the pull direction, the rebar in R-RC and R-PU 
specimens yielded at the load of 70 kN with the stress of 
167.03 MPa and 170.99 MPa, respectively. However, the 
rebar in R-GFPU specimen yielded at the load of 90 kN 
with the stress of 165.57 MPa. The corresponding rebar 
stresses at the same load for R-RC and R-PU specimens 
were 204.44 MPa and 199.97 MPa, respectively.

Both the circular and rectangular specimens showed 
a significant strengthening effect in resisting tensile 
strains and stresses. GFPU specimens performed better 
than PU specimens in resisting compressive strains and 
stresses. Due to the existence of four corners in the rec-
tangular specimens, the lateral stiffness of the specimens 
was greater than that of the circular specimens, resulting 
in less lateral deflections in rectangular specimens than 
the circular specimens. For this cross-sectional stiffness 
effect, the absolute rebar strains and stresses were greater 
in the circular specimen than the rectangular specimens. 

(a) Location of LVDTs

(b) Location of strand strain gauge 

Fig. 9 Breaking location of measurement sensor on ½‑scale model 
RC column specimen.
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(a) Circular cross-sectional RC column specimen

(b) Rectangular cross-sectional RC column specimen 
Fig. 10 Steel gauge location on ½‑scale model RC column specimen.
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However, the relative strengthening effect was similar for 
both the circular and rectangular specimens.

4.1.3  Displacement Ductility
Load–displacement envelope curves up to the maxi-
mum load of all specimens are shown in Figs. 20 and 21. 
Usually, displacement ductility is calculated as a ratio of 
displacement difference between maximum and yield 
displacements divided by yield displacement. How-
ever, in this study, displacement ductility is calculated as 
maximum displacement divided by yield displacement 
(MacRae & Kawashima, 1997). Table  11 presents calcu-
lated displacement ductility for all tested specimens. For 
circular specimens, displacement ductility of PU- and 
GFPU-strengthened specimens improved by 1.16–1.48 
times and 1.22–1.37 times, respectively, compared to 
non-strengthened RC specimen. For GFPU-strengthened 
specimens, the ductility was less than the PU specimens, 
because the stiffness of the GFPU-strengthening material 
was higher than PU-strengthening material. For rectan-
gular specimens, displacement ductility of PU-strength-
ened and GFPU-strengthened specimens were 0.93 times 

and 0.88 times to that of non-strengthened RC specimen, 
respectively. Fig. 22 shows failure behavior of specimens 
of pseudo-dynamic test. The lower ductility comes from 
the tearing of the strengthening region at the sharp cor-
ners in the rectangular section as shown in Fig. 22e and 
f, respectively, thereby reducing confinement effect and 
composite behavior between the strengthening material 
and the RC column specimen. However, in the circular 
specimens without corners, the ductility of the strength-
ened specimens was higher than the non-strengthened 
specimens due to the survival of the strengthening region 
(e.g., without tearing and premature failure) throughout 
the test.

4.1.4  Dissipation Energy
Energy absorption and dissipation capacity of the spec-
imen is most important indicator of seismic perfor-
mance. Dissipation energy is defined as an area under 
load–displacement history curve. Table 12 summarizes 
calculated dissipation energy from the load–displace-
ment history curves obtained from the test (Fig.  16). 
For the circular specimens, the dissipation energy of 

 

(a) Location of LVDTs 

 

(b) Location of strand strain gauge 

Fig. 11 Location of measurement sensor on 1/6‑scale model RC column specimen.
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(a) Circular cross-sectional RC column specimen

(b) Rectangular cross-sectional RC column specimen 
Fig. 12 Steel gauge location on 1/6‑scale model RC column specimens.
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PU-strengthened and GFPU-strengthened specimens 
were 1.53 and 1.52 compared to that of non-strength-
ened RC specimen, respectively. For rectangular speci-
mens, the dissipation energy of PU-strengthened and 

GFPU-strengthened specimens were 0.83 and 0.74 
compared to that of non-strengthened RC specimen, 
respectively. As explained previously, this inverse 
behavior was due to premature tearing failure of both 
PU and GFPU-strengthening region at the sharp cor-
ners of the rectangular section.

5  Shaking Table Test
The experimental equipment for the one-direction shak-
ing table test included a 3500  kg, ± 200  mm uniaxial 
hydraulic actuator and a 1500  mm × 1500  mm square 
shaking table. The allowable capacity of the specimen was 
approximately 1000  kg, and the maximum acceleration 
that could be exerted on the specimen was approximately 
1.0 g. Accordingly, a 700-kg load block was constructed 
by taking into account the weight of the circular and rec-
tangular model specimen of 184 kg and 210 kg, respec-
tively. The vertical axial load was applied by a 3500-kg 
prestressing force using prestressing strands. The input 
acceleration for the shaking table test was exerted using 
the 1940 EI Cento earthquake data as shown in Fig. 14. 
Fig. 23 shows an outline of the shaking table test.

5.1  Test Results and Discussion
5.1.1  Displacement Versus Time Curve
For the shake table test, an acceleration of 0.875  g, 
2.5 times the PGA of the El centro earthquake 
(PGA = 0.35 g), was applied to all specimens. Figs. 24 and 
25 show the displacement–time curves obtained from 
applying 0.875  g on the circular and rectangular speci-
mens during the shaking table test. Table  13 shows the 
maximum displacement data when the maximum grav-
ity acceleration was applied. Figs.  24 and 25 show the 
displacement history over time based on the difference 
in the displacement between the shaking table and the 
top of the specimen. The calculated relative displacement 
showed that the maximum displacement for C-RC, C-PU, 
and C-GFPU specimens were 24.06  mm, 15.82  mm, 
and 12.40  mm, respectively, suggesting that C-PU and 
C-GFPU-strengthening reduced the displacement by 
34% and 48%, respectively. The calculated relative dis-
placement showed that the maximum displacement for 
R-RC, R-PU, and R-GFPU specimens were 12.41  mm, 
7.63  mm, and 6.71  mm, respectively, suggesting that 
R-PU and R-GFPU-strengthening reduced the displace-
ment by 35% and 46%, respectively. In overall behavior, 
PU and GFPU-strengthening reduced the displacement 
by 34–35% and the 46–48% under El Centro seismic 
loading, respectively, suggesting that PU is an extremely 
effective strengthening material.

Fig. 13 Drift level of quasi‑static test.

Fig. 14 Load versus displacement curve of quasi‑static test.

Fig. 15 El Centro earthquake.
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UPFG-C)c(

UP-C)b(CR-C)a(

UPFG-R)f(UP-R)e(

CR-R)d(

Fig. 16 Load versus displacement curve of pseudo‑dynamic test.
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5.1.2  Rebar Strain Versus Time Curve
Main reinforcement strain time histories of the circular 
and rectangular cross-sectional RC column specimens 
from the shaking table test are shown in Fig. 26. The max-
imum and minimum strains for all specimens are tabu-
lated in Table  14. The maximum and minimum strains 
of C-RC, C-PU, and C-GFPU specimens were 0.00242, 
0.00123, 0.00163, 0.00054, 0.00062, and 0.00034, respec-
tively. When the strain of main rebar (LS-05) of C-RC 
reached the yield strain of 0.00242, the strain of main 
rebars of C-PU and C-GFPU-strengthened specimens 
were within elastic region. The maximum and minimum 
strains showed that C-PU and C-GFPU-strengthen-
ing reduced the strain by 41% and 74%, respectively, 

compared to the non-strengthened specimen. The maxi-
mum and minimum strains of R-RC, R-PU, and R-GFPU 
specimens were 0.00120, 0.00049, 0.00033, 0.00025, 
0.00030, and − 0.00021, respectively. When the strain of 
main rebar (LS-05) of R-RC reached the yield strain of 
0.00120, the strain of main rebars of R-PU and R-GFPU-
strengthened specimens were within elastic region. The 
maximum and minimum strains showed that R-PU and 
R-GFPU-strengthening reduced the strain by 66% and 
70%, respectively, compared to the non-strengthened 
specimens. These results suggest that GFPU-strength-
ening outperforms PU-strengthening in the circular 
specimens, whereas PU- and GFPU-strengthening show 
no significant difference in the rectangular specimens, 

(a) Circular cross-section (b) Rectangular cross-section 
Fig. 17 Displacement versus time curve of pseudo‑dynamic test.

lluP)b(hsuP)a(
Fig. 18 Load versus strain curve of main reinforcement in the circular cross‑sectional RC column specimens.
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although both outperformed the non-retrofitted speci-
mens. The reduction in rebar strain in the RC column 
specimens with PU- and GFPU-strengthening compared 
to the non-strengthened specimens suggests that they are 
effective strengthening materials.

6  Conclusions
The seismic performance evaluation of STPU-strength-
ened RC columns was performed through quasi-static 
test, pseudo-dynamic test, and shaking table test on 
scaled model specimens and the experimental results are 
as follows.

1. From the pseudo-dynamic test, the residual deflec-
tion at the load point of the rectangular and circular 
PU- and GFPU-strengthened specimens decreased 
by 53.7% and 60.1% and 50.7% and 60.5% compared 
to non-strengthened specimen, respectively. As 
expected, the best strengthening performance was 
observed in the GFPU-strengthened circular col-
umn due to the continuous confinement effect from 
circular cross-sectional shape. Also, the test results 
showed that the strengthening specimens had higher 
stiffness than the non-strengthened specimens under 
seismic loading.

lluP)b(hsuP)a(
Fig. 19 Load versus strain curve of main reinforcement in the rectangular cross‑sectional RC column specimens.

lluP)b(hsuP)a(
Fig. 20 Load versus displacement envelope curve until maximum force of circular cross‑sectional RC column specimens.
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Table 7 Displacement results according to the maximum load 
of pseudo‑dynamic test.

RC: non-strengthened, C-: circular column, R-: rectangular column.

Specimen PMax (kN) Displacement 
(mm)

Relative 
displacement 
(mm)

Ratio

C‑RC − 208.63 − 69.48 124.00 1.00

174.51 54.52

C‑PU − 173.59 − 72.15 118.51 0.96

188.79 46.36

C‑GFPU − 188.37 − 69.48 114.99 0.93

180.49 45.51

R‑RC − 224.62 − 67.60 105.89 1.00

224.07 38.29

R‑PU − 218.09 − 63.53 100.06 0.94

210.10 36.53

R‑GFPU − 253.13 − 60.56 96.18 0.91

207.29 35.62

Table 8 Strain by specimens according to the maximum load.

RC: non-strengthened, C-: circular column, R-: rectangular column.

Specimen PMax (kN) Reinforcement strain 
(×  10–6)

Ratio

C‑RC − 208.63 15,813.94 1.00

174.51 2266.68 1.00

C‑PU − 173.59 8986.20 0.57

188.79 1912.69 0.84

C‑GFPU − 188.37 15,933.99 1.00

180.49 1643.11 0.72

R‑RC − 224.62 3503.03 1.00

224.07 1079.27 1.00

R‑PU − 218.09 2998.34 0.85

210.10 800.11 0.74

R‑GFPU − 253.13 3344.37 0.95

207.29 841.81 0.77

Table 9 Stress distribution of main reinforcement (circular column).

Italic :exceeded the allowable stress.

Applied load (kN) Push Pull

RC (MPa) PU (MPa) GFPU (MPa) RC (MPa) PU (MPa) GFPU (MPa)

0 0.00 0.00 0.00 0.00 0.00 0.00

10 47.38 19.61 23.66 34.63 29.31 28.14

20 64.46 35.61 38.36 90.86 68.89 50.64

30 114.42 – 47.88 121.36 121.67 93.46

40 131.51 63.08 – 170.89 160.38 136.50

50 152.71 82.76 68.86 211.12 194.77 174.14

60 171.09 92.71 – 286.60 224.83 228.86

70 190.56 97.90 89.19 325.54 259.22 252.86

80 213.92 115.21 109.96 364.03 299.45 296.34

90 232.52 133.37 126.18 413.78 332.98 332.24

100 246.36 149.38 140.88 464.39 367.15 369.23

110 274.48 162.79 152.35 513.71 401.76 400.16

120 296.11 191.34 164.68 567.13 426.20 420.27

130 312.11 208.64 188.47 642.83 465.35 459.85

140 332.01 225.51 207.72 702.52 516.61 497.70

150 358.40 257.09 224.80 766.33 527.20 576.00

160 413.77 273.10 247.30 826.46 540.61 595.46

170 464.16 290.83 275.63 892.21 597.71 608.66
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Table 10 Stress distribution of main reinforcement (rectangular column).

Italic: exceeded the allowable stress.

Applied load (kN) Push Pull

RC (MPa) PU (MPa) GFPU (MPa) RC (MPa) PU (MPa) GFPU (MPa)

0 0.00 0.00 0.00 0.00 0.00 0.00

10 13.73 14.68 14.15 29.68 14.83 7.25

20 37.52 20.95 – 56.72 40.35 28.01

30 49.42 – – 74.24 72.15 55.27

40 60.02 38.68 34.91 104.52 97.67 –

50 – – 42.05 – 108.26 89.66

60 79.27 – – 137.40 134.00 116.26

70 – 55.77 53.95 167.03 170.99 132.05

80 98.08 63.13 – 194.50 – –

90 109.33 70.05 69.52 204.44 199.97 165.57

100 117.98 81.73 78.60 221.75 220.95 –

110 131.83 88.86 82.06 257.00 236.74 198.02

120 142.86 91.24 90.93 288.58 270.26 223.75

130 147.61 100.11 99.37 318.43 302.49 241.71

140 155.83 107.46 110.61 338.54 328.66 256.85

150 166.21 112.01 117.10 – 343.15 289.72

160 172.05 118.28 127.27 377.91 367.59 320.00

170 179.19 127.58 132.89 411.21 398.31 344.01

180 188.28 132.99 142.62 441.28 422.96 363.69

190 198.87 142.07 149.54 474.80 463.62 395.49

200 207.09 151.59 160.79 491.02 501.47 424.47

210 217.69 159.37 168.36 579.49 573.50 445.88

lluP)b(hsuP)a(
Fig. 21 Load versus displacement envelope curve until maximum force of rectangular cross‑sectional RC column specimens.
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2. From the pseudo-dynamic test, the displacement 
ductility of the rectangular and circular PU- and 
GFPU-strengthened specimens showed 0.93, 0.88 
times, 1.16–1.48 and 1.22–1.37 times, respectively, 
compared to non-strengthened RC specimen. From 
the pseudo-dynamic test, the energy dissipation of 
the rectangular and circular specimens with PU- and 
GFPU-strengthening were 0.83 and 0.74 and 1.53 
and 1.52 compared to that of non-strengthened RC 
specimen, respectively. The reduced ductility of the 
rectangular specimens comes from the tearing of the 
strengthening region at the sharp corners in the rec-
tangular cross-section.

3. From the shaking table test, the maximum relative 
displacement from the rectangular and circular col-

umn specimen with PU and GFPU-strengthening 
was reduced by 35%, 46%, 34%, and 48%, respectively, 
under El Centro seismic loading, suggesting that PU 
is an extremely effective strengthening material.

4. From the shaking table test, the maximum and mini-
mum strains of the main rebar from the rectangu-
lar and circular specimens with PU- and GFPU-
strengthening reduced the strain by 66%, 70%, 41%, 
and 74%, respectively, compared to the non-strength-
ened specimens. The reduction in rebar strain in the 
RC column specimens with PU- and GFPU-strength-
ening compared to the non-strengthened specimens 
suggests that they are effective strengthening materi-
als.

(a) C-RC (b) C-PU (c) C-GFPU

(d) R-RC (e) R-PU (f) R-GFPU

Fig. 22 Failure behavior of specimens of pseudo‑dynamic test.
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Table 11 Displacement ductility results of pseudo‑dynamic test.

* RC: non-strengthened, C-: circular column, R-: rectangular column.

Specimen Load direction PMax (kN) Displ. (mm) Yield displ. (mm) Displ. ductility Normalized 
displ. ductility

C‑RC Push 174.51 54.52 47.26 1.15 1.00

Pull − 208.63 − 69.48 − 61.18 1.14 1.00

C‑PU Push 188.79 46.36 34.69 1.34 1.16

Pull − 173.59 − 72.15 − 43.03 1.68 1.48

C‑GFPU Push 180.49 45.51 32.39 1.41 1.22

Pull − 188.37 − 69.48 − 44.61 1.56 1.37

R‑RC Push 224.07 38.29 31.93 1.20 1.00

Pull − 224.62 − 67.60 − 40.18 1.68 1.00

R‑PU Push 210.10 36.53 27.58 1.32 1.10

Pull − 218.09 − 63.53 − 40.64 1.56 0.93

R‑GFPU Push 207.29 35.62 28.54 1.25 1.04

Pull − 253.13 − 60.56 − 40.74 1.49 0.88

Table 12 Dissipation energy results of pseudo‑dynamic test.

*  RC: non-strengthened, C-: circular column, R-: rectangular column.

Specimen Dissipation energy (kN mm) Ratio

C‑RC 6828.68 1.00

C‑PU 10,425.61 1.53

C‑GFPU 10,379.11 1.52

R‑RC 12,292.94 1.00

R‑PU 10,201.87 0.83

R‑GFPU 9153.05 0.74

Fig. 23 Outline of shaking table test.

Table 13 Maximum displacement and relative displacement results of shaking table test.

RC: non-strengthened, C-: circular column, R-: rectangular column.

Specimen Shaking table (mm) Column head (mm) Relative displ. (mm) Range of relative displ. 
(mm)

Ratio

C‑RC 136.55 139.97 12.96 24.06 1.00

− 103.39 − 107.46 − 11.10

C‑PU 112.84 118.37 8.59 15.82 0.66

− 116.26 − 117.86 − 7.23

C‑GFPU 127.56 133.14 7.43 12.40 0.52

− 107.72 − 107.36 − 4.97

R‑RC 134.00 140.17 7.49 12.41 1.00

− 105.40 − 105.96 − 4.92

R‑PU 134.59 138.86 5.57 7.63 0.65

− 105.10 − 104.55 − 2.06

R‑GFPU 134.49 137.41 4.92 6.71 0.54

− 104.75 − 104.70 − 1.79
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(a) C-RC 

(b) C-PU 

(c) C-GFPU 
Fig. 24 Displacement time history of the circular cross‑sectional RC column specimens.
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(a) R-RC 

(b) R-PU 

(c) R-GFPU 
Fig. 25 Displacement time history of the rectangular cross‑sectional RC column specimens.
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CR-R)b(CR-C)a(

UP-R)d(UP-C)c(

UPFG-R)f(UPFG-C)e(
Fig. 26 Main reinforcement strain time history of the circular and rectangular cross‑sectional RC column specimens.
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