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A B S T R A C T

Polypropylene engineered cementitious composites (PP-ECC) exhibit superior strength and strain hardening
under tensile deformation, which is expected to enhance the anti-cracking performance and self-confinement of
the plastic hinge region in structural columns. However, there is still a lack of fundamental studies on the
compressive behavior of a reinforcement-confined PP-ECC column. This paper presents a proof-of-concept ex-
perimental study on the confined PP-ECC column and hybrid normal strength concrete (NSC)-ECC column. Two
sets of reinforcement-confined columns were designed: a pure PP-ECC column and a hybrid C30-PP-ECC column.
Then, static compression tests were carried out to prove the effectiveness of the confinement in enhancing the
peak strength of the hybrid column with respect to pure PP-ECC columns. However, the deformability im-
provement was not remarkable, with an increase of only 3.2% from samples containing no stirrups to those
containing stirrups at a volumetric ratio of 1.6%. An equation was proposed to predict the peak strength of the
confined PP-ECC columns. This equation considered the contribution from the tensile capacity of PP-ECC to the
circumferential confining effect of the columns. The hybrid column delivered better deformability but smaller
peak strength compared with the pure PP-ECC columns. Some mechanical features of the hybrid column were
discussed.

1. Introduction

In recent years, the engineered cementitious composite (ECC) has
demonstrated evident advantages for crack resistance and tensile strain
hardening [1–4]. Currently, polyvinyl alcohol (PVA) and polyethylene
(PE) fibers are commonly used in ECCs. With the application of PVA
and PE fibers, the tensile stress and ultimate deformability of an ECC
can be larger than 3MPa and 5%, respectively [5,6]. On the basis of
advances with this material, many composite components or structures
were developed and investigated to improve the structural deform-
ability and crack resistance [7–9]. Choi et al. [10] reviewed the me-
chanical properties of ECC and its application in different structural
components, such as beam-wall connections, coupling beams in walls,
shear walls, and columns. Due to the excellent strain hardening beha-
vior and ductility of ECC materials, these composite structures ex-
hibited better deformability and energy dissipation capacity when used
as reinforced ECC columns and ECC beam-column connections. The
specimen failed after the ECC was crushed but only at very large de-
formation. However, the high cost of PVA and PE fibers hinder the

large-scale promotion of ECC in practical engineering.
To reduce the cost, some hybrid structures were developed, which

were composed of ECC material and traditional reinforced concrete
(RC) materials. Maalej & Leong [11] employing the ECC material in the
tensile area of the beam, and attached a fiber-reinforced polymer (FRP)
sheet to the surface of the ECC material. The test results proved that
using ECC material in the tension area can enhance the cohesive
strength between the FRP sheet and ECC material and delay the de-
bonding failure of the FRP sheet. Moreover, Maalej et al. [12] in-
troduced the ECC material into the retrofit of masonry walls. The ECC
layer was adopted to strengthen the out-of-plane resistance of masonry
bricks. According to the quasi-static test, significant improvements in
the load-carrying capacity and the ductility can be obtained by in-
troducing the ECC layer. Finally, penetration failure occurred under a
large concentrated load. Moreover, the ECC material can be used in
combination with shape memory alloys to provide self-centering and
crack resistance of pier columns [13,14]. Test results proved the ef-
fectiveness of the ECC material in limiting cracking. The crushing of
ECC material occurred at the column base. Gencturk & Elnashai [15]

https://doi.org/10.1016/j.engstruct.2019.06.010
Received 23 November 2018; Received in revised form 5 June 2019; Accepted 5 June 2019

⁎ Corresponding author at: Department of Bridge Engineering, Southwest Jiaotong University, Chengdu 610031, China.
E-mail address: kailai_deng@163.com (K. Deng).

Engineering Structures 195 (2019) 223–230

0141-0296/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2019.06.010
https://doi.org/10.1016/j.engstruct.2019.06.010
mailto:kailai_deng@163.com
https://doi.org/10.1016/j.engstruct.2019.06.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2019.06.010&domain=pdf


proposed a cyclic constitutive model for the ECC component under
cyclic load, which reliably predicts the hysteretic behavior of the ECC
component. On the basis of this model, a hybrid simulation was carried
out to prove the significant ductility of ECC components as an alter-
native to the common RC components [16]. Patel et al. [17] in-
vestigated the axial behavior of the short ultra-high-strength concrete
filled steel tube through nonlinear finite element analysis. A reasonable
steel contribution ratio could ensure its ductility. The results also
pointed out the difference in the design equations between using
normal-strength concrete and using ultra-high strength concrete. These
studies proved that the hybrid structures can be effective for achieving
an optimal design considering the economic cost and structural per-
formance.

For the further application of the ECC material, this paper proposes
the hybrid normal strength concrete (NSC)-ECC column, aiming at
optimizing the column performance and economic cost. By using an
exterior ECC layer, the crack resistance and ultimate deformability can
be significantly improved, which is a possible way to achieve damage
resistance and rapid recovery of the column. Furthermore, the exterior
ECC layer can provide circumferential confinement for the core con-
crete due to its tensile strength. This paper investigated the load-car-
rying mechanism of the hybrid NSC-ECC column under large com-
pression. First, a polypropylene-ECC (PP-ECC) material is described,
which can reduce the cost while maintaining similar tensile perfor-
mance compared with the PVA-ECC. With the development of PP-ECC,
the hybrid NSC-ECC column, which has an exterior PP-ECC layer and
RC core.

Seven column specimens, including one benchmark RC column,
three comparative ECC columns, and three hybrid NSC-ECC columns,
were tested. The yielding and failure modes and strain–stress relation-
ships were obtained. According to the results, the hybrid NSC-ECC
column delivered the satisfactory deformability and load-carrying ca-
pacity compared with the pure RC column. In addition, the hybrid NSC-
ECC column provides an evident economic benefit without visible de-
terioration in mechanical performance. Further evaluations of the
confinement effect and equivalent volumetric stirrup ratio were

conducted. Finally, some design suggestions for the novel hybrid NSC-
ECC columns are made.

2. Material property

The PP-ECC ingredients are shown in Table 1. With the employment
of PP fiber, the cost per cubic meter decreased by almost 50% compared
with PVA-ECC or PE-ECC [18]. Three PP-ECC panels were designed for
the tensile tests. These specimens are shown in Fig. 1. A quasi-static
load was applied according to Mo Li et al. [19]. The loading frame had
sufficient stiffness and an ultimate capacity of 10 kN. The loading rate
was selected as 0.05mm/min [20]. The four aluminum plates had
adequate stiffness to ensure the uniform distribution of the tensile force
on the panel specimens. Two linear variable differential transformers
(LVDTs) were used to monitor the axial deformation. The tensile test
results are shown in Fig. 2. The PP-ECC presented evident strain-
hardening behavior after the initial cracking. As the tensile deformation
increasing, multiple fine cracks were formed on the surface of the PP-
ECC panel.

Fig. 2a presents the cracking pattern of the PP-ECC. Multiple fine
cracks were formed, but no fractures or PP fiber pull-out can be ob-
served, even though the crack width was up to 4mm. The strain–stress
relationships are shown in Fig. 2b. The initial cracking stress fti was
about 1.8MPa. After initial cracking, the PP-ECC presented obvious
strain hardening. The ultimate tensile strength ftu was up to 3.3MPa,
corresponding to an ultimate tensile strain εtu of 0.05.

Compressive tests were conducted on a prism specimen measuring
100× 100×300mm. Table 2 summaries the mechanical properties of
PP-ECC and C30 concrete. The tensile strength of C30 concrete was
ignored in this study. Compared with the conventional C30 concrete,
the PP-ECC delivered a smaller elastic modulus but similar compressive
strength. The strain εco at the peak compressive stress was 0.0028 for
PP-ECC and 0.002 for C30 concrete.

Nomenclature

Acov area of cover layer
As area of longitudinal reinforcement
C30 concrete with cube compressive strength of 30MPa
Ec elastic modulus of C30 concrete or ECC material
E ECCc_ elastic modulus of ECC material
Es elastic modulus of rebar
F overall axial load
Fcov axial load of cover layer
Fs axial load of longitudinal reinforcement
d diameter
dc diameter of stirrup centerline
fco axial compressive strength of ECC material/C30 concrete
fti initial cracking stress
ftu ultimate tensile stress
fy yielding strength of rebar

h height
ε axial compressive strain
εc - C30 strain of C30 core at peak strength
εc - ECC strain of external PP-ECC layer at peak strength
εc - H strain under actual peak stress
εco strain at peak compressive stress of ECC material/C30

concrete
εtu ultimate tensile strain
εy strain of reinforced steel at yield
σc core concrete stress
σCO concrete stress
σCC fiber-reinforced concrete stress
σt tensile stress of PP-ECC
σl circumferential confining stress
ρ sectional reinforcement ratio
ρv volumetric stirrup ratio
μ Poisson’s ratio

Table 1
Composition of PP-ECC.

Matrix /(kg/m3) Performance indicators of PP fibers

Cement: 820
Polypropylene fiber: 18.2
Water: 504.8
Fly ash: 442

Volume ratio Length (mm) Density (kg/m3) Diameter (μm) Stretch modulus (GPa)

2% 12 0.91 20 5
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3. Experimental program

3.1. Specimen design

The schematic of the specimens is shown in Fig. 3, including one
conventional RC column, three PP-ECC columns, and three hybrid C30-
PP-ECC columns. In the PP-ECC columns, the volumetric stirrup ratio
was the main parameter. In the hybrid columns, there was an exterior
PP-ECC layer around the internal RC column. Owing to the tensile
strength of PP-ECC, the internal RC column could sustain stronger lat-
eral confinement compared with a pure RC column. Moreover, the
exterior PP-ECC layer can form multiple fine cracks during an earth-
quake, which is helpful for rapid recovery of its structural stability. In
addition, the partial use of PP-ECC material in the hybrid columns has a
lower cost than a pure PP-ECC columns.

All the specimens had the same diameter (d=152mm), height
(h=360mm), and sectional reinforcement ratio (ρ=1.1%). The upper
and lower 60-mm segments were strengthened with stirrups to guar-
antee that yielding and damage would occur in the central segment.
The rebar was HRB400 with a nominal yielding stress of 400MPa.
According to a tensile test, the yielding and ultimate stresses of the
HRB400 rebar were 440MPa and 610MPa, respectively. Eight-mm
rebar was used for the longitudinal reinforcement, and 6-mm rebar was
used for the stirrups. The stirrup cover layer was 11mm thick.

To investigate the axial behavior of the hybrid ECC column, in a
total of seven specimens were designed, as shown in Table 3. One
common RC specimen was designed as the benchmark specimen. Three
reinforced PP-ECC columns were designed with different volumetric

stirrup ratios, named as the E-series. The H-series was three hybrid C30-
PP-ECC columns. The thickness of the exterior PP-ECC layer and vo-
lumetric stirrup ratio were the independent variables.

The construction process of the hybrid column is shown in Fig. 4.
Before the concrete and ECC material were poured, PVC sheets were
arranged as the formwork and a reinforcement cage was placed in the
formwork. First, the core C30 concrete was poured, and afterward the
exterior ECC layer was poured. Before the initial setting, the interfacial
formwork between the core C30 concrete and ECC layer was removed
to ensure no separation of the interface between the two materials.
Finally, after initial setting, the outer formwork was removed.

3.2. Loading and measurement system

The loading setup is shown in Fig. 5a. One displacement-controlled
axial compression testing machine was used. The loading frame had a
peak capacity of 100 tons. The loading speed was set as 0.5mm/min,
corresponding to a strain rate of 2.3× 10−5/s, which meets the re-
quirements of Chinese concrete strength standards [19]. The measure-
ment system is shown in Fig. 5b. An overall axial deformation was

Fig. 1. Tensile testing of PP-ECC.

Fig. 2. Axial tensile testing of the PP-ECC panel.

Table 2
Mechanical properties of PP-ECC and C30 concrete.

Material E (MPa) fti (MPa) ftu (MPa) εtu fco (MPa) εco

PP-ECC 12,800 1.8 3.3 0.05 29.04 0.0028
C30 24,800 – – – 30.02 0.002
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produced by the loading machine. A total of 16 strain gauges were
pasted on the column along the vertical and lateral directions to mea-
sure the vertical compression and lateral expansion.

4. Experimental results

4.1. Failure mode

The failure modes of all the specimens are shown in Fig. 6. There
were a few large cracks on the surface of the C80 specimen, which is a
typical damage pattern for a C30 concrete cover layer under compres-
sion. In the confined ECC columns and NSC-ECC column, multiple fine
cracking patterns can be observed instead of the localized large crack in

the conventional concrete column. However, the ECC layer did not peel
off, even after the stirrup fractured. The excellent tensile deformability
of the PP-ECC could sustain an extremely large circumferential ex-
pansion. All the horizontal strain gauges were obviously subjected to
tensile strains, that is, at least greater than 2× 10−3 before failure.
However, some strain gauges straddled the cracks and delivered very
large strains, while other strain gauges provided much smaller strains.
The randomly distributed vertical cracks led to inconsistencies in the
monitored strain.

The maximum crack width was about 2mm after the complete
failure, and no fracture or PP fiber pull-out was observed. In contrast,
the steel-fiber RC, that is, ultra-high-performance concrete and reactive
powder concrete, usually release large amounts of energy suddenly due
to steel fiber fracture and pull-out, resulting in obviously brittle failure
[21,22]. In this regard, the PP fiber exhibited superior loading behavior
by avoiding brittle failure.

As for the H-series, a vertical crack formed in the initial stage.
Spalling of the 25-mm PP-ECC layer in H80-25 appeared just after the
peak force was applied. Under larger compressive deformation, the C30
core collapsed first due to its inadequate deformability. Due to its di-
latancy, damaged C30 concrete extruded through the surrounding PP-
ECC layer. Because of the weak bonding strength at the C30/PP-ECC
interface, the PP-ECC layer peeled off. Finally, H80-25 failed when the
longitudinal reinforcement buckled. Similar failure modes were ob-
tained in the other hybrid specimens.

Fig. 3. Structures of the column specimens.

Table 3
Design parameters of specimens.

Specimen Series Volumetric
stirrup ratio

Spacing of
stirrup (mm)

Thickness of
exterior PP-ECC
layer (mm)

C80 Benchmark 1.6% 80 None
E80 ECC 1.6% 80 –
E120 1.06% 120 –
E00 0.0% – –
H80-10 Hybrid 1.6% 80 10
H80-25 1.6% 80 25
H120-35 1.06% 120 35

Fig. 4. Construction process of hybrid column.
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4.2. Axial strain–stress relationship

The axial strain–stress relationships are presented in Fig. 7. The
confined stress was calculated as Eq. (1), where F, Fs, and Fcov are the
overall axial load, axial load of the longitudinal reinforcement, and
axial load of the cover layer, respectively; dc is the diameter of the
center line of the stirrups; and ε is the axial compressive strain, calcu-
lated as overall deformation divided by total height (360mm).

= − −σ ε F ε F ε F ε
πd

( ) ( ) ( ) ( )
/4c

s

c

cov
2 (1)

= ⎧
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⩽
> = ⎧
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⩽
>F

A E ε ε ε
A f ε ε F

A E ε ε ε
A f ε ε,s

s s y

s y y
cov

cov c cov

cov co cov (2)

Eq. (2) presents the method for calculating Fs and Fcov, where fy and fco
are the yielding strength and axial compressive strength of rebar and
ECC material, respectively, and Es and Ec are the elastic moduli of the
rebar and ECC material, respectively. According to Fig. 7a, the confined
ECC column delivered higher peak strength and corresponding strain
than the confined C30 concrete. The effect of the confinement was more
evident in the ECC columns compared with that in the common C30
column. The main reason was the better deformability of ECC, which

Fig. 5. Loading setup and measurement system.

Fig. 6. Failure modes of test specimens.
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helped the stirrup provide more confinement force before the crushing
occurred. Furthermore, the peak strength of the confined PP-ECC
column increased with increasing volumetric stirrup ratio. Compared
with the non-confined PP-ECC column E00, the peak compressive
strengths of E80 and E120 presented 19.1% and 11.6% enhancements,
respectively. In contrast, the strains at peak strength and the dete-
rioration rate after peak strength were almost the same, regardless of
the volumetric stirrup ratio. Under extremely large deformation, stir-
rups fractured. In addition, the circumferential expansion was too large
to maintain the internal tensile capacity of PP-ECC, intensifying the loss
of the confinement effect. The confined stress of the PP-ECC columns
quickly decreased.

Fig. 7b shows the strain–stress relationships of the hybrid columns.
The peak strengths of the hybrid columns were smaller than those of the
PP-ECC columns, and even slightly smaller than that of C80. For ex-
ample, H80-25 and H120-35 could provide 74% and 68% of the peak
strengths of the corresponding PP-ECC columns with the same volu-
metric stirrup ratio. Owing to the different elastic moduli, the C30 core
and PP-ECC layer could not achieve peak strength at the same de-
formation. The C30 core first achieved its peak strength, and the ECC
layer contributed its peak strength later. Thus, there was a phase dif-
ference in the load-carrying capacities of the two materials. Thus, the
overall strength of the hybrid column was smaller than that of the PP-
ECC columns with the same volumetric stirrup ratio. Compared with
the pure ECC material or C30 concrete, only H80-25 delivered en-
hanced strength, while H80-10 and H120-35 delivered less strength. To
this end, the ECC layer must have adequate thickness when employed in
practical applications. The comparison between H80-25 and H80-10
indicates that the thicker exterior PP-ECC layer could result in a larger
overall strength and ductility. However, the tensile capacity of the ex-
terior PP-ECC layer could not replace the confining effect of the stirrups
according to the quicker deterioration of H120-35 with respect to H80-

25.
Nevertheless, the hybrid columns delivered excellent deformability,

which was much larger than that of C80. H80-25 retained the peak
load-carrying capacity until the compressive strain reached 0.017, even
larger than that of E80. The phase difference between the respective
load-carrying capacities resulted in superior ductility. In H80-25, the
load-carrying capacity was mainly provided by the C30 core in the
initial stage due to its larger elastic modulus. When the load-carrying
capacity of the C30 core was at its peak value, the PP-ECC layer pro-
vided a peak strength of only approximately 68%, according to the
material test. After the peak strength of the C30 core was reached, the
PP-ECC could further increase the load-carrying capacity and provide
additional confinement for the C30 core. Thus, the overall load-carrying
capacity did not decrease as quickly as a confined C30 column with the
same volumetric stirrup ratio, and further overall increase may occur if
a very thick PP-ECC layer is employed. In contrast, compared with the
PP-ECC columns, the circumferential expansion of the C30 core was
smaller than that of PP-ECC layer, indicating that the exterior PP-ECC
layer could sustain larger axial compressive deformation.

5. Discussion

5.1. Confining effect of PP-ECC column

Fig. 8 compares the strain–stress relationship of the confined PP-
ECC columns with the predictions from Mander [23] and Saatciglu
[24]. The Saatciglu model could satisfactorily predict the peak confined
strength and corresponded strain of the PP-ECC columns. The Mander
model usually underestimated the confined strength and deformability
of the PP-ECC. Furthermore, owing to the small elastic modulus of PP-
ECC, the parabolic curves could not well trace the ascending segment of
the strain–stress curves of the confined PP-ECC columns. Before the

Fig. 7. Strain–stress relationship.

Fig. 8. Comparison of classic confined concrete models with test results.
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peak strength, the strain–stress relationship of PP-ECC columns ex-
hibited a slight linearity.

Deng et al. [25] developed an equation to estimate the concrete
stress σcc in fiber-reinforced concrete, which is also applicable to the
confined ECC columns. By assuming an isotropic elastic material, the
confining stress can be derived as Eq. (3), where μ is Poisson’s ratio
(≈0.2 for PP-ECC).

= +
−

σ σ
μ

μ
σ

1
cc co l

(3)

In Eq. (3), σl is the circumferential confining stress in PP-ECC column,
calculated by Eq. (4), where ρv is the volumetric stirrup ratio and σt is
the tensile stress of PP-ECC. Eq. (4) was derived from reinforcement-
confined ultra-high-performance concrete, and it delivered reliable
predictions of the peak confined strength [25]. Eq. (4) only considers
the confinement from the stirrup, and the contribution from the long-
itudinal reinforcement is ignored.
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The first component in Eq. (4) is the confining effect contributed from
the stirrup and the second component comes from the tensile capacity
of the fiber reinforced concrete. When σt reached the ultimate tensile
strength ft of PP-ECC, the compressive stress also reached its peak
value. Table 4 compares the peak strengths suggested by Eq. (4) and the
test result. The maximum relative error was less than 5%, demon-
strating the effectiveness of Eq. (4).

In Fig. 7, replacing the inner PP-ECC core with the stiffer C30
concrete led to a decrease in the overall stiffness. According to Eqs. (3)
and (4), the confining stress was important for the overall compressive
stress. However, the C30 core of the hybrid column could not provide a
self-confining stress because of its poor tensile capacity. According to
the material property, the external confining stress contributed only
about 12.4% of the overall confinement effect in E80, while is con-
tributed 8.2% in E120. Thus, the overall confining stress in the hybrid
columns was much smaller than that in the pure PP-ECC columns,
leading to a decrease in the overall compressive stress. It can be con-
cluded that the self-confining stress could evidently contribute to the
overall stiffness of a confined PP-ECC column.

After the peak strength was reached, the deterioration rate of the
PP-ECC was evidently faster than that from the predictions. According
to the above strain analysis, the circumferential tensile strain achieved
the ultimate tensile strain at the peak load. However, with a further
increase in the circumferential tensile strain, the PP-ECC quickly lost its
tensile capacity, that is, the self-confining effect deteriorated quickly.
Considering the dominance of the self-confining effect in the confined
PP-ECC columns, an overall rapid deterioration in the compressive
capacity was observed

5.2. Load-carrying mechanism of hybrid column

The load-carrying mechanism is described in Fig. 9, which was
abstracted from the test result of H80-25. The blue and red dashed
curves indicate the contributions from the C30 core and exterior PP-
ECC layer, respectively. The black solid curve indicates the total load-
carrying capacity. In the initial stage, the load-carrying capacity of the
C30 core and exterior PP-ECC both increased. Until reaching the strain
εc - C30 at the peak strength of the C30 core, the contribution from the
C30 core started to decrease. At this deformation, the contribution from
the PP-ECC layer was still increasing. The overall behavior was con-
trolled by the ratio of area between the C30 core and the exterior PP-
ECC layer. However, the diameter of the C30 core, the thickness of the
exterior PP-ECC layer, and the volumetric stirrup ratio also influenced
the behavior of the confined C30 core. The overall behavior was not a
simple sum of two independent parts. If the exterior PP-ECC layer was

dominant, the overall load-carrying capacity continued to increase but
with a small tangential stiffness. Otherwise, the load-carrying capacity
decreased. Another noticeable deformation was the strain εc - ECC at the
peak strength of the exterior PP-ECC layer. Usually εc - ECC is larger than
the strain at the peak strength of pure PP-ECC, and even may be larger
than the strain at the peak strength of reinforced PP-ECC. With more
stirrups, the deformability of PP-ECC should be larger than that of the
pure PP-ECC column. Compared with the reinforced PP-ECC column,
the C30 core provided a small circumferential expansion to the exterior
PP-ECC layer, which relieved the circumferential expansion trend. To
this end, the exterior PP-ECC layer may sustain larger compressive
deformation, even more than that of a reinforced PP-ECC column.

The analysis given above suggests that the actual peak force may
occur at some deformation εc - H between εc - C30 and εc - ECC. To describe
the overall behavior of the hybrid column, three typical performance
points can be noted: point A, the deformation at the peak strength of the
C30 core; point B, the deformation at the global peak strength; and
point C, the deformation at the peak strength of the exterior PP-ECC
layer. Furthermore, at point B, the deterioration rate of the C30 core
should equal the hardening rate of PP-ECC layer. The three typical
performance points change dynamically according to the configuration
of the hybrid columns, especially for the dimension ratio between the
exterior PP-ECC layer and C30 core.

6. Conclusions

This study investigated the axial behavior of reinforcement-confined
ECC columns and NSC-ECC hybrid columns. The confined PP-ECC and
hybrid columns exhibited satisfactory ductility and confined strength.
The confining effect in the ECC column was more evident than that in
the conventional C30 column. The hybrid NSC-ECC column delivered
excellent deformability. This study proves the potential for the appli-
cation of ECC to the compression area of structures. Several conclusions
are as follows:

(1) With the reinforcement confinement, the peak strength was im-
proved by about 21%, but only 3.2% improvement was obtained in
the ultimate deformability.

(2) The self-confining effect from the tensile capacity of ECC con-
tributed almost 88% of the confining stress in specimen E80, which
was important for the overall increasing stiffness, peak strength,
and deterioration rate of the reinforced ECC column.

(3) The hybrid NSC-ECC column could deliver an excellent ultimate
deformability, up to 0.017, while maintaining more than 95% of its
peak strength.

(4) The overall performance of the hybrid column was dynamically
affected by the ratio of the core C30 concrete to the exterior ECC
layer. Further quantitative study of the hybrid column is needed.
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