VICTORIA UNIVERSITY

MELBOURNE AUSTRALIA

Experimental and numerical studies of circular
precast concrete slender columns with intermediate
connection filled with high-performance concrete

This is the Published version of the following publication

Hamoda, Ahmed, Ahmed, Mizan, Abadel, Aref A, Ghalla, Mohamd, Patel,
Vipulkumar Ishvarbhai and Liang, Qing (2023) Experimental and numerical
studies of circular precast concrete slender columns with intermediate
connection filled with high-performance concrete. Structures, 57. ISSN 2352-
0124

The publisher’s official version can be found at
http://dx.doi.org/10.1016/j.istruc.2023.105204
Note that access to this version may require subscription.

Downloaded from VU Research Repository https://vuir.vu.edu.au/47197/



Structures 57 (2023) 105204

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/structures

Contents lists available at ScienceDirect

Structures

Check for

Experimental and numerical studies of circular precast concrete slender ol
columns with intermediate connection filled with

high-performance concrete

Ahmed A. Hamoda®, Mizan Ahmed ", Aref A. Abadel °, Mohamd Ghalla“,
Vipulkumar Ishvarbhai Patel ¢, Qing Quan Liang *"

@ Department of Civil Engineering, Faculty of Engineering, Kafrelsheikh University, Kafrelsheikh, Egypt

b Centre for Infrastructure Monitoring and Protection, School of Civil and Mechanical Engineering, Curtin University, Kent Street, Bentley, WA 6102, Australia
¢ Department of Civil Engineering, College of Engineering, King Saud University, Riyadh 11421, Saudi Arabiad

4 School of Computing, Engineering and Mathematical Sciences, La Trobe University, Bendigo, VIC 3552, Australia

€ College of Sport, Health, and Engineering, Victoria University, PO Box 14428, Melbourne, VIC 8001, Australia

ARTICLE INFO

Keywords:

Precast concrete column

Slender columns, High-performance concrete
Finite element modeling

ABSTRACT

Precast concrete (PC) slender columns with intermediate connections are often used in building construction.
However, no studies have been performed on the behavior of PC slender columns with intermediate connections
filled with high-performance concrete namely engineering cementitious composites (ECC) and strain hardening
cementitious composites (SHCC). This paper presents the testing and computer modeling of axially loaded PC
slender columns with splices filled with ECC and SHCC. Experimental program and results are presented on
nineteen PC slender columns under concentric compressive load up to collapse. The test parameters include the
longitudinal reinforcement (u) ratio, and embedded length of steel bars/infilled concrete connection (L¢). Three
different reinforcement ratios of 0.027, 0.031, and 0.036 are considered. The embedded length of steel bars/
intermediate concrete connection varies from 15D, 22.5D, and 30D where D is the bar diameter. Experimental
results indicate that the use of longer steel bars/intermediate concrete connection and a higher reinforcement
ratio can significantly enhance both the cracking and ultimate loads of PC slender columns with an intermediate
concrete connection. The elastic stiffness of the PC slender columns with ECC and SHCC connection is found to
increase by 150% and 93%, respectively when compared to the control specimen. Similarly, filling the splice of
the PC columns with ECC and SHCC improves the energy absorption capacity by 107% and 138%, respectively.
Nonlinear three-dimensional finite element models (FEMs) are developed accounting for the initial imperfection
of the slender columns and their accuracy is validated by experimental results. It is shown that the FEM can
provide an accurate simulation of the performance of PC columns with splice connection.

1. Introduction

Precast Concrete (PC) columns are cast in a prefabricated environment,
which reduces the onsite activities. As a result, the use of PC columns in

Reinforced Concrete (RC) columns are widely used in constructing
multi-story buildings, car parks, shopping malls, and bridge piers.
However, in-situ RC columns require significant onsite activities such as
the preparation of formwork, reinforcement placement, and casting
concrete followed by curation for a few days. In addition, delivering
materials and heavy equipment to the sites can increase the carbon
emission for a specific project [1]. To significantly reduce carbon
emissions, alternative construction materials and prefabricated struc-
tural components should be used in the construction of infrastructure.

structures significantly reduces the construction costs and carbon foot-
print [2]. However, considering the restriction on transportation length,
PC columns with only a limited length can be delivered to the site.
Multiple PC columns then need to be connected to achieve the desired
length. Moreover, the use of column splices is often required by the site
erection condition rather than the structural needs.

Extensive studies were performed to investigate the structural per-
formance of traditional RC columns [3-6]. Previous studies showed that
the performance of RC columns is governed by the reinforcement ratio of

* Corresponding author at: College of Sport, Health, and Engineering, Victoria University, PO Box 14428, Melbourne VIC 8001, Australia.

E-mail address: Qing.Liang@vu.edu.au (Q.Q. Liang).

https://doi.org/10.1016/j.istruc.2023.105204

Received 16 July 2023; Received in revised form 28 August 2023; Accepted 5 September 2023

Available online 19 September 2023

2352-0124/© 2023 The Author(s). Published by Elsevier Ltd on behalf of Institution of Structural Engineers. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:Qing.Liang@vu.edu.au
www.sciencedirect.com/science/journal/23520124
https://www.elsevier.com/locate/structures
https://doi.org/10.1016/j.istruc.2023.105204
https://doi.org/10.1016/j.istruc.2023.105204
https://doi.org/10.1016/j.istruc.2023.105204
http://crossmark.crossref.org/dialog/?doi=10.1016/j.istruc.2023.105204&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A.A. Hamoda et al.

longitudinal and transverse reinforcement. Depending on the size and
applied loads, the failure modes of RC columns include the crushing of
cover concrete, the buckling of reinforcing bars, bending, and combined
failure modes [7,8]. During the earthquakes occurred in 2008 in Wen-
chuan, China, and Tohoku, Japan in 2011, the columns commonly failed
by flexure [9]. The flexural collapse of RC columns may be caused by the
reduction in their ductility and flexural strength. Some studies were
carried out in order to enhance the flexural performance of such col-
umns [10,11]. Hong et al. [12] investigated experimentally the seismic
behaviors of RC columns considering buckling. The effect of slenderness
ratios was examined. It was concluded that increasing the slenderness
ratio increased the displacements of the columns resulting from global
buckling. Recently, research studies on PC columns and their connec-
tions were undertaken by researchers. Xu et al. [2] carried out tests on
PC columns to study the effect of concrete strengths, rebar layouts, and
axial loads on their fire performance. Test results showed that the fire
resistance of PC columns was significantly impacted by the axial load
applied. The columns made of lower-strength concrete had a better fire
performance than the columns made of High Strength Concrete (HSC).
Robinson [13] studied the effects of concrete mixes comprising light-
weight aggregates on the responses of PC columns subjected to hori-
zontal and vertical loads. Beni and Madhkhan [14] performed tests on
PC beam-column connections subjected to seismic loading. They pro-
posed connections with steel profiles as corbels with high-strength
structural bolts to eliminate in-situ concrete casting. However, their
test results showed that the proposed precast connections had higher
strength and stiffness degradation than the in-situ connections.
Nowadays, High-Performance Concrete (HPC) is increasingly used to
replace Normal Concrete (NC) to improve the load-bearing capacity and
tensile properties of concrete [15]. Engineering Cementitious Compos-
ites (ECC) and Strain Hardening Cementitious Composites (SHCC) are
two kinds of HPC. The ECC and SHCC usually presents a strain-
hardening performance after the occurrence of the first crack instead
of the rapid softening and collapse often observed in NC [16]. It has been
found that ECC and SHCC have higher flexural and tensile strengths and
ductility than the NC [17-22]. In addition, the enhanced ductile char-
acteristic of ECC and SHCC improves the bond strength between the
concrete and reinforcing bars. Moreover, ECC and SHCC reduces the
width of cracks; thus it may prevent corrosion and associated deterio-
ration of concrete [23]. It has also been found that the use of ECC and
SHCC in structural members can improve the flexural characteristics,
ductility, and failure mode of structural elements [17-19]. The perfor-
mance of RC columns made of ECC under axial loading was studied
experimentally by Emara et al. [24]. Sixteen circular columns were
tested to capture the improvement in the crack pattern, ultimate ca-
pacity, and durability of the RC columns compared to NC columns. It
was found that ECC columns with 1.5% polypropylene fiber had the
highest ultimate compressive strength, superior durability, and
maximum ductility. Qian et al. [25] carried out an experimental inves-
tigation on RC bridge columns integrated with the ECC segment at the
plastic zone under cyclic loading. The results showed that the behavior
of ECC columns was improved when compared with NC columns.
Spalling of ECC did not appear in the whole loading stages. Shuai et al.
[26] examined the mechanical performance of ECC-HSC stub columns
under axial compressive loading and developed finite element models
for such columns. The results showed that the circumferential stress and
radial stress in the ECC ring were not uniform in different zones.
Increasing the ECC ratio higher than the HSC can improve the ultimate
load. Baraghith et al [27] caried out an experimental investigation on
improving the shear behavior of RC dapped-end beams using precast
SHCC plates. The test results revealed that providing RC beams with pre-
casted SHCC plates could significantly enhance both the shear capacity
and ductility. Esmaeeli and He [28] studied the cast-in-situ and pre-
fabricated solution with SHCC for seismic retrofitting of severely
damaged substandard RC beam-column joints. The experimental results
revealed that the bond between the retrofitting system and the concrete
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plays a determining role in the performance of the proposed techniques.
Recently, Hamoda et al. [29] tested PC beams with intermediate
connection under flexural load. It was found that increasing the rein-
forcement ratio and the embedded length improved the flexural per-
formance of the PC beams with intermediate connections.

The literature review shows that limited studies have been per-
formed to study the behavior of PC columns connected with ECC and
SHCC connections. However, no investigation has been reported on the
effects of the longitudinal reinforcement ratio and the length of column
splices on the responses of PC slender columns. Moreover, the sensitivity
of the structural performance of PC slender columns to the strain
hardening of cementitious materials has not been examined experi-
mentally. Thus, this paper fills these knowledge gaps by investigating
the axial performance of circular PC slender columns with ECC and
SHCC intermediate connections. Nineteen full-scale circular columns
with various longitudinal reinforcement (u) ratio and embedded length
(Le) of steel bars or splice connection were tested under compression up
to collapse. The experimental program is presented, and the test results
are discussed. FEM is developed using ABAQUS and the accuracy of the
nonlinear simulations is verified against the experimental results.

2. Experimental program
2.1. Specimen details and test program

Nineteen circular PC slender columns were constructed and tested
under axial compressive force up to collapse. To compare the
enhancement of the performance of PC slender columns with a different
type of intermediate concrete connections, one normal RC slender col-
umn with identical geometry and without an intermediate connection
was also tested which was considered as the control specimen as shown
in Fig. 1.

All columns were designed to have the same diameter of 150 mm and
total height of 1700 mm. It should be noted that the columns consisted
of three parts; two of them were precast NC parts connected by ECC or
SHCC, as shown in Fig. 1. Closed ring steel stirrups with a diameter of 8
mm and 185 mm spacing were used for all specimens. Two parameters
were considered in this study including the reinforcement ratio of the
longitudinal steel bars (u), and the embedded length of steel bars/ in-
termediate concrete connection (Le). Columns were divided into three
groups for ECC and SHCC concrete types according to the reinforcement
ratio, as shown in Table 1. Columns in Group G1, G2, and G3 had a
reinforcement ratio of 0.027, 0.031, and 0.036, respectively. For each
group, columns with three different embedded lengths of 15D, 22.5D,
and 30D were tested, in which D is the bar diameter. In the naming of the
columns, ‘E’ represents ECC, and ‘H’ represents SHCC concrete type, the
2nd number represents the reinforcement ratio, and the 3rd number
represents the embedded length of steel bars/ intermediate concrete
connection.

2.2. Casting and preparation of tested columns

As shown in Fig. 2 (a), cylindrical plastic formworks were used in
vertical positions to form the two PC panels for each column. The precast
NC columns were constructed, as shown in Fig. 1 (a) with appropriated
height L; of 775 mm, 737.5 mm, and 700 mm, mentioned in Table 1,
with the additional length for splices L, of 15D, 22.50, and 30D. To make
a full-length column, two precast NC columns with the same L; were
connected oppositely leaving a space (L¢) to cast ECC/SHCC inside,
giving the total length of 1700 mm, as shown in Fig. 2 (b,c). For
example, two NC panels with L; = 775, 737.50, and 700 mm connected
with L. = 150, 225, and 300, respectively, provided the total length of
the columns as 1700 mm.

The ECC/SHCC connection between the NC precast columns was
formed with a plastic cylinder containing an opening in the upper part,
as shown in Fig. 2 (b, c) to cast the flowable ECC inside. The two NC
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Fig. 1. Geometric and reinforcement details of the columns: (a) control specimen, Co, and (b) Precast RC columns with ECC/SHCC connection. (Units: mm).

Table 1
Test Matrix.

Group Column’‘s Concrete Embedded Length L1 Longitudinal steel with (pratio)
D type (Lo (mm)

ECC group

G1-ECC Co NC 6#10 mm (0.027)
E-0.027-15 ECC 15D 775.0
E-0.027-22.5 ECC 22.5D 737.5
E-0.027-30 ECC 30D 700.0

G2-ECC Co NC 6#10 mm (0.027)
E-0.031-15 ECC 15D 775.0 7#10 mm (0.031)
E-0.031-22.5 ECC 22.5D 737.5
E-0.031-30 ECC 30D 700.0

G3-ECC Co NC 6#10 mm (0.027)
E-0.036-15 ECC 15D 775.0 8#10 mm (0.036)
E-0.036-22.5 ECC 22.5D 737.5
E-0.036-30 ECC 30D 700.0

SHCC group

G1-SHCC Co NC 6#10 mm (0.027)
H-0.027-15D SHCC 15D 775.0
H-0.027-22.5D SHCC 22.5D 737.5
H-0.027-30D SHCC 30D 700.0

G2-SHCC Co NC 6#10 mm (0.027)
H-0.031-15D SHCC 15D 775.0 7#10 mm (0.031)
H-0.031-22.5D SHCC 22.5D 737.5
H-0.031-30D SHCC 30D 700.0

G3-SHCC Co NC 6#10 mm (0.027)
H-0.036-15D SHCC 15D 775.0 8#10 mm (0.036)
H-0.036-22.5D SHCC 22.5D 737.5
H-0.036-30D SHCC 30D 700.0

L.: Embedded length; E: ECC; H: SHCC; D: Bar diameter; L1: Precast column length.
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(b)

Fig. 2. Casting and preparation: (a) The plastic cylinder formwork, (b) Connecting the precast NC panels considering L., and (c) Casting of the construction joint.

panels were painted white, while the ECC/SHCC connection was un-
painted to identify the interface surfaces.

2.3. Material properties and mix proportion

Ready mix NC and ECC/SHCC with mix proportion shown in Table 2
were used to cast the specimens. It can be seen from Table 2 that the ECC
requires a higher cement quantity and high range water reducer
(HRWR) compared to SHCC. Therefore, from economical point of view,
SHCC is preferable to be used to fill the splice connection of the precast
columns. The compression tests on three standard cylinders of 150 mm
diameter and 300 mm height were conducted on the same day of testing
of the columns. The compressive strengths of both types of concrete
were measured and are presented in Table 2. As shown in Fig. 3, uniaxial
tensile tests were carried out on dog-bone concrete specimens according
to the recommendations specified by ACI [30]. The concrete tensile
strengths of NC, ECC and SHCC were estimated experimentally as about
2.61 MPa, 4.58 MPa and 4.82 MPa, respectively. The uniaxial stress—-
strain laws for NC, ECC and SHCC calibrated and adapted based on tests
shown in Fig. 4. Tensile coupon test was performed to determine the
mechanical properties of the used steel elements. The yield stress of the
steel bars with 8 mm and 10 mm bars was measured as 270 MPa and 397
MPa, respectively. The tensile stress of the steel bars with 8 mm and 10
mm bars was measured as 513 MPa and 594 MPa, respectively. The
measured stress-strain curves of steel bars are shown in Fig. 5.

2.4. Loading arrangement, test setup, and instrumentation

The experimental program was carried out at Kafrelsheikh Univer-
sity, Egypt. The axial compression force was applied on the circular PC
slender column using a hydraulic jack with 1000 kN capacity fixed at the
rigid steel frame, as shown in Fig. 6. All columns were tested with
identical boundary conditions. The boundary condition was chosen to be
as roller support at the column‘s top allowing only the vertical jack
movement, while it was hinged at the column‘s bottom surface, as
shown in Fig. 6.

Two solid steel balls were designed to achieve point loads on both
ends of the columns as shown in Fig. 6 (b). In order to avoid the pre-
mature failure that may occur at the columns‘ ends, thick circular steel
tubes were used to jacket the two columns‘ ends close to the loading

170 180 |_160 180 _ 170 _|

(@ (b) ©

Fig. 3. Uniaxial tensile test: (a) Concrete specimen dimensions, (b) cracking of
NC, and (c) Cracking of ECC.

regions. Eight Linear Variable Displacement Transducers (LVDT) were
positioned surrounding the column‘s mid-height as shown in Fig. 6(b).
All sensors were then connected to the data logger system to automat-
ically register the recordings during the experimentation, as shown in
Fig. 6 ().

3. Test results and discussion
3.1. Crack pattern and failure modes

The cracking load (P.;) and ultimate load (P,) together with their
corresponding mid-height lateral displacements (A and A, respec-
tively), and the mode of failure are presented in Table 3. Fig. 7 presents
the failure pattern of the control specimen C,, while Fig. 8 presents the
failure modes of the slender columns with ECC/SHCC connection.
Generally, all the tested columns failed due to the global buckling
associated with the buckling of reinforcement bars and concrete crush-
ing. The appearance of the first cracking in the tested columns was
delayed as the embedded length of the steel bars increased. This
increased the cracking load. It can be observed from Table 3 that
increasing the embedded length from 15D to 22.5D, and 30D in columns
with ECC in Group G3 increased the cracking load by 10%, and 13%,
respectively. Similarly, for columns with SHCC in Group G3, the

Table 2
Mix proportions and compressive strength of the normal concrete, ECC and SHCC.
Concrete Cement Fine aggregate Coarse aggregate Fly ash Water/binder Polypropylene Fiber HRWR fe Poions Ratio
(kg/m®) (kg/m®) (kg/m*) (kg/m) (%) in volume (kg/m?) (MPa)
NC 350 700 1150 — 0.42 — — 25.17 0.20
ECC 549 429 — 561 0.28 2.00 14.45 44.19 0.22
SHCC 483 523 — 583 0.29 2.00 9.95 53.40 0.22
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Fig. 5. Actual and idealized uniaxial Stress—strain relationships steel bars.

cracking load increased by 10%, and 11%, respectively. Moreover,
increasing the reinforcement ratio further delayed the appearance of the
first crack in the tested columns. The columns with ECC/SHCC had

higher cracking loads than the control specimen. For example, for col-
umn E-0.031-15D and H-0.031-15D, the first crack appeared at the load
value of 308.36 kN and 337.86 kN, respectively. However, the cracking
load of the column C,. was 256 kN. This was due to the excellent strain-
hardening performance of ECC and SHCC.

Generally, cracks appeared around the mid-length of the columns. As
the load increased, the columns buckled globally, and more cracks
appeared at the tensile zone at the mid-length of the columns. With
further load increment, the concrete in the intermediate connections
crushed and the buckled reinforcement bars were exposed as shown in
Fig. 8. The columns in Group G3 had lesser lateral displacement at the
cracking load compared to the columns in Group G2. For example,
columns H-0.036-15D, H-0.036-22.5D, and H-0.036-30D had the lateral
displacement about 3.2%, 5.1%, and 9.5% smaller than columns E-
0.031-15, E-0.031-22.5, and E-0.031-30, respectively. However, col-
umns with ECC connection had smaller lateral displacement than the
columns with SHCC. For example, columns E-0.036-15D, E-
0.036-22.5D, and E-0.036-30D had the lateral displacement about 28%,
19%, and 47% smaller than columns E-0.031-15D, E-0.031-22.5D, and
E-0.031-30D, respectively as shown in Table 3.
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Fig. 6. Test set-up and details of the instrumentations: (a) The structural simulation and boundary condition (b) Schematic view, and (c) Actual test setup.

Fig. 8 shows that the embedded length of steel bars/ intermediate
connection can significantly affect the mode of failure for columns.
Generally, slender columns with the L. of 15D failed by the global
buckling with damage at the ECC/SHCC connection. On the contrary,
the concrete crushing occurred away from the splice in columns with
connection lengths of 22.5D, and 30D. This suggests that the splice
length should not be less than 22.5D to prevent connection failure.

3.2. Load-horizontal displacement relationship and elastic stiffness

The recorded load-lateral displacement relationships of tested col-
umns are plotted in Fig. 9. Table 3 presents the lateral displacement
recorded at the cracking and ultimate loads. Also, the elastic stiffness (k)
of columns, which is defined as the slope of the linear performance of

load-lateral displacement response, can be found in Table 3. Generally,
all tested columns presented linear performance up to the cracking
stage. The elastic load values were found to be increased and affected by
the length of the ECC/SHCC connection. Increasing the length of the
ECC/SHCC connection resulted in higher elastic loads of the tested
columns. However, a remarkable increase in elastic load values was
recorded for columns having a reinforcement ratio of 0.036 as observed
by the third group shown in Fig. 9 (c) and (f). Then, all columns entered
the plastic zone with a hardening behavior followed by softening per-
formance up to failure.

Table 3 illustrates that all slender columns with ECC/SHCC
connection had a higher elastic stiffness than the control specimen. The
elastic stiffness of columns E-0.027-15D, E-0.027-22.5D, and E-0.027-
30D is 17%, 28%, and 36% higher than the control specimen,
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Table 3
Test results of the circular columns.
Group Specimen‘s Cracking Stage Ultimate Stage Elastic Stiffness K¢/ Absorbed Energy Failure mode*
ID Per Perc/ Acr Py Pyc/ Apy Index Ko (E)
(kN) Perpo (mm) (kN) Puco (mm) (K)
ECC Group
G1-ECC Cco 256.10 1.00 2.30 444.00 1.00 5.50 111.35 1.00 2574.01 B
E-0.027-15 234.12 0.91 1.79 469.21 1.06 5.51 130.79 1.17 3505.12 B + C at ECC joint
E-0.027-22.5 244.25 0.95 1.72 488.25 1.10 5.82 142.01 1.28 4451.23 C at NC Panel
E-0.027-30 259.11 1.01 1.71 519.36 1.17 4.73 151.53 1.36 4058.60 C at interface
G2-ECC Cco 256.10 1.00 2.30 444.00 1.00 5.50 111.35 1.00 2574.01 B
E-0.031-15 308.36 1.20 2.22 530.81 1.20 4.50 138.90 1.25 3092.89 B + C at ECC joint
E-0.031-22.5 319.52 1.25 2.29 549.02 1.24 4.95 139.5 1.26 3678.85 B + C at interface
E-0.031-30 370.02 1.44 2.68 587.92 1.32 5.66 138.07 1.24 4308.65 B + C at NC Panel
G3-ECC Cco 256.10 1.00 2.30 444.00 1.00 5.50 111.35 1.00 2574.01 B
E-0.036-15 405.26 1.58 1.73 610.26 1.37 4.45 234.25 2.10 3670.89 B + C at ECC joint
E-0.036-22.5 447.35 1.75 1.93 642.39 1.45 4.32 231.79 2.08 5325.12 B + C at NC Panel
E-0.036-30 506.21 1.98 1.82 681.08 1.53 4.88 278.14 2.50 5270.88 B + C at interface
surface
SHCC Group
Gl1- Cco 256.10 1.00 2.30 444.00 1.00 5.50 111.35 1.00 2574.01 B
SHCC H-0.027-15D 310.64 1.21 2.29 535.20 1.21 5.21 135.65 1.22 2243.23 B + C at SHCC joint
H- 323.45 1.26 2.26 570.08 1.28 5.37 143.12 1.29 2627.08 B + C at NC Panel
0.027-22.5D
H-0.027-30D 342.22 1.34 2.21 588.05 1.32 5.43 154.85 1.39 3105.13 B + C at NC Panel
G2- Co 256.10 1.00 2.30 444.00 1.00 5.50 111.35 1.00 2574.01 B
SHCC H-0.031-15D 337.86 1.32 2.25 585.54 1.32 5.73 150.16 1.35 3134.22 B + C at SHCC joint
H- 372.47 1.45 2.27 605.72 1.36 5.69 164.08 1.47 3468.70 B + C at NC Panel
0.031-22.5D
H-0.031-30D 382.57 1.49 2.20 638.33 1.44 5.72 173.89 1.56 3871.54 B + C NC Panel
G3- Co 256.10 1.00 2.30 444.00 1.00 5.50 111.35 1.00 2574.01 B
SHCC H-0.036-15D 390.13 1.52 2.18 628.17 1.41 6.68 178.96 1.61 4288.53 B + C at SHCC joint
H- 414.48 1.62 2.16 658.68 1.48 6.69 191.89 1.72 4523.53 B + C at NC Panel
0.036-22.5D
H-0.036-30D 430.98 1.68 2.01 682.95 1.54 6.71 214.42 1.93 6130.06 B + C at Interface

P..: Load at which the first crack appeared; A..: Horizontal displacement recorded at P.,; P,: Ultimate load; Ap,: Horizontal displacement recorded at Py; K: elastic
index; E: Absorbed energy; *Failure mode: B: buckling; C concrete crushing with steel buckling.

Concrete
crushing in

Buckling of

longitudinal
steel bars

(@) S

Fig. 7. Failure modes of NC master column (Cop): (a) Concrete crushing caused by column buckling and (b) Buckling of steel bars.

respectively. Similarly, the elastic stiffness of columns H-0.027-15D, H- further increases the elastic stiffness of the columns. For example, the
0.027-22.5D, and H-0.027-30D is 22%, 29%, and 39% higher than the elastic stiffness of columns E-0.036-15D, E-0.036-22.5D, and E-0.036-
control specimen, respectively. Increasing the reinforcement ratio 30D is 110%, 108%, and 150% higher than the control specimen,
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Fig. 8. Failure modes of columns (a) E-0.027-15, (b) E-0.027-22.5, (c) E-0.027-30, (d) E-0.031-15, (e) E-0.031-22.5, (f) E-0.031-30, (g) E-0.036-15, (h) E-
0.036-22.5, (i) E-0.036-30, (j) H-0.027-15D, (k) H-0.027-22.5D, (1) H-0.027-30D, (m) H-0.031-15D, (n) H-0.031-22.5D, (o) H-0.031-30D, (p) H-0.036-15D, (q) H-

0.036-22.5D, and (r) H-0.036-30D.

respectively. Similarly, the elastic stiffness of columns H-0.036-15D, H-
0.036-22.5D, and H-0.036-30D is 61%, 72% and 93% higher than that
of the control specimen, respectively.

3.3. Capacity of absorbed energy

As an indication of the ductility performance, the absorbed energy
(E) of the tested columns was estimated as the total area under the load-
lateral displacement recorded during the test [31,32]. Table 3 compares
the E values calculated for all tested columns. The superior features of
strain-hardening and tension-stiffening associated with ECC/SHCC re-
flected a better and significant improvement to the energy absorption of

the columns when compared to the control specimen. For instance, for
the same L of 15D, the energy absorbed capacity of the columns with
ECC connection and a reinforcement ratio of 0.027, 0.031 and 0.036 is
found to be 36%, 20%, and 43% higher than that of the control spec-
imen, respectively as shown in Table 3. Similarly, for columns with Le =
22.5D, the increase in the energy absorbed capacity is 73%, 43%, and
107%, respectively compared to the control specimen. Accordingly,
when L, is 30D, the increase in the energy absorption for columns with
ECC and the reinforcement ratio of 0.027, 0.031, and 0.036 is 58%, 67%,
and 105%, respectively when compared to the control specimen, as
shown in Table 3. Similarly, for columns with SHCC connection and L. of
30D, the increase in the energy absorption for columns with a
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Fig. 9. Load-displacement relationships for tested columns of Group: (a) G1-ECC, (b) G2-ECC, (c) G3-ECC, (d) G1-SHCC, (e) G2-SHCC, (f) G3-SHCC.

reinforcement ratio of 0.027, 0.031, and 0.036 is 21%, 50%, and 138%,
respectively when compared to the control specimen.

3.4. Cracking and ultimate loads

Table 3 presents the cracking and ultimate loads of the tested col-
umns. The cracking load of columns with ECC/SHCC connection is
higher than that of the control specimens except for the columns with
ECC in Group Gl. For example, for specimens E-0.031-15D, E-
0.031-22.5D, and E-0.031-30D, the cracking load is 20%, 25% and 44%
higher than that of the specimen Co, respectively. Similarly, the cracking
load of the columns E-0.036-15D, E-0.036-22.5D, and E-0.036-30D is
58%, 75%, and 98% higher than that of specimen Cy. For columns with
SHCC connection, the cracking load of the columns H-0.036-15D, H-
0.036-22.5D, and H-0.036-3DO0 is 52%, 62%, and 68% higher than that

of specimen Cy. For the same embedded length of steel bars/ interme-
diate concrete connection of the column, increasing the reinforcement
ratio generally increases the cracking load of the columns. For example,
the cracking of columns E-0.031-22.5 is 24% higher than that of the
column E-0.027-22.5. Similarly, the cracking load of column E-
0.036-22.5 is 29% higher than that of column E-0.031-22.5. The
appearance of the first cracking load was delayed as the reinforcement
ratio of the column increased. For instance, the cracking load of E-
0.036-15, E-0.036-22.5, and E-0.036-30 is 66%, 70%, and 74% of their
ultimate load, respectively. On the contrary, the cracking load of col-
umns in Group G2, E-0.031-15, E-0.031-22.5, and E-0.031-30 is 58%,
58%, and 63% of their ultimate load, respectively.

Test results show that the ultimate load of all tested columns with an
ECC/SHCC connection is higher than that of the control specimen. The
ultimate load of specimens E-0.027-15, E-0.027-22.5, and E-0.027-30
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is 6%, 10%, and 17% higher than that of specimen Coy. Similarly, for
specimens E-0.031-15, E-0.031-22.5, and E-0.031-30, the ultimate load
is 20%, 24%, and 32% higher than that of specimen Cy. For specimens in
Group G3 with ECC connection, the ultimate load of E-0.036-15, E-
0.036-22.5, and E-0.036-30 is 37%, 45%, and 53% higher than that of
specimen Cy. Similar results are observed for columns with SHCC
connection. For the same reinforcement ratio, increasing the embedded
length increases the ultimate load of the columns. For instance, the ul-
timate load of column E-0.036-15 is 13% higher than that of column E-
0.031-15 whereas the ultimate load of column E-0.031-15 is 12%
higher than that of column E-0.027-15. For columns with an embedded
length of 22.5D, increasing the reinforcement ratio from 0.027 to 0.031
and 0.036 increases the ultimate load of the column by 11% and 15%,
respectively. Similarly, for columns with an embedded length of 30D,
the increase in the ultimate load for columns in Groups G2 and G3 is
12% and 14% higher than that of the column in Group G1. Similar re-
sults are observed for columns with SHCC connection.

4. Numerical simulation

Numerical models were developed utilizing the ABAQUS software
[33]. The development of the FE models is described in detail in the
following sections.

4.1. Material constitutive modeling and analysis of sensitive numerical
parameters

The concrete damage plasticity (CDP) model in the ABAQUS pro-
gram was employed to model the concrete parts. The CDP was used to
simulate the elastic—plastic behavior of concrete under tension and
compression as well as the deterioration caused by cracking [34,35].
Several attempts were performed to study the sensitivities of variables in
the CDP model, including dilation angle (), flow potential eccentricity
(e), the ratio of biaxial to uniaxial compressive stresses (fpo/ fco), the ratio
of the second stress invariant on the tensile to compressive meridian
(K,), and viscosity relaxation parameter (u). After several trials, y was
selected as 28° and 35° for NC and ECC/SHCC, which were very close to

Steel bars (T3D2

(a) (b)

Fig. 10. Model set-up and element types: (a) Solid NC, (b) precast column with ECC/SHCC connection, and (c) boundary conditions.
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the ones reported previously [36,37]. The flow potential eccentricity
appeared to have an insignificant influence on the performance; there-
fore, the current model used the defaulted value of e = 0.1 for NC and
ECC/SHCC. The ratio of fy,/f, varied from 1.10 to 1.16 as suggested in
previous studies [38,39]; however, the value of 1.16 provided accept-
able results and thus was adopted in this study. The K. value is
commonly considered within the range of 0.64 to 0.80; however, a good
accuracy was obtained for the value of k. = 0.66. A similar value was
also used by the authors previously [40]. Several models were run with
various y values starting from 0.00 to 0.001. However, previous studies
[36,41] recommended that 4 = 0.00 gave satisfactory solutions so that it
was adopted in this study. The idealized stress—strain relationships of NC
and ECC/SHCC under compression and tension, as shown in Fig. 4 were
used in the numerical modeling. Zhou et al. [42] proposed the idealized
stress-strain relationships of ECC shown in Fig. 4. The idealized
stress—strain relationships of steel bars shown in Fig. 5 were used to
simulate the performance of steel bars. The Poisson’s ratio of steel was
taken as 0.3 and Young’s modulus was taken as 200 GPa.

4.2. Model set-up, meshing, and interaction

An eight-node linear hexahedral solid element with reduced inte-
gration (C3D8R), was selected to model NC, ECC/SHCC, and rigid sup-
porting/loading steel plates as shown in Fig. 10. The steel rebars were
modeled utilizing the two-node and linear truss element (T3D2). The
sensitive analysis has been performed with mesh size varied from 35 mm
to 20 mm; however, the size of 25 mm resulted in satisfactory solutions
with lower computational cost. A full bond was assumed between the
steel bars and the concrete. Embedded interaction was adopted for steel
bars and concrete parts. The concrete column was defined as the host
zone while the bar truss elements were known as the embedded ele-
ments. A rigid circular cap as shown in Fig. 10 was used to apply the load
and as support. The top end of the column was simulated as a roller
support allowing vertical movement, while the bottom end was modeled
as a pinned support, as shown in Fig. 10c.

The interaction between reinforcing steel bars embedded in the ECC/
SHCC connection was modeled using the Eligehausen technique [43]. A

(c)
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Fig. 11. Model interactions.

cohesive-damage interaction is exhibited as simple bilinear trac-
tion-separation law defined in terms of effective traction T and effective
opening displacement §. Fig. 11 shows the relationship between the
traction stress and effective opening displacement, defined by the stiff-
ness (Kp), the local bond strength of concrete (tax), a characteristic
opening displacement at fracture (57, and the energy needed for open-
ing the crack (G.) which is equal to the area under the trac-
tion-displacement curve.

As shown in Fig. 11, the interaction between ECC/SHCC intermedi-
ate connection and the two precast NC panels was modeled using hard
contact between the two surfaces [44]. This assumption was reached by
considering the outer circular surfaces of the ECC/SHCC connection to
be the slave while the other opposite circular NC surfaces were set to be
the master. This interaction strategy was modeled to allow separation
with a penalty friction coefficient of 0.6.

4.3. Initial imperfection of the columns

PC slender columns usually have initial imperfections which may be
due to geometric details, pre-fabrication or boundary imperfections
[45-49]. Several simulations were performed with different additional
eccentricities arising from initial imperfection (e; ). These initial im-
perfections at the mid-height of the column were taken as L/1000, L/
900, L/800, L/700, L/600, L/500, and L/400, where L is the column
length (1700 mm). The simulated load-lateral displacement curves with
various initial imperfections are shown in Fig. 12. The figure

IS w -y =
S 3 3 S
S S S S

Load. (kN)
g

200

(@)

(b)

demonstrates that the use of an initial imperfection of L/400 yields
acceptable ultimate capacity and load lateral-displacement response.

4.4. Numerical results and verifications

The reliability of the developed FEM was validated by comparing the
numerical simulations with experimentally recorded results including
load-lateral displacement curves, failure modes, and both loads recorded
at first cracking and ultimate stages. Both cracking and ultimate loads
observed experimentally and numerically together with their corre-
sponding lateral displacements are provided in Table 4. It appears from
Table 4 that the cracking and ultimate loads obtained by FEM agree well
with experimental data. The average value of P, gg/Pcr gxp ratios for
columns with ECC connection is about 1.06, 0.95, and 0.96 for Groups
G1, G2, and G3, respectively with a standard deviation (SD) of about
0.01 for all groups. Similarly, for columns with SHCC connection, the
average value of P pr/P; gxp ratios is about 1.05, 1.05, and 1.05 for
Groups G1, G2, and G3, respectively. Moreover, the average value of
Pyure/Puexp is about 1.06, 1.03, and 1.03, respectively for columns in
Groups G1, G2, and G3 with ECC connection where, the average value of
Pure/Pupxp is about 1.01, 1.02, and 1.02, respectively for columns in
Groups G1, G2, and G3 with SHCC connection. Furthermore, the com-
parisons of the predicted and experimentally recorded lateral displace-
ment recorded at cracking load and ultimate load are presented in
Table 4 where an excellent match between the test and FEM prediction is
observed.

——C0 (Exp)
————— CO-FE (L/1000)
----- CO-FE (L/900)
————— CO-FE (L/800)
CO-FE (L/700)
----- CO-FE (L/600)
————— CO-FE (L/500)
----- CO-FE (L/400)

2 4 6 8 10 12 14
Horizontal Displacement. (mm)

(©

Fig. 12. Effect of eccentricities for initial imperfection; (a) Pure compression tresses visualized for slender column loaded axially without eccentricity; (b) Stresses
visualized for slender column loaded axially with eccentricity; (c) Load-lateral displacement.
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Table 4

Comparison between numerical and experimental results.
Specimen P (KN) A (mm) P, (kN) Apy, (mm)
ID EXP. FE FE/ EXP EXP. FE FE/ EXP EXP FE FE/ PEX EXP FE FE/ EXP
ECC group
E-0.027-15 234.1 251.00 1.07 1.79 1.71 0.96 469.2 492.10 1.05 5.51 5.41 0.98
E-0.027-22.5 244.2 256.30 1.05 1.72 1.69 0.98 488.2 521.30 1.07 5.82 5.63 0.97
E-0.027-30 259.1 272.80 1.05 1.71 1.68 0.98 519.3 554.60 1.07 4.73 4.65 0.98
Avg 1.06 0.97 1.06 0.98
SD 0.01 0.02 0.01 0.01
Cov 0.00014 0.00024 0.00012 0.00007
E-0.031-15 308.3 289.20 0.94 2.22 2.04 0.92 530.8 542.90 1.02 5.50 5.41 0.98
E-0.031-22.5 319.5 303.40 0.95 2.41 2.32 0.96 549.0 568.30 1.04 4.95 4.81 0.97
E-0.031-30 370.0 356.80 0.96 2.68 2.61 0.97 587.9 615.30 1.05 5.66 5.32 0.94
Avg 0.95 0.95 1.03 0.97
SD 0.01 0.03 0.01 0.02
cov 0.00017 0.00084 0.00014 0.0051
E-0.036-15 405.2 389.80 0.96 1.73 1.65 0.95 610.2 629.30 1.03 4.45 4.32 0.97
E-0.036-22.5 447.3 432.50 0.97 1.93 1.86 0.96 642.3 666.87 1.04 4.32 4.16 0.96
E-0.036-30 506.2 480.60 0.95 1.82 1.73 0.95 681.0 700.10 1.03 4.88 4.68 0.96
Avg 0.96 0.96 1.03 0.96
SD 0.01 0.01 0.01 0.01
cov 0.0008 0.0004 0.0002 0.0003
SHCC group
H-0.027-15D 310.64 329.23 1.06 2.29 2.26 0.99 535.2 546.95 1.02 5.21 5.18 0.99
H-0.027-22.5D 323.45 340.11 1.05 2.26 2.22 0.98 570.08 576.08 1.01 5.37 5.25 0.98
H-0.027-30D 342.22 366.13 1.07 2.21 2.15 0.97 588.05 602.07 1.02 5.43 5.28 0.97
Avg 1.05 0.98 1.01 0.98
SD 0.01 0.01 0.02 0.01
cov 0.0048 0.0022 0.0052 0.0034
H-0.031-15D 337.86 355.45 1.05 2.25 2.23 0.99 585.54 595.02 1.02 5.73 5.62 0.98
H-0.031-22.5D 372.47 384.27 1.03 2.27 2.21 0.97 605.72 620.24 1.02 5.69 5.36 0.94
H-0.031-30D 382.57 404.24 1.06 2.20 2.10 0.95 638.33 654.36 1.03 5.72 5.67 0.99
Avg 1.05 0.97 1.02 0.97
SD 0.01 0.02 0.01 0.03
Cov 0.0066 0.0091 0.0024 0.0130
H-0.036-15D 390.13 403.98 1.04 2.18 2.17 1.00 628.17 643.35 1.02 6.68 6.65 1.00
H-0.036-22.5D 414.48 434.85 1.05 2.16 2.15 1.00 658.68 671.07 1.02 6.69 6.54 0.98
H-0.036-30D 430.98 446.69 1.04 2.01 1.95 0.97 682.95 694.97 1.02 6.71 6.68 1.00
Avg 1.04 0.99 1.02 0.99
SD 0.01 0.02 0.00 0.01
Cov 0.0038 0.0073 0.0017 0.0052

EX: Experimental; FE: Finite Element Model; Avg: Average; SD: Standard deviation; COV: Coefficient of variation.

Concrete Crushing ir

crushing in connection

compression i with Le =
side forNC| 150mm
column :

Crushing in
NC panel
for L. =
300mm
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interaction
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ECC and NC|

(a) (b) (©) (d)

Fig. 13. Crack pattern and stresses distribution: (a) for NC master column Co, (b) column with ECC connection and L. = 15D, (c) column with ECC connection and L.
= 22.5D, and (d)) column with ECC connection and L. = 30D.
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The failure modes predicted by FEM are compared with the test
observations in Fig. 13. A good match can be observed. It is seen from
Figs. 8 and 13 that the columns with the embedded length of 15D failed
at their mid-height whereas the failure of columns with the embedded
length of 22.5D and 30D generally occurred at places away from the
splices. For the master column Cy, the initial crack appeared around its
mid-height but extended towards the bottom and failed due to the
overall buckling. It appears that the FE model can accurately predict the
failure location of the tested columns. The difference between the FE and
test results in terms of failure could be due to the uncertainty of the
initial imperfections of the tested columns which were not measured
during the test. However, the sensitivity analyses of the initial geometric
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imperfections were undertaken to best match the test results.

The load-lateral displacement relationships predicted numerically
together with those recorded experimentally are compared in Fig. 14. It
can be found from Fig. 14 that the FEM simulates well the experimen-
tally measured load-lateral displacement curves of RC slender columns.

5. Conclusions

This study has investigated experimentally and numerically the
structural performance of circular PC slender columns with splice
connection filled with ECC/SHCC subjected to compressive loading. The
effects of the reinforcement ratio and the embedded length on the
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Fig. 14. Load-displacement responses obtained experimentally and numerically: (a) G1-ECC, (b) G2-ECC, (¢) G3-ECC, (d) G1-SHCC, (e) G2-SHCC, (f) G3-SHCC.
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responses of PC slender columns with splices have been ascertained.
Three-dimensional nonlinear FEM was developed using ABAQUS to
simulate the performance of such columns.

Based on the experimental and numerical results, the following
conclusions could be drawn:

1. The common failure of the tested columns was the global buckling
associated with concrete crushing. Increasing the embedded length
of the steel bars/splice connections and reinforcement ratio delayed
the appearance of the first crack in the tested columns. Moreover, the
columns with L. of 15D failed at the ECC/SHCC connection while
increasing L. resulted in the transformation of the failure zone away
from the splice.

2. All the tested columns with ECC/SHCC connections had a higher
elastic stiffness than the control specimen. Increasing the reinforce-
ment ratio and the embedded length of the steel bars/ECC connec-
tions increases the elastic stiffness of the columns. The elastic
stiffness of columns with ECC and SHCC connection increased by
150% and 93%, respectively when compared to the control
specimen.

3. Filling the splices with ECC and SHCC increased the energy absorp-
tion capacity of the columns by 150% and 138%, respectively in
comparison with the control specimen.

4. Increasing the reinforcement ratio from 0.027 to 0 0.036 increased
the energy absorption capacity of the columns with SHCC and the
splice length of 15D and 30D by 91% and 97%, respectively.

5. The developed FEM predicts well the experimentally measured
performance of circular PC slender columns with ECC/SHCC
connection. Therefore, the FEM can be employed to undertake future
parametric studies.

Due to the different concrete mix designs used for the different
concrete, the strength of the concrete used in the column splices was
different from each other. The most economical way is to use the FE
model to investigate the performance of PC slender columns made of
different concrete with the same compressive strength. Further study on
the effects of concrete strength on the response of PC columns with
splices should be undertaken using the validated FE model.
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