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ABSTRACT: This study investigates the effect of the unsymmetrical loading 11 

on compression members like columns and piers of bridges. The edge loads 12 

are subjected directly on only one side of the cross-section of the compression 13 

member. The behavior of solid columns and hollow reactive powder concrete 14 

RPC columns with normal concrete NC filling was investigated. To explore 15 

the role of the reinforcement on this novel type of compression members both 16 

reinforced and unreinforced specimens were tested. The hollow precast RPC 17 

shells were of various thicknesses along with the solid columns. The 18 

deflection and strain responses were plotted and failure modes were recorded. 19 

It was found that increasing the thicknesses of the RPC walls from 25 mm to 20 

50 mm led to an increase in the ultimate load by approximately 10%. A brittle 21 

failure was observed in all specimens, and the crack loads were close to the 22 

ultimate loads. Increasing the lateral reinforcement ratio of the specimens 23 

enhances the strength effectively. The significance of the present study is to 24 

investigate the behavior of the hybrid members manufactured from different 25 

grades of concrete under the action of the edge loads as in the case of bridge 26 

piers and precast construction. 27 

Keywords: short members, hybrid column, edge load, RPC, NC 28 

 29 

1. Introduction 30 

The reactive powder concrete RPC is an ultrahigh strength concrete with very 31 

fine constituent materials and is classified as an ultrahigh performance 32 
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concrete UHPC. RPC contains a high quantity of steel fibers leading to high 33 

ductility and energy dissipation characteristics (Wang et al., 2021). RPC mix 34 

includes a high percentage of cement, a low water/binder ratio, a high 35 

superplasticizer dosage, an extra fine crushed quartz, and silica fume 36 

(Salahuddin et al., 2020). This type of concrete includes high-performance 37 

properties, such as limited shrinkage, low permeability, and high durability 38 

(Moslehi, et al., 2023). The ultra-high strength type of concrete like RPC 39 

allows increasing the maximum steel reinforcement ratios set by the 40 

standards. On the other hand, the presence of high percentages of steel fiber 41 

content and raising the tensile strength encourages lowering the steel 42 

reinforcement ratios or even using non-reinforced members. The forming of 43 

structural elements with the lowest ratios of reinforcement in columns or 44 

beams can be seen in the footbridge of Sherbrooke, Canada, where the chords 45 

of the truss were unreinforced RPC beams (Blais and Couture, 1999), and 46 

also in the Mars Hill bridge, USA, where it composed of I-girders with no 47 

shear reinforcement (Abdal, et al., 2023). 48 

On the other hand, the normal concrete NC is a heterogeneous 49 

material of constituents ranging from fine cement to coarse aggregates each 50 

having different strengths and moduli of elasticity. This means NC will be 51 

weak under tensile stresses and can split or disintegrate easily due to internal 52 

pressures like freezing and thawing conditions. Eventually, NC will have 53 
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lower durability and require more reinforcement ratios to resist cracking 54 

stresses. 55 

The main disadvantage of RPC is its high cost. This will prompt using 56 

of hollow, hybrid, or composite concrete structural elements. Because of the 57 

superior properties of RPC, like high durability and strength, the outer shells 58 

of the columns preferably can be made up of RPC, while the inner core can 59 

be filled with NC. The above allows us to consider the precast hollow RPC 60 

tubes as molds to be filled with NC in situ. The bond strength between the 61 

different types of concrete can be considered in enhancing the ultimate 62 

strength of the hybrid members (Mack et al. 2024). 63 

The composite column can be defined as a compression member 64 

manufactured from different types of materials. The outer shell applies a 65 

confining pressure that prevents the inner concrete from an early failure, as 66 

shown in Figure 1. The shape of the external tube plays a vital role in the 67 

confinement effect (Abbas et al., 2021; Abbas and Ali, 2022; Jasim et al., 68 

2024). 69 

 70 
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 71 

Figure 1 Confinement stress in composite sections (a) circular, and (b) 72 

rectangular (Abbas et al., 2024). 73 

 74 

The combination of ultra-high-performance concrete UHPC and NC 75 

was considered in constructing column specimens by Popa et al. (2014). The 76 

column specimens as proposed have a plain UHPC core and reinforced NC 77 

shell. The composite columns have an approximately 50% increase in 78 

strength than the solid NC columns. The seismic performance of UHPC 79 

bridge box piers was investigated using both experimental tests and numerical 80 

simulations (Ren et al., 2018). The specimens were simultaneously subjected 81 

to constant compressive axial load and cyclic lateral load. It was found that 82 

the ductility of box pier specimens will decline with increasing the 83 

longitudinal reinforcement ratio. Furthermore, previous studies discussed the 84 
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merits of hybrid sections with hollow precast concrete tubes filled with core 85 

concrete and subjected to cyclic loading (Kim, et al., 2016; Kim et al., 2017, 86 

Im et al., 2023). They found that the lateral reinforcement plays a significant 87 

role in increasing the ductility of the specimens. The thicker outer shell of the 88 

columns had a non-significant effect on the structural behavior of the 89 

columns. The ductility, energy dissipation, and stiffness in hybrid sections 90 

are close to solid columns.  91 

Wu, et al. (2018) tested five column specimens with UHPC shells and 92 

NC cores subjected to concentric axial loads. The loads were applied on the 93 

inner core only while the outer shell was stressed indirectly due to the links 94 

by threaded bars. They found that lateral reinforcement plays an important 95 

role in enhancing the strength, stiffness, energy absorption, and ductility of 96 

the hybrid columns. Ridha, et al. (2013) investigated the lightly reinforced 97 

RPC columns with concentric loading with and without reinforcement, and 98 

they concluded that plain RPC columns are of little higher strength than 99 

lightly reinforced RPC columns but with lower ductility. Kadhum and 100 

Mankhi (2016) compared the behavior of RPC columns with and without 101 

lateral reinforcement. They found that lateral reinforcement plays an 102 

important role in increasing the strength of the columns, and the steel fiber 103 

content is important in delaying the initiation of the first cracks. 104 

The main objective of this study is to investigate the behavior of 105 

hybrid columns manufactured from precast hollow RPC tubes filled with NC 106 



 

7 
 

and study the change in strength and behavior. Hybrid columns with an outer 107 

shell of RPC that works as a shield are more economical than solid RPC 108 

columns. The RPC has a high percentage of steel fibers which allows testing 109 

how the reinforcement may affect the behavior. It is common in previous 110 

researches to apply loads indirectly via using a beam-column connection, 111 

enlargement, or fixing a steel collar to the end of the column. The present 112 

paper deals with direct edge loads on compression members as may be 113 

visualized when the loads are applied directly from girders on the 114 

compression members via elastomeric pads resting on a part of the upper face 115 

as shown in Figure 2. Also, the present study deals with the load distribution 116 

that plays an important role in the contact problems as seen in some 117 

applications like load transfer in precast concrete members (Proksch-118 

Weilguni, 2024; Al-Fasih et al., 2024). 119 

 120 

 121 

 122 

 123 
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Figure 2 Edge loading on bridge piers. 125 

 126 

2. Experimental Program 127 

 128 

The experimental work includes casting, preparing, and testing nine 129 

specimens of outer dimensions of 180×180×400 mm. These specimens were 130 

subjected to eccentric loading. The mechanical properties of the RPC and NC 131 

have been obtained first. The ultimate compressive, flexural rupture, and 132 

splitting tensile strengths were measured using the standard tests. 133 

 134 

2.1 Detail of Specimens 135 

 136 

The specimens were divided into three groups, and each group had three 137 

specimens. The first group was RPC solid columns, and the other two groups 138 

were composed of precast RPC outer walls of 25 and 50 mm filled with 139 

normal concrete NC. The aim is to use two categories of RPC tubes with thin 140 

and thick walls. Generally, the thickness of the feasible thinner wall is 25 141 

mm, so the steel reinforcement chosen was wires of small size. The second 142 

type of RPC is having thick walls that give an economical member. The first 143 

specimen in each group was without any reinforcement, while the second 144 

specimen was reinforced longitudinally with eight 4 mm deformed bars and 145 

laterally with 3 mm undeformed ties spaced 180 mm. The third specimen in 146 
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each group was reinforced longitudinally with the same number and size of 147 

bars while the ties were 90 mm spaced. Figures 3 and 4 illustrate the geometry 148 

of the specimens, RPC wall thicknesses, and the details of reinforcements as 149 

given in Table 1. 150 

 151 

 152 

Figure 3 Column specimens, (a) solid column, (b) hollow column with 50 153 

mm thick wall, (c) hollow column with 25 mm thick wall. 154 

 155 

 156 

    Figure 4 Reinforcement details with 180 mm and 90 mm spacing of ties. 157 

 158 

Table 1 Column specimen details 159 

180 mm

80 mm

180 mm

130 mm

180 mm

180 mm

3 mm
ties

4 mm
long.

RPC

NC

(a) (b) (c)

400 mm

84 mm
bars long.

3 mm @
180 mm

ties

(a) (b)

3 mm
@ 90 mm

ties
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Specimen 

RPC shell 

thickness 

(mm) 

Spacing of 

ties (mm) 

GST3 --- 180 

GH25T3 25 180 

GH50T3 50 180 

GST5 --- 90 

GH25T5 25 90 

GH50T5 50 90 

GSN --- --- 

GH25N 25 --- 

GH50N 50 --- 

 160 

2.2 Material and Mix Properties 161 

 162 

Ordinary Portland cement (ASTM Type I) was used in the production 163 

of concrete. The test results showed that the cement complied with the 164 

standard provisions. Silica fume has been used as an additive to the RPC 165 

mixes with 0.1% maximum chloride content. The partial replacement weight 166 

of cement by silica fume was 25% (ASTM C 1240, 2005).  167 

Fine sand known as glass sand with a maximum size of 800 μm was 168 

used for the RPC mix, while the NC mix contained fine natural sand of 4.75 169 
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mm maximum size and coarse aggregate with 10 mm maximum size. Tables 170 

2 and 3 illustrate the mixes of RPC and NC, respectively. All mixes and the 171 

curing process of the specimens used tap water. 172 

Adding a superplasticizer improved the workability and strength of 173 

the concrete. The superplasticizer is a third generation that meets the 174 

requirements of ASTM C 494 (2005). Mono-filament steel fibers are used 175 

with a length of 15 mm and a diameter of 0.2 mm as shown in Figure 5. The 176 

description and the properties of the steel fibers are given in Table 4. The 177 

specimens are lightly reinforced using 4 mm deformed steel bars for the 178 

longitudinal reinforcement, and 3 mm undeformed steel bars for the lateral 179 

reinforcement. The tensile test for 4 mm bars gave yielding and tensile 180 

strengths of 550 MPa and 603 MPa, respectively, and likewise for 3 mm bars 181 

it gave 680 MPa and 749 MPa, respectively. 182 

 183 

Table 2 Proportions of constituent materials in RPC mix. 184 

Parameter Concrete mix (1 m3) 

Cement (kg/m3) 900 

Quartz Sand(kg/m3) 990 

Silica fume (kg/m3) 225 

Silica fume % 1 25% 

Water (l/m3) 157.5 
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Water to cementitious ratio 

w/B 

0.16 

Superplasticizer (kg/m3) 67.5 

Superplasticizer % 2 6% 

Steel fibers (kg/m3) 156 

Steel fibers Vf % 3 2% 

1 Percentage of weight of cement. 185 

2 Percentage of cementations materials (cement + silica fume) weight. 186 

3 Percentage of mix volume. 187 

 188 

Table 3 Proportions of constituent materials in NC mix. 189 

Parameter )3m Concrete mix (1 

)3Cement (kg/m 460 

Fine Aggregate Sand 

)3(kg/m 

625 

Coarse Aggregate 

Gravel (kg/m3) 

969 

)3Water (l/m 216 

W/C Ratio % 0.47 

 190 
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 191 

Figure 5 Steel fiber sample 192 

 193 

Table 4 Properties of steel fiber 194 

Description Straight 

Length 15 mm 

Diameter 0.2 mm 

Density 37800 kg/m 

Tensile strength 2500 MPa 

Aspect ratio 75 

            195 

2.3 RPC and NC Properties 196 

 197 

To determine the compressive and splitting tensile strengths for RPC, twelve 198 

100×200 mm cylinders were used. Also, six 100×100×400 mm prisms were 199 

prepared and used for determining the flexural strengths of RPC at the age of 200 



 

14 
 

28 and 90 days. For NC, six 100×200 mm cylinders and three 100×100×400 201 

mm prisms were tested at 28-day age. Table 5 shows the testing results. Both 202 

RPC and NC specimens were cured in a water bath. The results in the table 203 

were taken as an average of testing of three specimens with an acceptable 204 

deviation as set in the standards. For example, the compressive strengths of 205 

28-day and 90-day age specimens were obtained after a series of trial tests 206 

with varying constituent material proportions. 207 

 208 

Table 5 Test results of control specimens 209 

Age 

(days) 

Compressive 

strength 

(MPa) 

Tensile strength 

(MPa) 

Flexural strength 

(MPa) 

RPC NC RPC NC RPC NC 

28 106.6 38.13 13.1 2.85 18.6 3.9 

90 124.0 --- 16.6 --- 23.8 --- 

 210 

2.4 Specimens Preparing and Testing 211 

 212 

The hybrid columns were prepared by vertical casting of RPC mix 213 

using plywood molds. Three mold shapes were made from plywood, as 214 

shown in Figure 6. After 60 days of curing of RPC tubes as shown in Figure 215 
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7, NC was infilled in the voids of the specimens. After another 28 days, all 216 

columns became ready for testing and were white painted. 217 

 218 

 219 

Figure 6 Molds for the column specimens 220 

 221 

 222 

Figure 7 Column specimen’s outer skin after hardening 223 

Keeping the even, flat, and level surface of the specimen ends is important to 224 

ensure uniform loading. The first precaution taken is to keep the evenness of 225 

the specimen ends directly after casting the fresh concrete mixes into the 226 

molds and allowing the concrete to compact using a convenient compacting 227 
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process. During the test of specimens, the main parameters of the behavior 228 

were recorded at every increasing step of loading. Lateral displacements were 229 

measured at the mid-height of the specimen by using two (0.01mm/div.) 230 

sensitivity dial gauges of 30 mm capacity attached to the outer faces. 231 

Readings from these gauges attached to the column at both loaded and 232 

unloaded side faces were recorded for each load stage. Also, a system of 233 

demic points was fixed on two opposite sides to get the results of the strains 234 

of the section. The columns were tested in a calibrated hydraulic machine of 235 

2500 kN maximum capacity. Figure 8 shows a general view of the eccentric 236 

edge load and the distribution of demic points on the section. 237 

 238 

Figure 8 Demec points distribution in edge loaded specimens: (a) side view 239 

(b) plan view. 240 

 241 

3. Results and Discussions 242 
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 243 

All specimens were subjected to edge eccentric loads, and the failure 244 

loads of all specimens are shown in Table 6. The first observation is that the 245 

failure load for the unreinforced hybrid specimens of 50 mm and 25 mm RPC 246 

shell thickness (GH50N and GH25N) are less by 46% and 50% of RPC solid 247 

column (GSN). It states a clear drop in strength, which is owed to the initial 248 

resistance exhibited by compressed walls only while the far side of the wall 249 

is almost not contributing to counteracting the compressive stresses. This 250 

behavior is in short columns while the long columns are anticipated to behave 251 

differently since the distribution of stresses will include the overall section in 252 

resisting edge stresses. This encourages extending the present investigation 253 

to cover the long columns in future studies.  254 

For the solid specimen (GST3) reinforced with 180 mm spacing ties, 255 

the strength reached 1494 kN, while for the hybrid column specimens with 256 

similar reinforcement (GH50T3 and GH25T3), the strengths were decreased 257 

by 43% and 50%. The strength of the solid specimen (GST5) of 90 mm 258 

spacing ties is 1598 kN, while in the hybrid specimens (GH50T5 and 259 

GH25T5), the strengths were decreased by 38% and 44% compared to the 260 

solid specimen. The above indicates that increasing the wall thickness plays 261 

a vital role in raising the ultimate strengths of the specimens, and this 262 

behavior will not be affected by providing light reinforcement ratios.     263 
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The results of the ultimate loads of the solid specimens indicate that both the 264 

longitudinal and lateral reinforcement give a 15%, and 23% increase in the 265 

strengths of GST3, and GST5 specimens compared with the unreinforced 266 

GSN specimen. Figure 9 shows the vertical strains on both the loaded side 3-267 

3 and unloaded side 1-1, while Figure 10 shows the lateral strains on the 268 

loaded side 4-4 and unloaded side 2-2. The load-lateral deflection behavior 269 

of solid specimens is shown in Figure 11. The unreinforced specimen was 270 

more ductile even with less ultimate failure load. That may be owed to the 271 

role of the reinforcement in reducing strains and deflections, which are 272 

followed by sudden crushing due to concentrated stress produced from edge 273 

loads. This finding involves increasing the steel reinforcement percentages in 274 

RPC columns to reduce the probability of sudden failures. The failure pattern 275 

of unreinforced specimen GSN is a diagonal crack as shown in Figure 12, 276 

which is an indication of no reinforcement that resists inclined stresses 277 

induced. The lightly reinforced solid specimens (GST3 and GST5) failed by 278 

crushing at the ends without major cracks developed in GST5, which suggests 279 

the significance of the lateral reinforcement to reduce the crack widths. 280 

 281 

Table 6 Capacity load of tested specimens 282 

Specimen 

Capacity 

Load (KN) 

GSN 1301 
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 283 

 284 

 285 

Figure 9 Load-vertical strain relationships for solid specimens 286 
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 288 

Figure 10 Load-lateral strain relationships for solid specimens 289 

 290 

 291 

Figure 11 Load-lateral deflection relationships for solid specimens 292 
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 294 

Figure 12 Failure modes of solid specimens: (a) Diagonal failure of GSN 295 

specimen, (b) End crushing failure of GST3 specimen, and (c) End crushing 296 

and bearing failure of GST5 specimen 297 

 298 

The hybrid specimen, GH50N, with 50 mm wall thickness and no 299 

reinforcement was compared with the lightly reinforced hybrid specimens, 300 

GH50T3 and GH50T5. The increase in strengths due to providing 301 

reinforcement is 21% and 43%, respectively. The load-vertical strain and 302 

load-lateral strain curves are shown in Figures 13 and 14. The load-lateral 303 

deflection is shown in Figure 15 where the non-reinforced specimen, GH50N, 304 

showed an approximately linear relationship. The strains are initiated linearly 305 

and then increased till sudden failure with diagonal cracks in the unreinforced 306 

specimen, GH50N, and vertical cracks in the lightly reinforced specimens, 307 

GH50T3 and GH50T5, till crushing at the ends, as shown in Figure 16. The 308 

crushing at the ends is more apparent in specimen, GH50T3, with less lateral 309 

reinforcement of 180 mm spaced ties than in specimen, GH50T5, with 90 mm 310 

spacing. 311 

(a) (b) (c) 
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 312 

 313 

Figure 13 Load- vertical strain relationships for hybrid specimens with 50 314 

mm wall thickness 315 

 316 

 317 

Figure 14 Load- lateral strain relationships for hybrid specimens with 50 318 

mm wall thickness 319 
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 321 

Figure 15 Load-lateral deflection relationships for hybrid specimens with 50 322 

mm wall thickness 323 

 324 

 325 

Figure 16 Failure modes of hybrid specimens with 50 mm wall thickness: 326 

(a) Diagonal and horizontal cracking failure of GH50N specimen, (b) 327 

Vertical cracking failure of GH50T3 specimen, and (c) Vertical cracking 328 

failure of GH50T5 specimen 329 
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For the specimens with hybrid sections with 25 mm wall thickness 331 

(GH25T3 and GH25T5) the reinforcement will increase the strength to 16% 332 

and 38% of the unreinforced specimen, GH25N. The load-strain curves are 333 

in Figures 17 and 18, where the strains on the loaded side are greater than that 334 

on the unloaded. The specimens start with relatively high stiffness till a point 335 

where cracks begin to appear. The steel fibers and steel reinforcement resist 336 

tensile stresses and try to prohibit the widening of cracks while the stiffness 337 

declines moderately. The effect of the light ratio of reinforcement on load-338 

deflection behavior is shown in Figure 19. The failure of the specimens 339 

begins with hairline cracks then develops to vertical splitting cracks and ends 340 

with crushing at the ends. The patterns of failure are shown in Figure 20.  341 

 342 

 343 

Figure 17 Load- vertical strain relationships for hybrid specimens 344 

with 25 mm wall thickness 345 
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 346 

 347 

Figure 18 Load- lateral strain relationships for hybrid specimens with 25 348 

mm wall thickness 349 

 350 

 351 

0

100

200

300

400

500

600

700

800

900

1000

-0.005 -0.004 -0.003 -0.002 -0.001 0 0.001 0.002 0.003 0.004

L
o
a
d

, 
k

N

Strain, mm/mm

GH25N

GH25T3

GH25T5

2-2 4-4

0

100

200

300

400

500

600

700

800

900

1000

0 0.5 1 1.5 2 2.5 3

L
o
a
d

, 
k

N

Deflection, mm

GH25N

GH25T3

GH25T5



 

26 
 

Figure 19 Load-lateral deflection relationships for hybrid specimens with 25 352 

mm wall thickness 353 

 354 

 355 

Figure 20 16 Failure modes of hybrid specimens with 25 mm wall 356 

thickness: (a) vertical splitting cracking failure of GH25N specimen, (b) 357 

Vertical splitting cracking failure of GH25T3 specimen, and (c) Vertical 358 

splitting cracking failure of GH25T5 specimen 359 

 360 

4. Conclusions 361 

 362 

The most important goal of the experimental program in this research 363 

is to determine the strength and behavior characteristics of the hybrid 364 

compression members subjected to eccentric edge loading. From the 365 

experimental tests, the following conclusions are worth mentioning. 366 

As expected, the hybrid specimens gave a lower load capacity than the 367 

RPC solid columns. For reinforced solid columns, both the vertical and lateral 368 

strains were much higher than those of reinforced hybrid columns. This can 369 

(b) (a) (c) 
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be considered as an advantage for the solid members over the hybrid 370 

members, which can be beneficial for the load distribution in the case of the 371 

partial or patch loading in the compression members. The load distribution is 372 

important in some applications like load transfer in precast concrete 373 

members. The results showed that the reinforcement will be more effective 374 

in the solid specimens and with specimens with larger thicknesses. So, it is 375 

recommended to use reinforcement even in minimum percentages to enhance 376 

the behavior of RPC columns with eccentric loading.  377 

For all columns, the first cracks of hairline type appeared at the 378 

tension face of the mid-height of the specimen and were curbed from further 379 

major propagations due to the effect of steel fiber. It was noticed that the first 380 

cracks are additionally delayed in the reinforced specimens. The failure was 381 

by spalling and crushing at the compression side in the solid and 50 mm thick 382 

walled hybrid specimens, while in the 25 mm thick walled specimens, the 383 

cracks developed instantaneously at both sides till splitting of the walls and 384 

disintegration between the outer RPC shell and the NC core. The contribution 385 

of the steel fiber content was clear by reducing the number and spread of the 386 

cracks. Due to both the steel fiber and reinforcement effects, the strength and 387 

stiffness were increased. In the non-reinforced specimens, a sudden-type 388 

failure occurred even with the steel fibers contained. The reinforced solid 389 

columns were stiffer than the other types at the initial load stages. The 390 

stiffness was increased for the hybrid specimens by increasing the RPC shell 391 
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thickness from 25 mm to 50 mm. It means that RPC shares in increasing 392 

stiffness, and it reduces ductility. In the pre-failure loading stage, the ductility 393 

improves for the reinforced solid specimens and the hybrid specimens with 394 

the increasing thickness of the RPC shell of the hybrid column specimens. 395 

That prompts the recommendation of increasing the steel ratios in conditions 396 

of seismic or dynamic loading.  397 

It is recommended to extend the scope of the present study to cover 398 

the long columns. The effect of slenderness on the hybrid specimens with 399 

edge loading will behave in a different manner. The length of the stress 400 

trajectories induced from patch loading will affect the load distribution. It is 401 

expected to extend the findings of the present research. 402 

 403 
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