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 15 

Abstract: When hollow reinforced concrete (RC) columns are retrofitted with concrete filling, the 16 

hollow interior cannot always be accessed to treat the internal surface. Without this treatment, an 17 

optimal bond between the newly introduced concrete and the existing column cannot be established; 18 

as a result, the two parts do not behave as a single unit. This study conducted cyclic loading tests on 19 

three types of large RC column specimens: a hollow RC column, hollow RC column with a solid 20 

section at the column base, and hollow RC column retrofitted with concrete filling (lacking inner 21 

surface treatment). The aim of this study was to investigate the effectiveness of a concrete-filling 22 

retrofitting method for hollow RC columns when the filled and existing portions behave separately, 23 

assuming a situation in which the bond between the filled and existing portions cannot be strengthened. 24 

The results indicated that concrete-filling retrofitting can suppress the inward buckling of the internal 25 

longitudinal bars, thereby enhancing the flexural deformation capacity of hollow RC columns to some 26 



 

extent. However, this did not prevent the significant axial settlement and reduction in the lateral load 27 

capacity that occurred when the inner longitudinal bars buckled. This is because the filled portion 28 

cannot resist axial forces when the filled and existing portions behave separately. Additionally, it was 29 

suggested that retrofitting with concrete filling does not substantially improve the shear resistance of 30 

a hollow RC column when the filled section behaves separately from the existing section. 31 

 32 

Introduction 33 

Hollow reinforced concrete (RC) columns can be advantageous for high piers, especially in 34 

mountainous areas, as they not only reduce the load on the ground foundation by lowering the self-35 

weight of the piers, but also reduce costs. Recently, there has been an increase in research on precast 36 

hollow RC members for the Accelerated Bridge Construction (ABC) method, leading to increased 37 

interest in hollow RC columns (Wang et al. 2014; Cha et al. 2017; Jin et al. 2022; Zhou et al. 2022). 38 

Hollow RC columns have a distinct rebar arrangement and cross-sectional configuration 39 

compared to standard solid RC columns, prompting many investigations into their specific failure 40 

characteristics during earthquakes. Mo and Nien (2002) conducted cyclic loading tests to investigate 41 

the seismic performance of hollow RC bridge columns using high-strength concrete. Their findings 42 

indicated that the hollow bridge columns, which met the ACI standard, demonstrated acceptable 43 

seismic performance. Pinto et al. (2003) conducted cyclic loading tests to evaluate the seismic 44 

performance of existing hollow RC piers with low reinforcement ratios that do not satisfy current 45 

seismic codes.  Qiang et al. (2013) conducted cyclic loading tests to evaluate the seismic performance 46 

of hollow RC columns under bidirectional loading. Their results revealed that damage in one direction 47 

considerably affected the lateral load capacity in the opposite direction, leading to a marked 48 

degradation in stiffness and strength compared to unidirectional loading. Lee et al. (2015) observed 49 

that the lateral load capacity significantly decreased in hollow RC columns when the internal 50 

longitudinal bars buckled, following the buckling of the external longitudinal bars. Sun et al. (2019) 51 



 

conducted quasi-static cyclic loading tests on thin-walled hollow RC columns. Based on their findings, 52 

they recommended against the construction of new rectangular hollow piers with a wall thickness-to-53 

width ratio of less than 0.15 or a wall slenderness ratio exceeding 10.0.  54 

In addition, several studies have focused on the shear capacity and shear failure patterns of 55 

hollow RC columns. Takahashi et al. (2000) emphasized that shear effects on hollow RC columns 56 

cannot be disregarded, even for columns designed for flexural failures, owing to the thinness of the 57 

column walls. Delgado et al. (2009) conducted cyclic loading tests on hollow-section RC columns with 58 

varying transverse reinforcement ratios to evaluate the differences in the restoring force properties of 59 

these columns. Kim et al. (2012) conducted an experimental study to evaluate the contribution of 60 

concrete to the shear strength of RC hollow columns and subsequently proposed an empirical equation 61 

for this contribution. Additionally, the numerical analysis accurately simulated the nonlinear behavior 62 

of hollow RC columns subjected to significant shear deformation. Cassese et al. (2017, 2020) 63 

conducted cyclic loading tests on hollow rectangular or circular RC columns with low transverse 64 

reinforcement ratios to assess the lateral load capacity and damage states in which shear failure 65 

followed flexural yield. Other studies have evaluated the seismic performance of hollow RC columns, 66 

including investigations using large specimens with a cross-section of 1.5 m × 1.5 m and a height of 6 67 

m, and another study examined how the amount of inner hoop reinforcement influences the seismic 68 

behavior of circular hollow RC columns (Yeh et al. 2002a, b; Li et al. 2020).  69 

Several methods for the seismic retrofitting of hollow RC columns have also been investigated. 70 

Mo et al. (2004) and Pavese et al. (2004) demonstrated through cyclic loading tests that the ductility 71 

of hollow RC columns can be augmented by jacketing them with fiber-reinforced polymer (FRP) 72 

sheets. Similarly, Cheng et al. (2003, 2005) confirmed that repairing hollow RC columns with FRP 73 

jacketing improves their ductility compared to that of the original intact columns, although it does not 74 

restore their lateral load capacity. Lignola et al. (2007) and Han et al. (2014) reported that the flexural 75 

performance of hollow RC columns was enhanced when jacketed with carbon fiber-reinforced polymer 76 



 

sheets. Furthermore, studies have focused on the axial compression performance of hollow RC 77 

members wrapped in FRP sheets (Kusumawardaningsih and Hadi 2010; Hadi and Le 2014; Jameel et 78 

al. 2017). Some studies developed numerical models to evaluate the effects of retrofitting with FRP 79 

sheet jacketing (Lignola et al. 2009, 2012). 80 

Hollow concrete-filled RC columns have also been investigated. Cha et al. (2018) and Zhou 81 

et al. (2022) explored precast hollow columns with internal concrete filling and confirmed their 82 

excellent seismic performance.  Jin et al. (2022) also proposed precast hollow RC columns with 83 

concrete-filled bases and conducted cyclic loading tests using the depth of the concrete filling as a 84 

parameter. The findings indicated that concrete filling depth had no significant influence on the 85 

maximum strength of the columns; however, there was an observable enhancement in energy 86 

dissipation as the depth of the concrete filling increased. While these studies were not explicitly aimed 87 

at seismic retrofitting, the "concrete-filling retrofitting method"—in which the hollow interior of a 88 

column is filled with concrete—has become the predominant method for seismic retrofitting of hollow 89 

RC columns in Japan. This is attributed to findings indicating that damage extending to the inner 90 

section of the base of hollow RC columns can impair their seismic performance. After the 2016 91 

Kumamoto earthquake, this concrete-filling retrofitting approach was utilized to repair damaged 92 

hollow RC bridge piers and restore their seismic performance (Miyahara et al. 2020). However, no 93 

research has evaluated the difference in seismic performance between a solid RC column cast as a 94 

single piece and hollow RC columns filled with concrete without appropriate internal surface treatment. 95 

Given the prevalence of hollow RC columns and the recent trend of using precast hollow RC columns 96 

in the ABC method, evaluating the retrofitting effects of concrete-filled hollow RC columns is crucial, 97 

particularly in situations where the filled and existing portions might not act as a unified entity.  98 

This study examined the effectiveness of a concrete-filling retrofitting method for hollow RC 99 

columns when the filled and existing portions behave separately, assuming a situation in which the 100 

bond between the filled and existing portions cannot be strengthened. Specifically, cyclic loading tests 101 



 

were conducted on pier specimens that were sufficiently large to replicate the rebar arrangement and 102 

cross-section of existing hollow RC piers. These specimens represented three distinct cross-sectional 103 

configurations of the column base: hollow, solid, and filled (lacking inner surface treatment). In 104 

previous studies, several experiments compared the seismic performance of solid- and hollow-section 105 

RC columns (Lee et al. 2015; Jin et al. 2022), as well as hollow- and filled-section RC columns (Zhou 106 

et al. 2022). Unlike these studies, the present study investigated the seismic performance of hollow RC 107 

columns with either solid or filled cross-sections at their bases, in addition to examining fully hollow 108 

RC columns. The same rebar arrangement and loading conditions were adopted across all specimens 109 

to examine the impact of the cross-sectional configuration of the bases of hollow RC columns on their 110 

seismic performance. 111 

 112 

Experimental Protocol 113 

Experimental Specimens 114 

Fig. 1 shows an overview of the experimental specimens. Tables 1 and 2 present the rebar and concrete 115 

material properties, respectively. The arrangement of the rebars was consistent across all specimens, 116 

with only the cross-sectional configuration of the base differing. For the specimens used in this study, 117 

the cross-sectional and pier heights were set to 800 and 3950 mm, respectively. Fig. 2 shows the 118 

structural information of hollow RC piers in Japan managed by the West Nippon Expressway 119 

Company. It should be noted that the information presented in Fig. 2 was extracted from a subset of 120 

the hollow RC piers managed by this company. In real-life hollow RC piers, D51 deformed bars are 121 

commonly employed for longitudinal reinforcement, whereas D22–D29 deformed bars are used as 122 

stirrups. Considering the relationship between the cross-sectional and pier heights illustrated in Fig. 123 

2(a) and the marketability of the rebars, D10-SD345 deformed bars were chosen as the longitudinal 124 

bars, while D6-SD345 deformed bars were selected as the stirrups. The specimens in this study were 125 

approximate one-fifth scale models of a hollow RC pier, with dimensions of 20 meters in height and 4 126 



 

meters in cross-sectional height. The wall thickness ratio, void ratio, and rebar ratio of the specimens 127 

were set to the standard values of actual hollow RC piers, as illustrated in Figs. 2(b) and (c). 128 

Specifically, the wall thickness ratio and void ratio of the hollow section were 0.188 and 0.39, 129 

respectively. The longitudinal bar and stirrup ratios were 2.78% and 0.70% for the hollow sections and 130 

0.169% and 0.26% for the solid section, respectively. In addition, the maximum size of the coarse 131 

aggregate was reduced to 15 mm, which is smaller than the typical size of 20–25 mm. This adjustment 132 

was necessary for the scaled-down specimens, which had narrow rebar spacing and concrete cover 133 

widths. 134 

The hollow RC column specimen (H-RC) had a hollow cross-section extending from the base 135 

to a height of 3200 mm. The hollow RC column specimen with a solid base (H-RC-SB) featured a 136 

solid cross-section from the base to a height of 1600 mm, transitioning to a hollow cross-section above 137 

this height. According to the Japanese seismic design codes (JRA specification for highway bridges 138 

(2012)), hollow RC piers must have a solid section from the column base extending to a height equal 139 

to four times the plastic hinge length. Accordingly, H-RC is not compliant with current Japanese 140 

seismic codes, whereas H-RC-SB conforms to current Japanese seismic codes.  141 

The hollow RC column specimen with a filled base (H-RC-FB) involved post-filling the 142 

hollow section from the base to a height of 1600 mm with concrete, leaving the portion from 1600 mm 143 

to 3200 mm hollow. During the construction of H-RC-FB, to imitate the real scenario of concrete 144 

filling in an actual hollow bridge pier, concrete was initially poured into the space demarcated by the 145 

inner and outer formworks to form the hollow section, after which it was poured into the hollow. The 146 

concrete-filled portion of H-RC-FB is referred to as the "filled portion," and the section outside the 147 

filled portion is called the "existing portion." To investigate the efficacy of the concrete-filling 148 

retrofitting method, particularly when the filled and existing portions behave separately, tape was 149 

applied to the inner side of the column to minimize friction.  150 

For these specimens, the nominal compressive strength of the concrete was set to 24 MPa. 151 



 

Table 2, however, indicates that the actual compressive strength varied across each lift. Despite these 152 

variations, no localized failures were observed at the cast-in-place surface joints or in the filled 153 

concrete portions during the experiments. Thus, the differences in the concrete's compressive strength 154 

between lifts did not significantly affect the overall integrity. 155 

 156 

Loading Protocol and Experimental Setup 157 

The experimental setup is shown in Fig. 3, and Fig. 4 illustrates the lateral loading protocol. In these 158 

experiments, the reference amplitude was defined as the lateral displacement δy0 at which the outer 159 

longitudinal bars initially yielded; this was determined to be 16 mm. A sequence of cyclic loadings, 160 

with each amplitude subjected to three such cycles, was performed at integer multiples of this reference 161 

value, referring to the Japanese seismic design codes (JRA specification for highway bridges (2012). 162 

When the actuator pulled on the specimen, the lateral displacement was defined as being positive. The 163 

ultimate displacement was identified as the point at which the longitudinal bars buckled on both the 164 

positive and negative sides. Buckling of the longitudinal bars was visually observed via concrete 165 

spalling at the base of the column. Furthermore, multiple cyclic loadings with the same amplitude were 166 

applied to the specimens at the ultimate displacement level. The aim of this approach was to investigate 167 

the decrease in the lateral load capacities of the specimens when subjected to multiple cyclic 168 

deformations, and to reveal the damage states of the columns. Fig. 2 (d) illustrates the correlation 169 

between the longitudinal bar ratio and axial stress in real-life hollow RC bridge piers managed by 170 

Nippon Expressway Company Limited. Referring to Fig. 2 (d), the axial load force was set as 1150 171 

kN for the experiments, corresponding to 2.95 MPa for the hollow sections and 1.80 MPa for the solid 172 

sections. 173 

 174 

Sectional analysis for experimental specimens 175 

Cross-sectional analyses were conducted on the column bases of the specimens to numerically evaluate 176 



 

the effects of the cross-sectional configuration on the bending performance of the specimens. In the 177 

cross-sectional analysis of H-RC-FD, the cross-section was treated as a hollow section to ensure a 178 

conservative evaluation. The constitutive law for the longitudinal bars was modeled using a perfect 179 

elastoplastic bilinear model, with the material parameters listed in Table 1. The constitutive law for 180 

concrete was defined by the following equations described in the Japanese seismic design codes (JRA 181 

specification for highway bridges (2012)): 182 

                                            𝜎𝑐    =

{
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                                                                      𝑛 =
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                                                                   𝜎𝑐𝑐 = 𝜎𝑐𝑘 + 0.76𝜌𝑠𝜎𝑠𝑦                                                              (3) 185 

                                                              𝜀𝑐𝑐 = 0.002 + 0.0132
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                                                                   𝐸𝑑𝑒𝑠 = 11.2
𝜎𝑐𝑘

2

𝜌𝑠𝜎𝑠𝑦
                                                                      (5) 187 

                                                                      𝜌𝑠 =
4𝐴ℎ
𝑠𝑑

≤ 0.018                                                                    (6) 188 

where 𝜎𝑐  is the stress of concrete, 𝜎𝑐𝑘  is the compressive strength of concrete, 𝜀𝑐  is the strain of 189 

concrete, 𝐸𝑐 is the Young’s modulus of concrete, 𝐴ℎ is the sectional area of a stirrup, 𝑠 is the interval 190 

between stirrups, 𝑑 is the largest split length of confined concrete section divided by stirrups, and 𝜎𝑐𝑘 191 

is the yield strength of a stirrup. The material parameters for concrete were based on the values for Lift 192 

1, as listed in Table 2.  193 

Fig. 5 shows the relationship between the bending moment and curvature derived from the 194 

cross-sectional analyses. This figure indicates that the curves were similar across different cross-195 

sectional configurations, suggesting that the hollow and solid sections of the experimental specimens 196 

exhibited comparable bending performance. However, it is important to note that the cross-sectional 197 



 

analysis did not consider the effects of longitudinal bar buckling and shear deformation on the columns. 198 

Measurement Data 199 

Lateral and axial forces were evaluated using load cells installed on horizontal and vertical jacks. 200 

Draw-wire displacement sensors measured the lateral displacements at six specific section heights, 201 

including the lateral loading point, as shown in Fig. 6. At the vertical loading point, contact 202 

displacement sensors were used to evaluate vertical displacement. 203 

As illustrated in Fig. 7, the contact displacement sensors measured the vertical displacements 204 

at each column height across 24 section heights on the column sides. These displacement data were 205 

used to calculate the section curvature of the column at each height. Note that some vertical 206 

displacement data had to be supplemented due to inadequate measurements at specific points during 207 

the experiments. The supplementation method is detailed in the Appendix.  208 

Strain gauges were employed to measure the strain of the longitudinal bars and stirrups. The 209 

placement of these gauges on the longitudinal bars and stirrups is illustrated in Fig. 8. During the third 210 

maximum displacement of each loading step, cracks on the specimens' surfaces were observed and 211 

documented through photographs to record the crack damage state. Additionally, a network camera 212 

was positioned at the bottom of the inner surface of the hollow to continuously monitor and record the 213 

internal conditions. After the cyclic loading tests, the specimens were vertically cut at the center of the 214 

cross-section to examine the internal damage on the column side (Fig. 9). 215 

 216 

 217 

Experimental Results 218 

Lateral displacement was defined as being positive when the actuator pulled on the specimen; the 219 

second cycle of +7 δy0 is referred to as "+7δy0-2". Furthermore, the location of the column surface was 220 

characterized in terms of the azimuth. Fig. 8 illustrates the relationship between the azimuth of the 221 

column sides (N, S, E, and W sides) and the loading direction. 222 



 

 223 

Crack pattern 224 

The crack patterns on the column side (N side) are depicted in Fig. 10. The crack pattern within the 225 

filled portion was observed by cutting the specimens vertically through the center of the cross-section 226 

after the loading test.  227 

In H-RC, cracks initially formed horizontally at the flange before diagonally propagating upon 228 

reaching the web (Figs. 10 (a)). This type of cracking pattern has been observed in previous 229 

experiments on rectangular hollow RC columns (Mo and Nien 2002; Cassese et al. 2017; Sun et al. 230 

2019) and is characteristic of such structures. H-RC-SB exhibited roughly horizontal cracks at column 231 

heights of 1,600 mm or less at a displacement amplitude of 2δy0 (Fig. 10 (b)). This observation 232 

indicates that the difference in the cross-sectional configuration of the column base between H-RC and 233 

H-RC-SB affected the cracking patterns of the columns. In contrast, in H-RC-FB, cracks initially 234 

formed horizontally at the flange and then propagated diagonally upon reaching the web, 235 

demonstrating a crack pattern similar to that observed in H-RC (Fig. 10(c)). Additionally, horizontal 236 

cracks were evident in the filled portion, indicating that the filled and existing portions behaved 237 

separately, as intended. Previous studies have not conducted cyclic loading tests on hollow RC 238 

columns of various base types (hollow, solid, or filled) under identical conditions. The current 239 

experiments demonstrated that hollow RC columns retrofitted with concrete filling exhibit crack 240 

patterns similar to those observed in unfilled hollow RC columns when the filled and existing portions 241 

behave separately. 242 

 243 

Lateral Load-Displacement Relationship and Damage State of the Column  244 

Up to a Displacement Amplitude of ±7δy0-3 245 

Fig. 11 illustrates the lateral load-displacement relationship. All specimens exhibited spindle-shaped 246 

hysteresis loops up to ±7δy0-3, which indicates the typical lateral load capacity of RC columns of the 247 



 

flexural failure type. In particular, the hysteresis loops up to a displacement amplitude of 6δy0 displayed 248 

similar patterns in all specimens. This result can be attributed to the similar bending performance of 249 

the solid and hollow cross-sections of these specimens, as demonstrated by the cross-sectional analysis 250 

results in Fig. 6. Fig. 12 illustrates the accumulated energy dissipation at the end of the third cycle for 251 

each lateral displacement amplitude. The accumulated energy dissipation exhibited generally 252 

consistent patterns across all specimens, although these values were marginally lower for H-RC-SD. 253 

However, a marked decrease in lateral load was observed at +7δy0-3 in H-RC (Fig. 11(a)). 254 

Simultaneous inward buckling of the inner longitudinal bars on the compression side (W side) was 255 

observed from an image captured by a webcam inside H-RC. The relationship between vertical and 256 

lateral displacement further indicated the occurrence of axial settlement at +7δy0-3 in H-RC (Fig. 14 257 

(a)). Therefore, it can be considered that the inward buckling of these inner bars inflicted substantial 258 

damage to the flange of the hollow section. This damage likely diminished the axial load-bearing 259 

capacity of the column, resulting in the observed decrease in its lateral load. Experiments conducted 260 

by Cassese et al. (2017) demonstrated that the buckling of longitudinal bars significantly reduces the 261 

lateral load capacity of rectangular hollow RC columns, with similar observations in circular hollow 262 

RC columns (Li et al. (2020); Lee et al. (2015)). Similarly, experiments by Cheng et al. (2003) and 263 

Sun et al. (2019) revealed that damage at the base caused by longitudinal bar buckling led to a 264 

significant lateral load decrease in hollow RC columns. Moreover, some experiments have 265 

demonstrated that the rupture of longitudinal bars triggered a decrease in the lateral load in hollow RC 266 

columns. The specimens used in these experiments had different structural parameters from those of 267 

H-RC, such as fewer longitudinal bars (24 in Cassese et al. (2020) and 10 in Cha et al. (2017)), or a 268 

larger wall thickness ratio in the cross-section (0.48 in Mo et al. (2004) and Mo and Nien (2002)). 269 

Thus, it is considered that the number of longitudinal bars and the wall thickness ratio of the cross-270 

section can influence the failure behavior of hollow RC columns. Given that the number of longitudinal 271 

bars and wall thickness ratio for H-RC were set to values typical for hollow RC piers in Japan, H-RC 272 



 

is considered to generally reproduce the failure behavior observed in real-life Japanese hollow RC 273 

piers. 274 

In contrast, H-RC-FB maintained superior lateral load capacity without substantial axial 275 

settlement, similar to H-RC-SB at a displacement amplitude of 7 δy0 (Figs. 11 and 14). Hence, the 276 

lateral load capacity properties of both H-RC-SB and H-RC-FB were similar up to their ultimate state, 277 

indicating the beneficial impact of concrete-filling retrofitting even when the filled and existing 278 

portions behaved separately. 279 

Beyond a Displacement Amplitude of ±7δy0-3 280 

In H-RC, axial settlement and a decrease in the lateral load, initiated at +7δy0 -3, continued to progress 281 

significantly, as illustrated in Figs. 11 (a) and 14 (a). Fig. 13 (a) indicates that considerable damage 282 

was caused to the flange concrete on both the inner and outer portions of the column base by the inward 283 

buckling of the internal longitudinal bars on the W side. Figs. 15-17 illustrates the relationship between 284 

the damage state at the column base, the strain distribution across its cross-section, and the extent of 285 

axial settlement. The strain distribution across the cross-section was determined using the vertical 286 

displacement data measured by the contact displacement sensors at the second height from the bottom 287 

(Fig. 7). As depicted in Fig. 15, for H-RC, the neutral axis of the cross-section shifted to the midpoint 288 

owing to the buckling of the inner longitudinal bars at +7δy0-3, causing all regions of the flange to 289 

compress. This behavior increased the damage to the flanges and intensified the axial settlement. These 290 

results suggest that the longitudinal bar buckling was a major factor contributing to the substantial 291 

reduction in the lateral load capacity of H-RC. Additionally, this decline in lateral load capacity was 292 

not the result of amplified loading displacement, but was due to repeated loading at the same amplitude. 293 

Therefore, in hollow RC columns, once the inner longitudinal bars buckle, subsequent cyclic responses 294 

can cause a significant reduction in the lateral carrying capacity, even when the response displacement 295 

does not increase. 296 

In H-RC-SB, no significant decrease in lateral load or axial settlement was observed after ten 297 



 

repeated loadings at a displacement amplitude of 7 δy0, followed by a single repetition at a 298 

displacement amplitude of 8 δy0 (Figs. 11 (b), 14 (b), 16). Owing to limitations in the experimental 299 

planning, further loading was not conducted on H-RC-SB. The authors previously conducted cyclic 300 

loading tests on a medium-sized RC column with a solid section (Fig. 18). During this experiment, the 301 

specimen underwent ten cyclic loadings at a displacement amplitude of 7 δy0, which led to the buckling 302 

of the longitudinal bars. It was then subjected to an additional ten cycles at a displacement amplitude 303 

of 8 δy0. Consequently, no significant reduction in the lateral load or substantial axial settlement was 304 

observed. As this specimen did not replicate H-RC-SB, making direct comparisons is difficult. Given 305 

that the concrete in H-RC-SB remained at its base as much as, or even more than, in the previous 306 

experiment (Fig. 13 (b)), it can be inferred that H-RC-SB could maintain its lateral force capacity even 307 

after multiple loadings at a displacement amplitude of 8 δy0. 308 

In H-RC-FB, no significant reduction in lateral load or axial settlement was observed at a 309 

displacement amplitude of 7 δy0 (Figs. 10(c) and 14(c)). Fig. 17 shows that the shift in the position of 310 

the neutral axis within H-RC-FB was minimal, even when the external damage due to cyclical loading 311 

at 7 δy0 was equal to or greater than that in H-RC. This suggests an enhancement in the axial load-312 

bearing capacity of the columns, which is attributed to the suppression of internal damage by concrete-313 

filling retrofitting. However, at a displacement amplitude of 8 δy0, there was a pronounced decrease in 314 

lateral load and axial settlement, similar to the case of H-RC at a displacement amplitude of 7 δy0. As 315 

shown in Fig. 13 (c), the inner longitudinal bars buckled outward, causing significant damage to the 316 

existing portion that primarily supported the axial force. Observations of H-RC-FB indicate that severe 317 

damage to the existing portion at the column base, due to the buckling of the longitudinal bars, 318 

significantly diminishes the column's capacity to bear axial loads. This is because the filled portion 319 

cannot contribute to resisting axial forces when the filled and existing portions behave separately. Jin 320 

et al. (2022) also conducted cyclic loading tests on hollow RC columns with concrete-filled bases. 321 

However, this experiment was concluded before detecting a significant reduction in the lateral load, 322 



 

and failure behavior similar to that of H-RC-FB was not observed. The findings of the present 323 

experiment suggest that concrete-filling retrofitting does not prevent a pronounced reduction in the 324 

lateral load capacity and the axial settlement of the column once the inner longitudinal bars buckle 325 

when the filled and existing portions behave separately. 326 

 327 

Height Distribution of Curvature and Plastic Hinge Length 328 

Fig. 19 shows the height distribution of the curvature for each specimen. The curvature at the column's 329 

base includes the rotational deformation resulting from the longitudinal bars pulling out from the 330 

footing. Fig. 19 illustrates that there is no significant variation in the curvature distribution on the cast-331 

in-place joint surface and at points of abrupt changes in cross-sectional configuration. Moreover, the 332 

height distributions above the section with notable damage were similar across all specimens. However, 333 

in the column base experienced significant damage, H-RC-SD exhibited a smaller curvature at the 334 

lower end of the column and a larger curvature at the second level compared to those of the other 335 

specimens. H-RC and H-RC-FD exhibited similar results. Therefore, with concrete-filling retrofitting, 336 

when the filled and existing sections behave separately, the curvature distribution does not change 337 

from that of the original hollow RC columns. 338 

Additionally, the column heights at which significant damage was observed in the 339 

experiments were compared with the plastic hinge lengths calculated using the equations proposed in 340 

previous studies. The plastic hinge length 𝐿𝑝 was determined using the following equation proposed 341 

by Priestley et al. (1996): 342 

                                              𝐿𝑝 = 0.08𝐿 + 0.022𝑓𝑦𝑒𝑑𝑏𝑙 ≥ 0.044𝑓𝑦𝑒𝑑𝑏𝑙                                         (7) 343 

where 𝐿 is the distance from the critical section of the plastic hinge to the contraflexure point, 𝑓𝑦𝑒 is 344 

the yield strength of the longitudinal bar, and 𝑑𝑏𝑙 is the diameter of the longitudinal bar. In the current 345 

Japanese seismic design codes (JRA specification for highway bridges (2012)), the plastic hinge length 346 

is calculated using the following equation: 347 



 

                                          𝐿𝑝 = 9.5 ∙ 𝑓𝑦𝑒
1
6 ∙ (

384𝐸0𝐼ℎ

𝑛𝑠𝑙𝑤
3𝑠

+ 0.01𝑐𝑜)

−
1
3

∙ 𝑑𝑏𝑙 ≤ 0.15𝐿                              (8) 348 

where 𝐸0  is the Young’s modulus of the stirrups, 𝐼ℎ  is the sectional secondary moment, 𝑛𝑠  is the 349 

number of compression-side longitudinal bars in the largest confining concrete section, 𝑙𝑤 is the largest 350 

horizontal length of the concrete section confined by the stirrup parallel to the lateral load direction, 𝑠 351 

is the interval between stirrups, and is 𝑐𝑜 the thickness of the cover concrete. This equation considers 352 

the confining effects of the stirrups on the concrete and the thickness of the cover concrete. Eqs. (7) 353 

and (8) yield the same plastic hinge lengths for both hollow and solid RC columns, provided that the 354 

column heights, material parameters, and rebar arrangements are identical. Sun et al. (2019) evaluated 355 

the plastic hinge length of hollow RC columns with a low wall thickness ratio by employing the 356 

equation for the plastic hinge length of structural walls proposed by Paulay and Priestley (1993), as 357 

shown below: 358 

                                                           𝐿𝑝 = 0.02𝑙𝑤 + 0.044𝐿                                                             (9) 359 

This equation, which is intended for application to structural walls, can be used to calculate the plastic 360 

hinge lengths of H-RC and H-RC-FD.  361 

The plastic hinge lengths derived from Eqs. (7-9) are listed in Table 3. The equations from 362 

the JRA specification (2012) and those proposed by Priestley et al. (1996) provided similar plastic 363 

hinge length values. These results generally aligned with the column heights at which significant 364 

damage was observed in the experiments. This alignment suggests that Eqs. (7) and (8) are reliable for 365 

estimating the plastic hinge lengths of hollow RC columns retrofitted with concrete filling, as well as 366 

solid or fully hollow RC columns. However, the equation given by Paulay and Priestley (1993) 367 

exhibited lower reproducibility than the others. Therefore, for wall thickness ratios exceeding 0.188, 368 

the Paulay and Priestley (1993) equation may not be suitable for evaluating the plastic hinge lengths 369 

of hollow RC columns. 370 

 371 



 

Height Distribution of Stirrup Strain 372 

Fig. 20 shows the height distribution of the stirrup strain. The strain data at each height represent the 373 

average values derived from the measurement data. In H-RC, the stirrup strain notably increased at all 374 

heights with an increase in displacement amplitude. Importantly, at a displacement amplitude of 7 δy0, 375 

the stirrup strain values reached the yield strain at multiple measurement points—specifically, 13 out 376 

of the 44 measurement points recorded values exceeding the yield strain. In H-RC-SB, although the 377 

stirrup strain gradually increased with an increase in displacement amplitude, the strain values up to a 378 

displacement amplitude of 7 δy0 were lower than those observed in H-RC. Only two of the 44 379 

measurement points reached the yield strain. Similar to H-RC, H-RC-FB exhibited an increase in the 380 

stirrup strain as the displacement amplitude increased. At a displacement amplitude of 7δy0, the stirrup 381 

strain values reached the yield strain at multiple measurement points. Ultimately, 11 of the 44 382 

measurement points recorded strain values exceeding the yield strain. 383 

Fig. 21 illustrates the strain histories of the outer stirrups at column heights of 878 and 1118 384 

mm on the N side, highlighting a notable difference between H-RC-SB and H-RC-FB. In Fig. 21, the 385 

horizontal axis signifies loading cycles represented as +1δy0-1, -1δy0-1, +1δy0-2, and so on. 386 

Furthermore, Fig. 21 illustrates the crack patterns on the N-side column height ranging from 600 to 387 

1400 mm during the third cycle of each loading amplitude. In H-RC-SB, the stirrup strain value 388 

increased steadily with the growth and emergence of oblique cracks, primarily from a displacement 389 

amplitude of 3 δy0 onwards. These findings suggest that when the displacement amplitude was small, 390 

the concrete mainly resisted the shear force, with the stirrups subsequently contributing more to the 391 

shear force resistance. In contrast, numerous oblique cracks were observed in both the Hollow-section 392 

and H-RC-FB at smaller displacement amplitudes, resulting in a marked stirrup strain increase by a 393 

displacement amplitude of 2 δy0. These results indicate that the filled portion in H-RC-FB did not 394 

significantly contribute to the shear resistance of the column, as it behaved separately from the existing 395 

portion. 396 



 

Deformation Component of Column 397 

The horizontal displacement of a column, δ, can be decomposed into three types as shown in Eq. (1): 398 

displacement due to bending deformation, δb; displacement due to shear deformation, δs; and 399 

displacement due to rotation, δr.  400 

                                                                   𝛿 = 𝛿𝑏 + 𝛿𝑠 + 𝛿𝑟                                                                      (10)   401 

δb can be calculated by integrating the curvature of each cross-sectional interval over the height of the 402 

column. δr is a result of the longitudinal bars pulling out from the footing. The extent of longitudinal 403 

bar pull-out from the footing was calculated using the vertical displacement data of the columns. The 404 

shear deformation was computed by subtracting the horizontal displacements caused by bending and 405 

rotation from the total horizontal displacement of the column. 406 

Fig. 22 illustrates the proportion of horizontal displacement attributable to bending, shear, 407 

and rotation in relation to the total horizontal displacement of the column. In the case of H-RC, the 408 

shear deformation constituted approximately 28% of the horizontal displacement at a displacement 409 

amplitude of 3 δy0 and decreased to about 13% with increasing displacement. For H-RC-SB, this 410 

percentage decreased from approximately 22% to 7%, whereas for H-RC-FB, it decreased from about 411 

34% to 15%. These results indicate that the shear deformation component was more significant in both 412 

H-RC and H-RC-FB than in H-RC-SB. Fig. 23 presents the absolute horizontal displacements due to 413 

bending, shear, and rotation for each specimen. As depicted in Fig. 23, H-RC-FB displayed reduced 414 

bending deformation compared to H-RC-SB. Concurrently, both the shear and rotational deformations 415 

appeared to increase, mirroring the trends observed in H-RC. From these observations, it can be 416 

inferred that concrete-filling retrofitting measure does not substantially enhance the shear resistance 417 

of a hollow RC column when the filled portion behaves separately from the existing portion. 418 

Consequently, concrete-filling retrofitting might not be the optimal strategy for increasing the shear 419 

capacity of hollow RC columns with low shear strength, particularly when strengthening the bond 420 

between the filled and existing portions is not feasible. Incidentally, H-RC and H-RC-FB exhibited 421 



 

larger rotational deformations than H-RC-SB. This disparity arose from differences in the extent of 422 

longitudinal bar pull-out from the footing, as shown by the data in Fig. 18. However, the exact 423 

mechanism underlying this difference remains unclear, indicating the need for further exploration. 424 

 425 

Conclusions 426 

To investigate the effects of concrete-filling retrofitting on hollow RC columns, cyclic loading tests 427 

were conducted on large RC column specimens: a hollow RC column specimen (H-RC), a hollow RC 428 

column specimen with a solid section at the column base (H-RC-SB), and a concrete-filled retrofitted 429 

hollow RC column specimen (H-RC-FB). In particular, the effectiveness of the concrete-filling 430 

retrofitting method was evaluated when the filled and existing portions behaved separately. The 431 

findings of this study are as follows. 432 

⚫ In H-RC and H-RC-FB, cracks initially formed horizontally at the flange before diagonally 433 

propagating upon reaching the web. This type of crack pattern is characteristic of hollow RC 434 

columns and is distinct from the patterns observed in H-RC-SB. Additionally, horizontal cracks 435 

were evident in the filled portion, indicating that the filled portion behaved separately from the 436 

existing portion. 437 

⚫ In H-RC, the inward buckling of the inner longitudinal bars caused significant axial settlement 438 

and a decrease in the lateral load capacity of the column. In contrast, in H-RC-FB, concrete-filling 439 

retrofitting suppressed the inward buckling of the inner longitudinal bars, thereby enhancing the 440 

flexural deformation performance to a certain extent. However, this did not prevent a pronounced 441 

reduction in the lateral load capacity or axial settlement of the column when the inner longitudinal 442 

bars buckled. This is because the filled portion cannot resist axial forces when the filled and 443 

existing portions behave separately. 444 

⚫ The results indicate that concrete-filling retrofitting can delay the decrease in the lateral load 445 

capacity of hollow RC columns. However, it has been observed that when the filled and existing 446 



 

portions behave separately, owing to inadequate treatment of the internal surfaces of hollow RC 447 

columns, there is no improvement in the flexural failure behavior and axial load-bearing capacity 448 

after the onset of lateral load reduction. 449 

⚫ The plastic lengths derived from the equations in the JRA specification (2012) and Priestley et al. 450 

(1996) generally aligned with the column heights at which significant damage was observed in 451 

the experiments. This alignment suggests that these equations are reliable for estimating the plastic 452 

hinge lengths of hollow RC columns retrofitted with concrete filling, as well as solid or fully 453 

hollow RC columns. 454 

⚫ The stirrup strain in H-RC increased with the displacement amplitude, reaching the yield strain at 455 

multiple measurement points. In H-RC-SB, although the stirrup strain increased gradually with an 456 

increase in the displacement amplitude, the strain values were lower than those observed in H-RC. 457 

In contrast, H-RC-FB exhibited an increase in the stirrup strain as the displacement amplitude 458 

increased, similar to H-RC. At the end of the experiment, the stirrup strain reached the yield strain 459 

values at multiple measurement points.  460 

⚫ The shear deformation component in relation to the total horizontal displacement of the column 461 

was more significant in H-RC and H-RC-FB than in H-RC-SB. This suggests that concrete-filling 462 

retrofitting measure does not substantially enhance the shear resistance of the hollow RC column 463 

when the filled portion behaves separately from the existing portion. Consequently, concrete-464 

filling retrofitting might not be the optimal strategy for increasing the shear capacity of hollow 465 

RC columns with low shear strength, particularly when it is not feasible to strengthen the bond 466 

between the filled and existing portions. 467 

⚫ Future research should focus on developing methods to enhance the effectiveness of concrete-468 

filling retrofitting, particularly in cases where internal surface treatment is not feasible. For 469 

instance, future work could investigate a method to strengthen the bond between the filled and 470 

existing portions by externally applying post-construction anchors to the columns. Moreover, 471 



 

although the hollow RC columns examined in this study featured square cross-sections, it is 472 

important to evaluate the effectiveness of concrete-filling retrofitting in hollow RC columns with 473 

cross-sectional side length ratios exceeding 1. 474 

 475 

Appendix. Completion of Vertical Displacement Data 476 

In H-RC-SB, the displacement transducers on the W side at both the lowest section (column height: 477 

0–77 mm) and the second-lowest section (column height: 77–186 mm), as well as on the W side of the 478 

second-lowest section (column height: 65–190 mm) in H-RC-FB, failed to provide data owing to 479 

measurement anomalies. The missing displacement data for these measurement points were 480 

supplemented using data from the displacement transducers on the E side, which were positioned at 481 

identical cross-sectional heights. The methods used to complete the data are described below. For 482 

reference, Fig. 24 shows the history of the vertical displacement at the lowest section (column height: 483 

0–69 mm) and the second-lowest section for H-RC, where no measurement anomaly was observed. 484 

Fig. 24 illustrates that although slight differences existed, the compression and tension peak values on 485 

the W and E sides were largely comparable at every displacement amplitude. Based on the observed 486 

patterns, it was hypothesized that both H-RC-SB and H-RC-FB would exhibit similar trends. 487 

Specifically, the curvature of each cross-section was determined by equating the peak value of the 488 

vertical displacement on the W side (from which data were missing) to the peak value on the E side 489 

observed in the previous cycle. Although this data completion method may not perfectly replicate the 490 

lost data, it provides a general trend of column deformation, which is deemed sufficient for the 491 

discussions in this paper. 492 

Note that the data presented in Fig. 24 do not represent the vertical displacements of the 493 

columns themselves, but rather the readings from the vertical displacement transducers mounted on 494 

the W and E sides, referred to as 𝑉𝑑𝑤 and 𝑉𝑑𝑒, respectively. The actual vertical displacement of the 495 

columns within the measured section is determined by averaging these values: (𝑉𝑑𝑤 + 𝑉𝑑𝑒)/2. Fig. 496 



 

25 illustrates the vertical displacement, calculated as (𝑉𝑑𝑤 + 𝑉𝑑𝑒)/2, for column heights ranging 497 

from 0–69 mm and 69–117 mm. The figure reveals that significant axial settlement of the columns 498 

began after reaching 7 δy0. 499 

 500 
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Tables and Figures 609 

 610 

 611 

Fig. 1. Dimensions of specimens and details of rebar arrangement (Unit: mm): (a) H-RC; (b) H-RC-612 

SB; and (c) H-RC-FB. 613 



 

 614 

Fig. 2. Structural specifications of real-life hollow RC bridge piers managed by West Nippon 615 

Expressway Company Limited: (a) Correlation between pier and cross-sectional heights; (b) 616 

Correlation between wall thickness and void ratios; (c) Correlation between longitudinal bar and 617 

stirrup ratios; and (d) Correlation between longitudinal bar ratio and axial stress. 618 



 

 619 

Fig. 3. Experimental setup. 620 

 621 

 622 

Fig. 4. Lateral loading protocol. 623 

 624 



 

 625 

Fig. 5. Cross-sectional analysis result for the column bases of the specimens. 626 

 627 

 628 

Fig. 6. Measurement points of lateral displacement. 629 



 

 630 

Fig. 7. Measurement points of vertical displacement. 631 



 

 632 

Fig. 8. Position of strain gauges: (a) longitudinal bars; and (b) stirrups and tie bars. 633 



 

 634 

Fig. 9. Cutting at the center of the cross-section to examine internal damage. 635 

 636 

Fig. 10. Crack patterns on column side (N side): (a) H-RC; (b) H-RC-SB; and (c) H-RC-FB. 637 

 638 

Fig. 11. Lateral load-displacement relationship: (a) H-RC; (b) H-RC-SB; and (c) H-RC-FB. 639 



 

 640 

Fig. 12. Accumulated energy dissipation. 641 

 642 

 643 

Fig. 13. Damage state of column after cutting at the center of the cross-section: (a) H-RC; (b) H-RC-644 

SB; and (c) H-RC-FB. 645 



 

 646 

Fig. 14. Relationship between vertical and lateral displacement: (a) H-RC; (b) H-RC-SB; and (c) H-647 

RC-FB. 648 

 649 

 650 

Fig. 15. Relationships among damage state at column base, strain distribution across its cross-651 

section, and the extent of axial settlement (H-RC). 652 



 

 653 

Fig. 16. Relationships among damage state at column base, strain distribution across its cross-654 

section, and the extent of axial settlement (H-RC-SB). 655 

 656 

Fig. 17. Relationships among damage state at column base, strain distribution across its cross-657 

section, and the extent of axial settlement (H-RC-FB). 658 



 

 659 

Fig. 18. Past cyclic loading tests on a medium-sized RC column with a solid section. 660 

 661 

 662 

Fig. 19. Height distribution of curvature: (a) H-RC; (b) H-RC-SB; and (c) H-RC-FB. 663 



 

 664 

Fig. 20. Height distribution of stirrup strain: (a) H-RC; (b) H-RC-SB; and (c) H-RC-FB. 665 



 

 666 

Fig. 21. Strain histories of outer stirrups at 878 mm and 1118 mm column heights: (a) H-RC; (b) H-667 

RC-SB; and (c) H-RC-FB. 668 



 

 669 

Fig. 22. Proportion of horizontal displacement attributable to bending, shear, and rotation in relation 670 

to the total horizontal displacement of the column: (a) H-RC; (b) H-RC-SB; and (c) H-RC-FB. 671 



 

 672 

Fig. 23. Absolute horizontal displacements due to bending, shear, and rotation for each specimen: (a) 673 

H-RC; (b) H-RC-SB; and (c) H-RC-FB. 674 

  675 



 

 676 

 677 

Fig. 24. History of vertical displacement in H-RC measured by the vertical displacement transducers, 678 

illustrated for two height ranges: (a) 0–69 mm; and (b) 69–117 mm. 679 

 680 

 681 

Fig. 25. History of vertical displacement of H-RC, illustrated for two height ranges: (a) 0–69 mm; and 682 

(b) 69–117 mm.683 



 

 

Table 1. Material properties of rebars  684 

 685 

Usage Type 
Yield strength 

(N/mm2) 
Tensile strength 

(N/mm2) 
Young’s modulus 

(N/mm2) 

Stirrup and tie bar D6-SD345 367 587 2.0×105 * 

Longitudinal bar D10-SD345 396 660 2.0×105 * 

Note: * specification values 686 

 687 

 688 

 689 

 690 

Table 2. Material properties of concrete691 

  Compressive strength (N/mm2) Tensile strength (N/mm2) Young’s modulus (N/mm2) 

Specimen 
1st  
Lift 

2nd  
Lift 

3rd  
Lift 

Filled 
portion 

1st  
Lift 

2nd  
Lift 

3rd  
Lift 

Filled 
portion 

1st  
Lift 

2nd  
Lift 

3rd  
Lift 

Filled 
portion 

H-RC 23.7 30.8 33.5 - 2.20 2.42 - - 19596 22952 28888 - 

H-RC-SB 23.2 30.7 35.1 - 2.64 2.77 - - 18202 20526 21534 - 

H-RC-FB 23.7 26.4 31.9 35.7 2.69 2.75 - 2.45 22934 23888 25556  

Note: 1st Lift: Column height less than 1600 mm, 2nd Lift: Column height from 1600 mm to 3200 mm,  692 

3rd Lift: Column height from 3200 mm to 3950 mm 693 

 694 

 695 

 696 

 697 

 698 

Table 3. Comparison between calculated and experimental values of plastic hinge length. 699 

  
Priestley et al. 

(1996) 
JRA specification 

(2012) 
Paulay and Priestley 

(1993) 

Calculation value (mm) 364 363 302 

Calc./Exp. 
ratio 

H-RC 1.04 1.04 0.86 

H-RC-SB 1.12 1.12 - 

H-RC-FB 1.04 1.04 0.86 

Note: The equation proposed by Paulay and Priestley (1993) is not applicable to H-RC-SD, as it was intended for structural walls. 700 

 701 


