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ABSTRACT

In this paper, a comprehensive investigation of the behavior of slender hybrid reinforced concrete
columns consisting of self-compacting normal concrete (SC-NC) and reactive powder concrete (SC-
RPC) shells with eccentric compression at different eccentricity ratios is presented. Three eccentricities
(0.25, 0.65, and 0.9) were used to carry out these tests on six specimens, divided into three groups
according to the eccentricity ratio. Each group included one reference specimen with a conventional SC-
NC shell and one hybrid specimen with an RPC shell. The results showed that RPC contributed to the
axial load capacity, and moment capacities. It is found that axial capacity increased by 57.8%, 21.1%,
and 46.9% for small, medium, and large eccentricities, and moment capacity can increase by up to 56%.
The RPC-reinforced specimens demonstrated higher absorption energy and lower lateral deflections.
The results validate the effectiveness of RPC to improve the structural performance and behavior of
hybrid columns subjected to eccentric uniaxial loading and the findings may offer relevant insights for
applications in seismic-resistant and high-rise structures.
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so on. Being relatively small in transverse sectional
dimension and having advantages of design flexibility

RC columns are generally divided into two types in terms
of their slenderness, namely slender and short columns,
which are widely used in structural design of modern
architectural buildings like high-rise buildings, large
shopping malls, multilayer car parks, sports stadiums and
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and space saving, slender RC columns are prone to be
more unstable because of the interaction of axial forces
and bending moments (1-3). In order to overcome these
structural drawbacks, there has been great effort to
develop slender hybrid and composite columns by
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combining different material characteristics for the
improvement of the mechanical behaviors and the failure
resistance.

A large number of studies have investigated on the
structural behavior of composite column systems,
especially those with embedded I-section steel profiles in
concrete matrix (4-7). Meanwhile, extensive amount of
research attention has also been directed to fill concrete-
filled steel tube (CFST) columns, with a steel tube
boundary and a concrete core (8-13). Furthermore, the
mechanical properties of S-CFATCs have been studied
extensively in recent years, Some experimental and
analytical studies are introduced (14-19).

Hybrid columns (HC), which consist of ordinary
concrete core encased with high strength concrete shell,
ara an advanced structural form to improve the axial
performance (20, 21). This type of hybrid column is
considered an advanced structural configuration as it
combines the benefits of high-strength concrete with the
practicality and cost-efficiency of normal self-
compacting concrete in a composite section, aiming to
optimize both performance and material economy. The
shell serves a two-fold purpose: structurally it can resist
up to 40% of the overall axial load and functionally, it
enables environmental protection for the embedded steel
reinforcement, reducing the potential for corrosion and
thermal stresses. As a result, any type of shell damage
(whether in the form of surface cracking or material
weakening) may adversely affect the strength and overall
behavior of the column system (22).

The mechanical behavior of an outer high-strength
concrete shell and an inner core may be developed to be
full or partial bond in hybrid columns, and will perform
differently. Early research work, for example that of Alj,
and Mohammed (23), Ali (24), have scrutinized the
effects of partial bonding on the ultimate behavior of
short hybrid RC columns.

Ali and Mohammed (23) studied the effect of the RPC
shell on axial capacity of hybrid columns under eccentric
loading based on changing precast RPC shell with
normal-strength concrete cover thickness. The results
showed that the capacity of the load was improved by
about 11% by increasing the shell thickness from 25 mm
to 50 mm. The presence of both longitudinal and
transverse steel reinforcement also enhanced the ductility
and capacity at failure of the members, relative to the
unconfined specimens. Also Ali (24) studied the behavior
of hybrid columns as external energy-dissipating and
self-centering systems by introducing the application of
an epoxy layer for high-strength outer shells connected to
the precast core. All of these columns were subjected to
axial compression followed by eccentric compression,
resulting in significant enhancements in ultimate
capacity, varying from 28% up to 80% in concentric
loading conditions (depending on the compressive

strength of the shell). There were also comparable
performance improvements with eccentric loading.

There has been a substantial literature published such
as Ali and Mahdi (25), Resheq (20), Hamid et al. (26),
Al-Zuhairi et al. (21), Mohammed et al. (27) and Mufja
(28), studying the structural behavior of hybrid
reinforced concrete columns with good bond quality
between the high strength outer shell and the normal
strength concrete core. The enhancement in axial
capacity is attributed to the high strength of the outer
shell, confinement effects, and stress redistribution due
to full bonding between the core and outer layers.

Ali and Mahdi (25) also explored the effect of various
outer shell concrete types—high strength concrete (HSC)
and steel fiber reinforced concrete (SFRC) and e/h ratio
on behavior of this type of structures. His conclusions
were in favor of better shell quality as a noticeable
improvement in strength and efficiency. The HSC-
wrapped specimens showed a strength increase of 3.74%
and 21.08% at eccentricity ratios of 1/3 and 1/2,
respectively, whereas SFRC strengthened columns
showed strength enhancement of 3.74% and 11.11%,
respectively. Resheq (20) studied the axial behavior of
hybrid concrete column subjected to axial loading by
taking the diameter ratio of the concrete columns (NC)
and (SCC) components. Results showed that the decrease
of the NC core diameter along with the enlargement of
the SCC shell can improve axial load capacity by about
70%. On the other hand, an increase in the NC shell with
a decrease in the SCC core resulted in only ~20%
enhancement. Al-Zuhairi et al. (21) analyzed the
structural performance of varying hybrid ratios in short
columns under biaxial loading. Their study also found
that hybrid CFT columns displayed a 33.5% increase in
ultimate capacity compared to their nonhybrid
counterparts. Moreover, the load-bearing capacity was
increased by 38% at 0.16 hybrid ratio after the hybrid
ratio was decreased from 0.36 to 0.16, and estimated
axial strain also decreased significantly in the similar
loading conditions. Hamid et al. (26) investigated the
effects of core and transverse reinforcement diameters in
short hybrid columns, which consist of ordinary concrete
core located between 40 mm RPC layer. This
combination enhanced the axial load capacity of the
concrete specimens by an impressive 179 per cent
compared to standard concrete blocks. Their results also
showed that transverse reinforcement had a greater
impact on structural strengthening than longitudinal
reinforcement.

Previous studies have demonstrated that the
mechanical response of hybrid columns with outer high-
strength shells varies significantly depending on bonding
conditions and shell configuration. These investigations
primarily focused on enhancing axial capacity through
shell thickness, reinforcement detailing, or interface
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treatment, yet further exploration is still needed to
evaluate composite performance under eccentric loading
in vertically cast systems.

Recent studies have further confirmed that the
structural performance of hybrid concrete columns is
significantly influenced by the shell type, hybrid ratio,
and reinforcement configuration. Improvements in axial
strength across various configurations highlight the
importance of shell-core interaction, yet comprehensive
evaluations under biaxial or eccentric conditions remain
limited.

Two commonly practiced methods of producing
hybrid columns are widely referred to the literature. The
first utilizes a core of plain or low-strength concrete
concentrically surrounded by a layer of high-strength,
fiber or non-fiber reinforced concrete. This results in a
two-concrete cross section optimized for better structural
effectiveness.

The hybridized sectioned variables also depend
drastically on the rheology of both the concretes. They
must, in fact, have been sufficiently fluid and cohesive to
permit the outer shell to be cast effectively and remain
continuously  bonded.  Shortcomings in these
requirements may lead to chemical homogeneity loss and
then structural integrity damage (29-31). Therefore, the
use of SCC for the core and the shell could result in better
homogeneity and interface compatibility. However, the
axial deformation behavior of SCC-contained hybrid
columns is not well addressed in the literature to date. A
thorough experimental research is necessary to
investigate the performance of such systems in axial
loading, especially when both concretes meet the
requirements of the SCC.

Although empirical work covering the biaxial
behavior of long hybrid columns made with self-
compacting concrete has been searched for, at the time of
this writing there is no literature on their performance.
This represents a substantial lack of knowledge of
uniaxially loaded hybrid systems behavior, in particular
when a complete bond between core and shell is
supposed.

Thus, The aim of this study is to experimentally
assess the structural performance of slender hybrid
columns under eccentric loading, focusing on full-bond
interlocking behavior. Recent investigations have
highlighted the strategic role of advanced hybrid systems
in enhancing structural resilience and controlling
dynamic responses, particularly in seismic-prone and tall
structures, motivating further exploration into their
flexural and energy dissipation behavior (32, 33).

2. TEST SPECIMEN

The models used in this investigation were long RC
columns of 140 x 140 mm cross-section and a total height

of 1260 mm. Four 10 mm diameter longitudinal steel bars
were placed throughout the length of each column,
resulting in a reinforcement ratio (p) of 1.6%. The 22.5
mm thick on the concrete covers. This detailing adhered
to the minimum reinforcement regulations specified in
ACI 318-19 (1). The steel bars employed had a yield
strength of 630 MPa and a modulus of elasticity of 200
GPa. Close links of 6 mm diameter were provided at 140
mm spacing over height of each column. A plan of the
specimen with its dimensions and the reinforcement
detailing is presented in Figure 1.

Uniaxial eccentric loading was applied by attaching a
pair of corbels to the end of each column, as depicted in
Figure 1. These corbels were arranged to carry the full
load of the columns and to ensure that the failure takes
place in the mid-span area. Corbel cross section was 260
x 260-mm square and 280-mm deep. In order to
accomplish objectives of this study a particular test set-
up has been developed to simulate the behavior of long
columns under eccentric load. This arrangement was
made to have load carried, and failure to occur on, the
targeted test zone at the center height of the column. The
specimens were positioned near the corbel edge to apply
the required eccentricity (e/h). The center of gravity (CG)
of each cross-section was calculated, and the load was
aligned accordingly to ensure consistent eccentric
loading.

3. TEST MATRIX
The test matrix of this study, conducted on six specimens,

is given in Table 1 and specimens were bilaterally
identical. Key parameters were the type of concrete of the
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Figure 1. Details of reinforcement for hybrid self-
compacting concrete columns
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external shell and the degree of loading eccentricity. The
specimens subjected to uniaxial eccentric loading were
categorized into three groups according to the
eccentricity ratio; small, intermediate and large. The
types were also named as follows:

e UEI for a small eccentricity ratio (E1 = ex/bx =

0.25)
e UE2 for a moderate eccentricity ratio (E2 = ex/bx =
0.65)

e UES3 for a high eccentricity ratio (E3 = ex/bx = 0.9)
where, (ex) is the eccentricity in millimeters and (bx) is
the width of the column section. The symbol "U"
signifies that the specimens were subjected to uniaxial
eccentric loading.

Each group consisted of two samples; one reference
and one hybrid sample. The control specimens were
identified as NUE1, NUE2 and NUE3; and they were
produced using self-compacting normal concrete. These
served as control specimens. The hybrid elements with
the RPC in the shell were denoted as RUE1, RUE2,
RUE3, which represent minor, medium, large eccentric
distance ratios, respectively. The letters "N" and "R" refer
to normal self-compacting concrete and self-compacting
reactive powder concrete for the outer section,

respectively. Details and the test matrix are given in
Table 1.

For future research, it is advisable to explore a larger
number of concrete strengths and reinforcement
densities, concrete cover sizes and eccentricities in the
two principal directions of the section.

4. SPECIMEN INSTRUMENTATION

Specimens were tested under uniaxial eccentric loading
in a 3000-kN-capacity testing machine. Loading tests
were performed on all columns to failure under
increasing load control. An  instrumentation
configuration per specimen is depicted in Figure 2.
Linear Variable Differential Transformers (LVDTs)
were installed to record the lateral displacements, while
electrical strain gauges were applied to record the
longitudinal strains in the reinforcement located in the
mid-height of the columns, as depicted in Figure 2.
The LVDTs were placed on the tension (long) side of the
model at three locations: bottom (0), middle (*2), and top
(full effective length) of the member to record the lateral
displacement along the longitudinal direction.

TABLE 1. The test matrix for uniaxial loading

Self-compacting Hybrid concrete (SC-HC)

Group Eccentricity ratio Outer Shell concrete Inner Core concrete designation
Concrete type Grade (Mpa) Concrete type Grade (Mpa) Specimens
/by =025 SC-NC 33.79 NUEI
1
(compression-controlled failure) SC-RPC 88.86 RUE1
e/by = 0.65 SC-NC 33.79 NUE2
2 . . SC-NC 33.79
(tension-controlled failure) SC-RPC 88.86 RUE2
e/by=0.9 SC-NC 33.79 NUE3
3
(tension-controlled failure) SC-RPC 88.86 RUE3
= At mid-height, gauges SG #1 and SG #2 were pasted
‘ X ]E to measure strains in the steel bars at the tension and
S o N compression sides respectively.
N Strain gauges were placed at mid-height where
L maximum axial strain is typically observed in slender
S62. M| 561 columns. LVDTs were positioned at mid-span to capture
N ] 42 — the highest lateral deflection, and net readings were
= net=A2- Aave.

Aave.=(A1+A3)2

i ‘._‘%VTM | 7
B L

Figure 2. Arrangement of LVDTs and strain gage on
longitudinal reinforcement for specimens

calculated by subtracting the middle LVDT value from
the average of the other two to eliminate the effect of
cross-section rotation and localize measurements
between the corbels.

All LVDTs and strain gauges were calibrated
according to the manufacturer’s procedures prior to
testing. The measurement uncertainty was within £0.05
mm for LVDTs and +1 pe for strain gauges, ensuring
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reliable data collection throughout the experiment.

Load was increased to failure in 10 kN increments.
All recorded load, strain and displacement data during
testing were stored on a computer by data acquisition
systems (DAQ) incorporated in the testing machine.

5. TEST SETUP

Figure 3 Test setup for loading to each of the specimens.
The load was applied by hydraulic jack through the two-
loading caps with semicircular grooves. Hinged
connections were used at each end of the columns. Each
loading cap was comprised of a top plate (270 x 150 x 40
mm) attached to two side plates (270 x 150 x 10 mm) and
two half side plates (150 x 150 x 10 mm). This model
was developed in order to prevent stress concentration
and early failure in the load path.

Eccentricity was applied and slip was prevented by
seating a circular steel rod within semicircular grooves
machined in the top loading plate. This configuration
acted as a hinge, ensuring stable eccentric loading and
allowing rotation. The setup is illustrated in Figure 3.
Semicircular cuts were made in the top plates of the caps
at defined locations. This resulted in the possibility of
controlled uniaxial eccentric loading, depicted in Figure
3. The grooves facilitated the load transmission path only
through the plate surfaces of the semicircular grooves,
which was useful in the case of equal load transfer during
testing.

6. MATERIAL

Multiple trial mixes were adopted to cast an appropriate
self-consolidating concrete and the optimum mix design
was chosen following EFNARC (33). Two of the original
mixes were used in this experiment: Mix 1 is a reference

Figure 3. Test setup and loading condition

mixture that is typical concrete having a 30 MPa
compressive strength and Mix 2 is RPC6380, with 90
MPa in compressive strength.

The specific ingredients for the two mixes are given
in Table 2. Type I ordinary Portland cement in
accordance with ASTM type I and Iraqi standard (IQS
5/2019) was used in all mixtures. The coarse aggregate
was crushed natural stone with a maximum size of 10 mm
and a sulphate content of 0.06%. The fine aggregate used
was crushed stone sand (of 3.5 FM) with sulphur content
of 0.12 %.Silica fume (SiO: content:92%) was adopted
as a cementitious replacement material. Straight steel
fibers of 13 mm length and 0.2 mm diameter were
utilized, which had an aspect ratio (I/df) of 65 and a
tensile strength of 2500 MPa.

In order to make it workable and strong enough to be
accepted as a self-compacting concrete all mixes were
improved with superplasticizer of high efficiency based
on modified polycarboxylic ether (Master Glenium 54)
furnished by MBCC GROUP. The admixture is brown in
colour and the specific gravity is 1.07 and the pH is
between 5 and 8 as indicated by technical datasheet. It
meets the requirements of ASTM C494 type F and G
(34). The dosage was varied to ensure that each mix gave
a slump flow of higher than 600 mm, which is the value
required forself-compactingconcrete (33).

The 28-day compressive strengths of Mixes 1 and 2
were obtained as 33.79 MPa and 88.86 MPa,
respectively. The longitudinal steel was deformed bars
(Grade 520) of 10 mm diameter and a yield strength of
630 MPa. Shear reinforcement consisted of 6-mm-dia
plain steel bars (i.e. with a yield strength greater than 520
N/mm?). Mechanical properties of the reinforcement
used in the tested specimens are summarized in Table 3.

TABLE 2. Mix proportions of self-compact concrete mixes

Mixes

Material

SC-NC SC-RPC
Cement (Kg/m?) 360 950
Sand (Kg/m?) 780 1050
Gravel (Kg/m?) 830 /
Water (Kg/m®) 158.5 209.76
Water/Cement ratio 0.44 0.184
MasterGlenium 54 (Kg/m3) 6.4 45.6
Silica fume (Kg/m?) / 190
Silica fume( %) / 20%
Steel fiber (Kg) / 78.5
Steel fiber (%) / 1%
Compressive strength(28-days) (MPa) 33.79 88.86
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TABLE 3. Mechanical properties of composite reinforcement

Reinforcement Yield strength Ultimate strength
Diameter (6 mm) 526 580
Diameter (8 mm) 354 561
Diameter (10 mm) 630 691

7. CASTING COLUMN SPECIMENS

All column specimens were cast in the vertical direction.
For the hybrid reinforced concrete (RC) columns, a
square aluminum tube (100 x 100 x 1.5 cm) was installed
in the steel mold as a core form. This tube isolated the
core concrete from the shell concrete during casting. At
its top it was pressed against the steel mold edges to keep
it from lateral movement and facilitate its breakaway
once cast. The conventional RC columns, on the other
hand, were cast at once and have no internal aluminum
tube. Complete bonding between the core and the outer
shell was ensured by casting both layers simultaneously
in a fresh-to-fresh condition. Figure 4 explained cross-
section in hybrid self-compacting concrete columns.

8. RESULTS

8. 1. Loads - Lateral Deflection Results From
Figures 5 to 7, one can observe the influence of outer
shell concrete type of the hybrid columns on the behavior
under uniaxial eccentric loading in load-lateral deflection
at mid-height. These are the first, second, and third sets
of specimens with the eccentricity ratios (e/h =0.25), (e/h
= 0.65), and (e/h = 0.9), respectively. The outer shell
material was per each group shifted from self-
compacting normal concrete (SC-NC) to self-compacting
reactive powder concrete (SC-RPC).

The lateral deflection was measured utilizing three
LVDTs (two at the starting and ending point of the test
area and one at center height). The net midpoint
deflection was accordingly determined.

Experimental results for specimens with uniaxial
eccentric loading are summarized in Table 4 and shown
in Figure 8. The obtained Pu, Au, and the percent of
change of Pu in comparison to control specimens are

(SC-NC)

(SC-RPC)

Hybrid cross-section
(SC-RPC) + (SC-NC)

Figure 4. Explained cross-section in hybrid self-compacting
concrete columns

displayed in the tabulated form. The findings revealed
that the replacement of liner of normal concrete (NC)
with reactive powder concrete (RPC) has significantly
improved the axial load performance. With the small
eccentricity (ex/bx = 0.25), the RUE1 was increased by
57.837% more than that of the control sample
(NUE1).For moderate eccentricity (ex/bx = 0.60), RUE2
showed an enhancement of 21.052% relative to
NUE2.For a large eccentricity (ex/bx = 0.9), a 46.89%
increase in axial capacity compared to the reference
sample NUE3 was achieved by RUE3.

Although each group included only two specimens,
the percentage variation in peak load values ranged from
approximately 19% to 45%, which is within acceptable
experimental limits and supports the qualitative
reliability of the results.

Although the specimen with e/h = 0.90 (RUE3)
experienced the highest eccentricity, its performance in
terms of flexural resistance was enhanced by the tensile
strength and post-cracking behavior of the RPC shell.
The embedded fibers within RPC contributed to stress
redistribution by bridging micro-cracks, thereby
improving ductility and sustaining load after cracking. In
contrast, RUE2 (e/h = 0.65) was also subjected to tensile
stresses but to a lesser extent, which may have limited the
activation of fiber bridging mechanisms, resulting in
earlier failure under a higher peak load (180.94 kN for
RUE2 vs. 144.02 kN for RUE3). Meanwhile, RUE1 (e/h
= 0.25) failed primarily due to compressive crushing, as
the nearly concentric load induced high axial
compressive stresses with minimal tension development.

TABLE 4. The experimental findings (ultimate load and
displacement) for uniaxially loaded specimens

No. Specimen Pu (kn) Ay(mm) Increase in Pu %
1 NUEI 467.27 7.655 0
2 RUEI1 737.52 6.281 57.837
3 NUE2 180.94 20.07 0
4 RUE2 219.04 20.64 21.052
5 NUE3 98.037 17.52 0
6 RUE3 144.02 26.03 46.898
800
. e NUE 1
Z 600 = RUE1
S 400
©
S 200
0
0 5 10 15 20

Lateral disp.(mm)

Figure 5. Loads-Lateral deflection curves for low
eccentricity ratio (¢/h=0.25)
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Figure 6. Loads-Lateral deflection curves for medium
eccentricity ratio (e/h=0.65)
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Figure 7. Loads-Lateral deflection curves for large
eccentricity ratio (e/h=0.9)

RUE3 |ess = 144.015
NUE3 |ms = | 98.037

RUE2 s = 219.038
NUE2 |l = 180.944

RUEL M_ 737.521
NUEL § == = 467.266
0 200 Loa4é)8<N) 600 800

Figure 8. Ultimate load for column’s specimens

8. 2. Longitudinal Steel Reinforcement Strains
Figures 9, 10, and 11 show how the longitudinal strain
changed on both the compression and tension sides at the
mid-height of the specimens in groups one, two, and
three, respectively. These figures reveal that, in the
uniaxial specimens, the tensile reinforcement reached
yield before failure. For small eccentricity (e/h = 0.25),
yielding happened at 92% of the ultimate load in
specimen NUEI and 97% in RUEL. This is because the
applied eccentricity was small and below the balanced
eccentricity of the section. At medium eccentricity (e/h =
0.65), the steel yielded at 87% of the ultimate load in
NUE2 and at 88% in RUE2. This was due to increased
section rotation, larger deflections, and an eccentricity
higher than the balanced value. For large eccentricity (e/h
= 0.9), yielding occurred at 81% of the ultimate load in
NUE3 and 76% in RUE3. The lower values were caused

by even more section rotation and significantly higher
deflections, with the eccentricity well above the balanced
level.

In all uniaxial specimens it was obvious that the
compression reinforced concrete had not yielded. This
means that the failure mode was controlled by tension,
rather than un-restrained compression.

Thus the failure mode was ductile, and the influence
of the level of eccentricity, the same as that for the
tension reinforcement, and the position of the tension
reinforcement near the outermost tension fiber were
significant.

For uniaxially loaded columns, the maximum tensile
stress generally occurs on the outer tension surface,
leading to failure by yielding of the tensile steel prior to
the occurrence of compressive concrete failure.

8. 3. Moment-curvature Relationship All
specimens were loaded under eccentric compression,
resulting in uniaxial bending. The moment—curvature
relationship was studied in the principal direction of the

800

700 NUE1

600 I \e———RUE1
500 !

00 |
| 0 |

Comp

LOAD (KN)

. 2 Tension
ig 100 side

| 0 |
-0.004 -0.002 0 0.002 0.004 0.006
STRAIN

Figure 9. load -longitudinal steel strain curves for medium
eccentricity ratio (e/h=0.25)

I250 |
I225 i
12
1
— 150
€ s
E | RUE2
g I10 NUE2
- (75 = = = vyield strain
Comp. Tension
side b side
o
-0.005 _»5 0 0.005 0.01 0.015 0.02
STRAIN

Figure 10. load -longitudinal steel strain curves for medium
eccentricity ratio (e/h=0.65)
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Figure 11. load -longitudinal steel strain curves for medium
eccentricity ratio (¢/h=0.90)

cross sections. Figures 12, 13 and 14 present the moment-
curvature curves of the first and second groups of
specimens and the third group of specimens respectively.

The bending moment (M) was given by the product
of the applied load (P) and the true eccentricity. This true
eccentricity was calculated by addition of the initial set
eccentricity (e) to the critical net lateral deflection at mid-
height (A) obtained in the prior stage. It is computed in
Equation 1.

Mu= P(e+A) M

Curvature along the cross-sectional axis of the specimens
was reported in a previous study. These curvatures were
estimated using Equation 2,which assumes that plane
sections remain plane after bending. Curvature (¢p) was
calculated as follows:

@i = (&si- €sei )/d 2

Where (g4i) denotes the longitudinal strain in the tension
reinforcement, (&si) represents the longitudinal strain in
the compression reinforcement, and (d) is the centre-to-
centre distance of compression and tension
reinforcements (114 mm for uniaxially loaded
specimens).

A summary of the test results of the specimens subject
to uniaxial eccentric loadings is also given in Table 5 and
Figure 15. Data consist of the peak axial load (Pu), the
lateral displacement at that peak load (Au), and the
ultimate bending moment, which is calculated as: Mu =
Pu x (e + Au). The table is also providing the percent
increase or decrease in the bending moment (Mu).

The findings indicated that higher concrete strengths
for the outer shell in hybrid sections resulted in enhanced
flexural performance. In contrast, greater eccentricity
ratios resulted in an appreciable decrease in the bending
strength.

The substitution of the external shell veneer by
reactive powder concrete (RPC) resulted in an evident
increase of the flexural capacity. At low eccentricity ratio
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Figure 12. Moment-curvature curves for medium
eccentricity ratio (e/h=0.25)
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Figure 13. Moment-curvature curves for medium
eccentricity ratio (e/h=0.65)
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Figure 14. Moment-curvature curves for medium
eccentricity ratio (e/h=0.9)

(ex/bx = 0.25), specimen RUE1 evidences an increase in
resistance of 52.75% over the control specimen NUEI.
For the medium eccentricity (ex/bx = 0.65), RUE2
was 21.71% higher than NUE2. When the eccentricity
ratio was large (ex/bx = 0.9), RUE3 was 55.99% higher
than NUE3. These results are plotted in Figure 16. no
analytical M—N interaction model was included due to
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TABLE 5. Experimental findings (bending moment with curvature) for uniaxially loaded specimens

No. Speci-men Pu (kn) Ay (mm) Mu= Pu* (A, +e) (kn.m) Curvature (1/mm) Increase in Mu (%)
1 NUE1 467.27 7.655 19.931 6.47E-05 0
2 RUE1 737.52 6.281 30.445 6.58E-05 52.751
3 NUE2 180.94 20.07 19.011 9.32E-05 0
4 RUE2 219.04 20.64 23.139 6.02E-05 21.713
5 NUE3 98.037 17.52 13.482 7.86E-05 0
6 RUE3 144.02 26.03 21.031 1.79E-04 55.993
the complex hybrid cross-section and the nonlinear
RUE3 [ = 21.031 behavior under high eccentricity.
NUE3 | = 13.482
8. 4. Evaluation of P-A Effectiveness To assess
RUE2 . 23,139 the impact of geometric nonlinearity in the tested slender
— .
— — columns, the second-order P-A moment was calculated
NUE? s = 19011 as the product of peak axial load and the corresponding
lateral displacement. This additional moment, arising
LIS =——— 30.445 from lateral instability, was compared with the primary
NUE] | =  19.931 eccentric moment to determine its relative influence.
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Figure 15. bending moments for column’s specimens
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Figure 16. bending moments percentage according to
reference specimens

As presented in Table 6, the P-A amplification ratio
ranged between 12.21% and 18.49% across all
specimens. These values confirm the noticeable effect of
second-order behavior, especially in models subjected to
higher eccentricities and larger deflections such as RUE2
and NUE2. In such cases, the additional moment
significantly increased the internal moment demand,
potentially accelerating failure due to lateral instability.

8. 5. FLEXURAL Energy Absorption The flexural
energy absorption, estimated from the area under the
moment—curvature (M—¢) curves, showed varied trends
depending on the eccentricity ratio (e/h). For e/h = 0.25,
the hybrid specimen (RUE1) absorbed more energy
(2.423 kN) compared to the SC-NC specimen (NUEI:
1.725 kN). At e/h = 0.65, the SC-NC specimen (NUE2)
exhibited greater absorption (3.850 kN) than its hybrid
counterpart (RUE2: 2.389 kN). At the highest
eccentricity (e/h = 0.90), the hybrid specimen (RUE3)
again showed superior energy absorption (3.092 kN vs.

TABLE 6. P-A Moments and Amplification Ratios

Specimen Pu (KN) e (mm) A (mm) M. A% 1N M otal P-A ratio {%}
NUE1 467.27 35 7.66 16.35 3.58 19.93 17.95
RUEI 737.52 35 6.28 25.81 4.63 30.45 15.22
NUE2 180.94 91 20.07 16.47 3.63 20.10 18.07
RUE2 219.04 91 20.64 19.93 4.52 24.45 18.49
NUE3 98.037 126 17.52 12.35 1.72 14.07 12.21
RUE3 144.02 126 26.03 18.15 3.75 21.90 17.12
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1.804 kN for NUE3). These findings highlight the
influence of eccentricity on the flexural performance of
hybrid sections, especially in enhancing post-cracking
resistance. Figure17 show Energy of specimens.

8. 6. Mode of Failure Photographs of the tested
columns under uniaxial eccentric loading are shown in
Figure 18. A summary on observed failure modes and
respective descriptions ara given in Table 7. In general,
the tested sections presented flexural failure, that was
strongly affected by the eccentricity also with respect to
its value and position.

RUE3 3.092
NUE3 1.804

RUEZ e | 3.850
NUE2 2.389

RUE1

NUE1

0.000 1.000 2.000 3.000 4.000 5.000
Load (kN)

Figure 17. Energy for column’s specimens

TABLE 7. Failure modes of specimens

Specimens  Failure modes Description

NUEI Compression Suddenly concrete crushing in
failure upper third of the column
Suddenly concrete crushing in
RUEL Compression  upper region of the column and a
failure wide crack in upper third of the
column.
The appearance of cracks along
Flexural — the column in the tension zone,
NUE2 compression  with gradual concrete crushing in
failure the middle third in the
compression zone.
Flexural - The appearance of cra(':ks along
RUE2 ductile Buckling ¢ column in the tension zone,
failure with Ylslbl'e wide cracking in the
— mid-height of the column
The appearance of cracks along
Flexural — the column in the tension zone,
NUE3 compression  with gradual concrete crushing in
failure the middle third in the
compression zone.
Thin cracks are densely
RUE3 Flexural failure  distributed along the length of

the column.

Figure 18. Failure modes

9. CONCLUSION

This study experimentally investigated the structural
behavior of slender hybrid reinforced concrete columns
composed of a self-compacting core and outer shells
made of either self-compacting normal concrete (SC-NC)
or reactive powder concrete (SC-RPC), under uniaxial
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and biaxial eccentric axial loads. Based on the obtained
results and analysis, the following conclusions are drawn:

1.

Substituting the SC-NC shell with SC-RPC
significantly enhanced axial capacity. Compared to
reference specimens, the axial load increased by
57.8%, 21.1%, and 46.9% for low (e/h = 0.25),
moderate (0.65), and high (0.90) eccentricities,
respectively, indicating the superior compressive
performance of RPC in confined hybrid sections.
Moment capacity increased by 52.75%, 21.71%, and
55.99% at the respective eccentricities above. The
improvement  highlights  RPC's  significant
contribution to flexural resistance, especially under
high moment demands.

Second-order effects (P-A) became more
pronounced with increasing eccentricity. The
amplification ratio ranged from 12.21% to 18.49%,
with hybrid columns (SC-RPC) exhibiting better
control over lateral displacements, thus minimizing
instability due to geometric nonlinearity.

The area under the moment—curvature (M—¢@) curve
showed enhanced energy dissipation in SC-RPC
sections. Compared to SC-NC, the absorbed energy
increased by 40.5% (RUEL), decreased in the mid-
eccentricity case (RUE2), and peaked at +71.4% for

RUE3, reflecting the efficient post-cracking
performance of RPC in highly eccentric
configurations.

With increasing eccentricity, failure shifted from
compression-dominated  to  tension-controlled
modes. RPC specimens exhibited higher curvature at
peak loads, smoother softening behavior, and
improved ductility. The failure pattern transformed
from brittle crushing to more ductile flexural modes,
ensuring more controlled and safer deformation.

Hybrid columns subjected to uniaxial eccentric
loading maintained overall stability. Damage was
more localized, and RPC-based sections exhibited
superior lateral resistance compared to their SC-NC

counterparts.
Load—deflection and M—¢ curves confirmed that SC-
RPC columns experienced reduced lateral

deformation and more energy-dissipative behavior,
especially under severe eccentricities.

The use of RPC in hybrid slender columns is
promising for seismic-resistant and high-rise
construction where ductility and energy absorption
are vital. These findings underline the practical
benefits of RPC beyond basic strength enhancement.

10. LIMITATIONS AND FUTURE WORK

This study was limited to an experimental investigation
of the behavior of hybrid concrete columns under
uniaxial eccentric axial loads. No numerical or analytical

modelling was conducted as part of this study. While the

results

provide interesting data for structural

performance, a predictive method is needed for more
general use. Therefore, in the future, we are planning to
construct finite element models and carry out analytical
comparisons (such as M—N interaction analysis) to verify
and generalize these observations to a broader parameter
space.
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