§ sciendo

Materials Science-Poland
Volume 42 Issue 3 - pp. 72-85 - DOI: 10.2478/msp-2024-0032

Materials Science-Poland

Flexural behavior of precast concrete-filled steel
tubes connected with high-performance concrete
joints

Research Article

Aref A. Abadel', Abedulgader Baktheer™*, Mohamed Emara®, Mohammed Ghallah* Ahmed Hamoda*

T Department of Civil Engineering, College of Engineering, King Saud University, Riyadh 11421, Saudi Arabia

? Faculty of Civil Engineering, Institute of Structural Concrete, RWTH Aachen University: Rheinisch-Westfalische Technische Hochschule
Aachen, Aachen, 52066, Germany

3 Structural Engineering Department, Faculty of Engineering, Zagazig University, Zagazig 44519, Egypt

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

Received 03 August 2024; Accepted 14 September 2024

Abstract: Precast concrete-filled steel tube (CFST) columns with connection joints are widely used in building structures, yet
research on their flexural behavior when connected with various high-performance concrete (HPC) types is limited.
This study presents experimental investigations on precast circular CFST columns subjected to flexural loading until
failure. These CFST columns, encased in galvanized steel sheets (GSSs), are connected using HPC joints. Two types of HPC
joints were tested: an engineered cementitious composite (ECC) and an ultra-high fiber reinforced concrete (UHFRC).
Additionally, the study was conducted varying the development length of the reinforcement/concrete filler joint to 150,
200, and 300 mm. Results indicated that increasing the development length of the reinforcement and the connecting
concrete joint enhances both the cracking resistance and load-bearing capacity of slender precast CFST columns with an
intermediate joint. Moreover, the combination of GSSs with ECC and UHFRC connections enhances the load-bearing
capacity, demonstrating performance comparable to that of a typical precast normal concrete control column without
an intermediate connection. The experimental results revealed that ECC and UHFRC connections increased the perfor-
mance by 11 and 17%, respectively, compared to the control column. Additionally, doubling the development length of the
ECC joint improved the cracking force, ultimate force, elastic stiffness, and energy absorption by 20, 15, 133, and 64%,
respectively, while UHFRC connections showed improvements of 10, 10, 82, and 94%, respectively.
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1. Introduction dual purpose: it encases the concrete core and acts as a
permanent formwork, which simplifies the construction
process [5-7]. Compared to traditional reinforced concrete

(RC) columns, CFST columns offer significantly enhanced

Concrete-filled steel tubes (CFSTs) represent a composite
column construction method where a steel tube is filled

with concrete. This technique is renowned for its excep-
tional load-bearing capacity in concrete structures [1-4].
CFSTs are predominantly employed in bridge piers and
high-rise buildings due to their ability to absorb substan-
tial axial loads. In CFST columns, the steel tube serves a
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strength, as well as superior fire and seismic resistance.
Prefabricating CFST columns in controlled factory envir-
onments is increasingly seen as a valuable approach because
it reduces on-site activities such as formwork preparation,
reinforcement placement, concrete pouring, and curing. This
not only speeds up construction but also notably lowers
carbon emissions associated with each project [8]. However,
transportation limitations often restrict the length of precast
columns, requiring the connection of multiple columns to
achieve the desired length. On-site column connections are
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generally necessitated by erection conditions rather than
structural requirements. Despite these challenges, connecting
multiple precast CFST columns provides structural flexibility
and adaptability, allowing for efficient customization of
lengths, sizes, and configurations to meet varied project
needs. This method enhances the construction efficiency
and design flexibility and fosters innovation in building
design, contributing to a more resilient and sustainable built
environment. Nonetheless, the stress transmission in the
joint zones is a critical factor, as these areas can become
potential points of failure. Additionally, the connection
between concrete and steel bars significantly affects the
structural behavior of CFST precast elements [5]. Wet joints
offer better structural performance under various loading
conditions compared to modular joints. Enhancements in
these joints can be achieved using various types of high-
performance concrete (HPC).

Previous experimental research, such as studies of
Elwood and Eberhard and Ma et al. [9,10], has focused on
the load-bearing behavior of conventional RC columns, high-
lighting that this behavior is mainly influenced by the ratio of
longitudinal to transverse reinforcement. More recent
research has shifted toward examining the structural
responses of precast concrete (PC) columns [11-13]. For
example, Xu et al. [14] investigated the effects of different
concrete grades, reinforcement configurations, and axial com-
pression loads on the fire resistance of precast columns, dis-
covering that low-strength concrete columns demonstrated
better fire performance compared to high-strength ones.

Recent studies have evaluated the performance of CFSTs
with corrugated steel sheets and galvanized steel sheets
(GSSs) under axial and lateral loads [15,16]. Ekmekyapar
and AL-Eliwi [3] examined circular CFST columns under axial
loading, focusing on the column length to diameter (Z/D) and
diameter to steel tube thickness (D/t) ratios, steel grades, and
concrete classes. They found that the L/D ratio significantly
impacts the column behavior, while the D/t ratio does not.
Studies on CFST columns’ monotonic behavior show that
they excel in peak and post-peak mechanical properties,
especially in ductility [1517]. With the goal to assess the
internal autogenous shrinkage behavior, a full-scale CFST
test was performed in the study of Chen et al. [18]. A recent
study presented by Tang et al. [19] investigated the compres-
sion behavior of glass fiber reinforced polymer-confined
short columns with a recycled coarse aggregate, focusing
on the eccentric compression behavior. Ganesh and Rama-
chandra Murthy [20] found that using ultra-high-perfor-
mance concrete (UHPC) with strip overlays increased the
flexural capacity and fatigue life of RC columns compared
to control columns. Recent research has focused on the
performance of PC columns with connection joints, though
specific references on these connections are still limited.

Hamoda et al. [7] studied the flexural behavior of slender
RC precast columns with circular cross-sections and UHPC
intermediate joints. Their tests showed significant improve-
ments in flexural behavior with increased reinforcement
ratio and embedment length. Wang et al. [21] examined
the seismic behavior of PC columns with bolted connections,
finding that hybrid connections performed comparably to
cast-in-place columns at mid-story height. Hu et al. [22] also
studied bolted end plate connections, which showed similar
load-bearing behavior to cast-in-place columns. This body of
work underscores the diverse connection options for precast
columns and their impact on load-bearing capacity.

Modern construction is increasingly utilizing HPC and
fiber-reinforced concrete (FRC) to enhance the structural
strength and performance in a wide range of load configura-
tions and scenarios [23-25]. Engineering cementitious com-
posites (ECCs) are notable for their superior flexural and
tensile strength and ductility compared to normal concrete
(NC) [26-30]. FRCs, such as polypropylene fibre-reinforced
concrete and ultra-high-performance steel-fiber-reinforced
concrete, also show significantly enhanced mechanical prop-
erties [31-35]. HPC use reduces crack widths, minimizing
corrosion and concrete deterioration [36,37]. Incorporating
HPC into structural elements enhances flexural properties,
ductility, and failure modes [38,39]. These advancements
benefit both the RC and concrete-filled corrugated tubes
in precast columns. Emara et al. [40] found that RC columns
with external circular confinement (ECC) and 1.5%
polypropylene fibers had higher compressive strength, duc-
tility, and durability than NC columns under axial loading.
Wang et al. [32] demonstrated that ultra-high performance
fiber reinforced concrete (UHPFRC) filled tubular steel col-
umns performed significantly better under lateral impact
than normal concrete (NC) filled columns. Hamoda et al.
[7,8] explored using HPC in PC column joints, finding that
increased steel bar length and reinforcement ratio improved
the crack resistance and load-bearing capacity under axial
and flexural loading. Additionally, using GSS in CFST col-
umns enhances the corrosion resistance, stability, and
load-bearing capacity [16,41]. Further approaches and
material combinations for enhancing corrosion resis-
tance can be found in the study of Chen et al. [42].

The existing literature shows a significant gap in under-
standing the flexural behavior of precast CFST columns con-
nected with HPC, especially high-performance composite
connections such as ECC or ultra-high fiber reinforced con-
crete (UHFRC). To address this gap, our study aims to eval-
uate the effectiveness of this innovative approach in com-
parison to typical PC columns made of NC. Through testing
circular slender CFST precast columns under bending with
different connection lengths, their behavior up to collapse is
analyzed and discussed in the present work.
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2. Experimental program

2.1 Specimen details and test program

Ten slender PC columns, each with a circular cross-section
and a diameter of 100 mm, were constructed and subjected
to monotonic flexural loading until failure. To assess the
bending capacity of these slender PC columns, precast NC
was used to fill circular steel tubes on the left and right
parts of the column, as illustrated in Figure 1. Various
types of intermediate concrete connections were tested
following the concept introduced in the study of Hamoda
et al. [7]. Additionally, a standard slender RC column,

measuring 750 mm in total length without intermediate
connections and steel tubes, was also tested, and it served
as a control specimen.

Similarly to previously published studies, e.g., Hamoda
et al. [7,8], two primary parameters were examined within
the test program: the type of HPC used for the connection
(NC, ECC, and UHFRC) and the development length of the
embedded steel bars or connecting concrete joint (L). Three
different embedment lengths — 150, 200, and 300 mm — were
investigated, as summarized in Table 1. The columns with
intermediate connections were categorized into three groups
based on the connection type (G1, G2, and G3). In the naming
convention for the tested columns, “N” represents NC, “E”
stands for ECC, and “H” indicates UHFRC. The subsequent
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Figure 1. Geometric and reinforcement details: (a) reinforcement details for beam B0 and (b) details of the connection zone (units: mm).



Aref A. Abadel et al.

Group Specimen’s ID Concrete type Connection length (L) Objective

Gl BO NC — Control beam
N-L1 15cm Impact of NC connection with varied lengths in connected beams under
N-L2 20 cm sagging moment
N-L3 30 cm

G2 BO NC — Control beam
E-L1 ECC 15cm Impact of ECC connection with varied lengths in connected beams under
E-L2 20 cm sagging moment
E-L3 30 cm

G3 BO NC — Control beam
H-L1 UHFRC 15cm Impact of UHFRC connection with varied lengths in connected beams under
H-L2 20 cm sagging moment
H-L3 30 cm

The columns were composed of three segments: two segments made of precast NC-filled circular steel tubes connected by an inter-
mediate joint of NC, ECC, or UHFRC, as illustrated in Figure 1. Each column had a circular cross-section with a diameter of 100 mm. The
precast NC sections on the left and right sides were each 300 mm long, while the length of the intermediate segment varied according to
the investigated length of the embedded steel bars (refer to Figure 1). All columns featured the same reinforcement, with four D10 bars
as longitudinal reinforcement and ring stirrups in a closed form with an 8 mm diameter, spaced vertically at 85 mm intervals.

Table 1. Test matrix.

number (L1, L2, and L3) denotes the development length of
the embedded steel bars, which are 150, 200, and 300 mm,
respectively.

2.2 Material properties and mix
proportion

The specimens were produced using ready-mix NC, ECC,
and UHFRC, with their respective mix proportions detailed
in Table 2. As indicated in Table 2, ECC requires a higher
amount of high-range water reducer (HRWR) compared to
UHFRC. Therefore, from an economic standpoint, UHFRC
is a more favorable choice for filling the joint connections
of precast columns.

To characterize the properties of the materials used in
the test program, both uniaxial tension and uniaxial com-
pression tests were conducted. Compression tests were per-
formed using 150 mm x 300 mm cylinders on the same day

of experimentation (Figure 2(c)). Uniaxial tension tests were
conducted using dog bone samples, following the specifica-
tions and recommendations of the ACI [43], as shown in
Figure 2. The idealized and measured compressive and ten-
sile stress—strain responses of NC, ECC, and UHFRC are
depicted in Figure 3(a) and (b), respectively.

Additionally, tensile tests were carried out on coupons
to evaluate the mechanical properties of the GSS and steel
bars used. The recorded tensile stress strain responses of
the steel bars and GSS are presented in Figure 4, along
with idealized multilinear uniaxial tension laws [7].

2.3 Casting and preparation

As illustrated in Figure 5(a), circular steel tubes were con-
structed using GSS secured with three steel bolts. These
tubes were then filled with NC to create two precast CFST
panels for each column to be tested. The precast CFST

Concrete Cement Fine aggregate Coarse aggregate Fly ash Water/ PVA/steel fiber (%) HRWR f; (MPa)
(kg/m®) (kg/m®) (kg/m®) (kg/m®) binder in volume (kg/m®)
NC 350 700 1,150 — 043 — — 32.56
ECC 580 450 — 610 0.22 2.10 353 63.67
UHFRC 500 600 990 35 0.24 2.00 15.6 126.75

Table 2. Mix proportion and compressive strength of the used concrete.
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Figure 2. Uniaxial tensile and compressive tests for concrete: (a) concrete specimen dimensions for tension, (b) test of the concrete
specimen under tension, and (c) test of the concrete specimen under compression.

panels had a height of 300 mm, with additional lengths for
the connections (Lg) of 150, 200, and 300 mm.

To build the full-length columns, two 300 mm long pre-
cast CFST panels were assembled in opposite directions,
leaving a gap (Lg) for casting NC, ECC, or UHFRC inside, as
shown in Figure 5(a) and (b). For example, combining two
300 mm precast CFST panels with Ly values of 150, 200, and
300 mm resulted in total column lengths of 750, 800, and
900 mm, respectively. The connection between the precast
CFST columns and the NC/ECC/UHFRC infill was achieved
using a cylindrical formwork, as depicted in Figure 5(b),
into which the flowable NC, ECC, or UHFRC material could
be poured.
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2.4 Loading arrangement, test setup, and
instrumentation

The test program described in this study was conducted at
the testing laboratory of Kafrelsheikh University in Egypt.
The circular precast slender CFST columns were tested
in four-point bending using a 1,000 kN hydraulic jack
securely fixed to a stiff steel frame, as shown in Figure
5(@). The loads were applied via loading plates, as illu-
strated in Figure 6(b). The distance between the supports
and the loading plates was kept constant across all tests to
allow for a consistent comparison of the flexural capacity
of the tested columns.
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Figure 3. Constitutive stress—strain law for all concrete specimens: (a) under compression and (b) under tension.
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Figure 4. Actual and idealized stress strain law for steel elements.
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A linear variable displacement transducer was strate-
gically positioned vertically to measure mid-span deflec-
tion, as depicted in Figure 6. Additionally, two PI-shaped
displacement transducers were employed to measure the
crack opening displacement on the surface of the concrete
column. These transducers were connected to a system
that automatically collected recorded data during the
experimental process.

3. Test results and discussion

3.1 Crack pattern and failure modes

The control specimen B0 exhibited a failure mode character-
ized by flexural cracking and crushing in the compressive
zone, as shown in Figure 7. This mode of failure, involving a
combination of flexural cracks and compressive failure,
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steel sheet

A a

=

% Anchor
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Main reinforcemen
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(a)
Figure 5. Preparation of connected beams: (a) preparation of pre-casted panels and (b) connecting of panels and casting of the
connection zone.

-t

Casting

aligns with the typical behavior observed in RC structures
under bending stress, e.g., Hamoda et al. [7]. For the precast
CFST columns with NC, engineered cementitious composite
(ECO), and ultra-high-performance fiber-reinforced concrete
(UHFRC) connections, distinct failure patterns were identi-
fied. In CFST columns with NC connections, failure was
initiated by a diagonal crack at the junction between the
NC joint and the CFST part (Figure 8), a phenomenon also
noted in studies where material discontinuities lead to stress
concentrations [7]. Additionally, horizontal cracking was
observed in the column with a 200 mm NC connection at
the ultimate loading stage.

In the columns with ECC connections, separation between
the ECC joint and the CFST part was evident in those with
longer connection lengths of 200 and 300 mm (Figure 9b and c).
This type of debonding or interface failure between dissimilar
materials has been widely reported in the literature, particu-
larly in composite systems under high flexural or tensile
loads [7]. Interestingly, the column with the shortest con-
nection length exhibited a diagonal crack similar to those
observed in the NC-connected columns, further supporting
the hypothesis that shorter joints can experience stress con-
centrations at the interface.

The columns with UHFRC connections showed a com-
bination of diagonal and horizontal cracks, along with
crushing in the compressive zone (Figure 10). This mode
of failure, involving both cracking and crushing, is often
associated with the high strength and stiffness of UHFRC,
which can resist tensile cracking but may eventually
experience compression failure at ultimate loads [7].

Table 3 summarizes the evaluated values of crack
loading (P.;) and ultimate loading (P,), along with the cor-
responding vertical displacements (A, and Ap,).

{ connection zo:

<

(b)
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Figure 6. Test set-up and details of the instrumentations: (a) schematic of tested connected beam and (b) image of the beam during the
test (units: mm).

3.2 Load-deflection response

The load-deflection response of all investigated columns is
depicted in Figure 11. The measured mid-span deflections
at the cracking force and the ultimate force are listed in
Table 3. Generally, all columns exhibited linear behavior
up to the point of crack development. As shown in Figure 11
and Table 3, columns with UHFRC connections demonstrated
the highest stiffness compared to those with ECC and NC
connections. The columns with NC connections displayed a
relatively lower bearing capacity than the reference columns
B0, whereas the columns with UHFRC and ECC connections
showed greater bearing capacity than the reference columns
BO, as illustrated in Figure 11.

Crushing in
compression side

More flexural cracks

Figure 7. Failure mode of master heam (B0).

Load transformer steel column |
Load distribution steel beam

Movable steel
support

teel column as “\

1]

load transformer

(b)

The higher stiffness in UHFRC-connected columns can
be attributed to the material’s higher tensile strength and
fiber reinforcement, which limit crack development
and deflection. UHFRC’s improved crack resistance delays
the reduction in stiffness, resulting in smaller deflections
compared to ECC and NC connections. In contrast, NC
connections exhibit larger deflections due to the brittle-
ness and lower tensile strength of NC, which cause ear-
lier crack formation and a quicker reduction in stiffness.
ECC connections show a more balanced behavior, as the
material’s strain-hardening properties and multiple
micro-cracking mechanisms help distribute the load
more effectively, resulting in greater ductility and con-
trolled deflection.

All columns transitioned into the plastic phase and
exhibited hardening until the ultimate load was reached,
as shown in Figure 11. Notably, the columns with UHFRC
displayed more ductile behavior compared to those with
NC, while the columns with ECC exhibited the most ductile
behavior among the three types of connections investi-
gated in this study.

3.3 Absorbed energy and elastic stiffness

The absorbed energy (E) of all columns was calculated as
the total area under the load-displacement curve
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Figure 8. Failure modes of Group G1: (a) Beam N-L1, (b) Beam N-L2, and (c) Beam N-L3.

Figure 9. Failure modes of Group G2: (a) Beam E-L1, (b) Beam E-L2, and (c) Beam E-L3.
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Figure 10. Failure modes of Group G3: (a) Beam H-L1, (b) Beam H-L2, and (c) Beam H-L3.

following the approach commonly used in the literature reference column BO. In contrast, columns with ECC con-
(e.g., Hamoda et al. [28,44,45]). A comparison of the calcu- nections demonstrated higher energy absorption compared
lated energy E values for all tested columns is shown in  to the reference column B0. For all column types, the
Table 3. The evaluated absorbed energy of the columns absorbed energy increased with the length of the embedded
with NC connections was relatively lower than that of the connection (Figure 12).

Specimen’s ID Cracking stage Ultimate stage Elastic Kg/Kg Absorbed Eg/Egg
P 6)  PaglPams D m) Py (RN)  PuglPupo  Apy (mm)  SUINESS energy ()
index (K)
G1 BO 12.95 1.00 0.66 44.01 1.00 3.92 19.62 1.00 148.35 1.00
N-L1 10.21 0.79 0.99 38.27 0.87 3.82 10.31 0.53 98.81 0.67
N-L2 10.96 0.85 0.83 40.16 0.91 3.90 13.20 0.67 137.76 0.93
N-L3 11.32 0.87 0.78 4243 0.96 3.74 14.51 0.74 135.54 0.91
G2 BO 12.95 1.00 0.66 44.01 1.00 3.92 19.62 1.00 148.35 1.00
E-L1 11.56 0.89 0.95 42.54 0.97 443 1217 0.62 152.93 1.03
E-L2 12.32 0.95 0.77 46.08 1.05 411 16.00 0.82 208.01 1.40
E-L3 13.91 1.07 0.49 48.97 111 4.62 28.39 145 25111 1.69
G3 BO 12.95 1.00 0.66 44.01 1.00 3.92 19.62 1.00 148.35 1.00
H-L1 13.84 1.07 0.61 46.85 1.06 321 22.69 116 130.14 0.88
H-L2 14.52 112 0.43 49.24 112 3.50 33.77 172 205.44 1.38
H-L3 15.26 118 0.37 51.37 117 3.89 41.24 210 252.77 1.70

P.,: load at which the first crack appeared; A.,: vertical deflection recorded at P.; P,: ultimate load; Ap,: vertical deflection recorded at
Py; K: elastic index; E: absorbed energy.
Table 3. Test results of the tested connected beams.
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Figure 11. Load-deflection relationships for tested connected beams: (a) Group G1, (b) Group G2, and (c) Group G3.

Incorporating ECC with strain-hardening behavior and
UHFRC with crack-bridging effects in the intermediate
joint, along with the GCSS tubes, led to significant improve-
ments in energy absorption over the control NC column.
For instance, as shown in Table 3, the energy absorption of
columns E-L3 and H-L3 increased by 69 and 70%, respec-
tively, compared to the control column BO.

BO
300
N-L1 H-L3
200
N-L2 10 H-L2
N-L3 H-L1
E-L1 E-L3
E-L2

Figure 12. Absorbed energy (E) for all beams (kN mm).

The recorded elastic stiffness values (K) for all columns
are summarized in Table 3. These values are defined by
the linear response slope of the load versus mid-span
deflection relationship. All precast CFST slender columns
with NC connections exhibited lower elastic stiffness com-
pared to the control specimen B0. However, CFST columns

B0
50
N-L1 4 H-L3
30
N-L2 f" H-L2
N-L3 H-L1
E-L1 E-L3
E-L2

Figure 13. Elastic index (K) for all beams (kN/mm).
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with UHFRC connections showed higher elastic stiffness
than the control specimen B0, as shown in Figure 13. For
example, the column with a 300 mm embedded length
exhibited a 110% increase in elastic stiffness. The elastic
stiffness for all column types increased with the length of
the embedded connection, as shown in Table 3.

3.4 Cracking and ultimate loads

A summary of the recorded loads at which the first crack
(P.;) occurs, as well as the ultimate loads (P,) for all tested
columns, is presented in Table 3. The recorded cracking
force in the CFST precast columns with NC connections
was lower than that of the control specimen B0, whereas
the recorded cracking force for the columns with UHFRC
exceeded that of the control specimen.

For example, columns with UHFRC joints, specifically
FC-L2 and FC-L3, exhibited crack loads 28 and 47% higher
than that of the control column B0, respectively. For col-
umns with UHPECC joints, the crack loads of H-L1, H-L2,
and H-L3 were 7, 12, and 18% higher than the crack load of
the reference column B0, respectively.

It is evident that the delay in the onset of the first crack
in all CFST columns tested correlates with an increase in
the development length of the longitudinal bars, which in
turn increases the characteristic cracking load (P.,). This
trend is clearly demonstrated in Table 3. For instance,
increasing the development length from 200 to 300 mm
in the precast columns with ECC joints resulted in a 13%
increase in the cracking load. Similarly, for columns with
UHFRC joints, the cracking force increased by 5% when the
development length was increased from 150 to 200 mm,
and again when it was increased from 200 to 300 mm.

This observed trend aligns with experimental results
documented in the study of Elwood and Eberhard [9] for
circular PC columns with HPC interconnect. Among the
three types of joints investigated, columns with UHFRC
joints exhibited the highest crack load compared to those
with NC and ECC joints.

From Table 3, it is clear that increasing the embedment
length leads to relatively higher load-bearing capacities.
For columns with NC joints, for example, increasing the
embedment length from 150 to 200 mm and then to 300 mm
led to incremental increases in load-bearing capacities of 5
and 6%, respectively. Similarly, increases of 8 and 6% were
observed for columns with ECC joints when the embedment
length was increased from 150 to 200mm and then to
300 mm. For columns with UHFRC joints, increases of 5 and
4% were observed.

4. Conclusions

Based on the experimental investigations of CFST columns with
HPC connecting joints, the following conclusions were drawn:

* The predominant failure mode in most CFST columns
was a combination of diagonal cracking and concrete
crushing in the compressive zone.

GSS tubed columns combined with ECC and UHFRC con-
nections exhibited performance comparable to that of a
typical precast NC control column since experimental
results confirmed that gained contributions were about
11 and 17%, respectively.

Using ECC and UHFRC joints with the GSS tube signifi-
cantly enhanced energy absorption in precast CFST col-
umns by 69 and 70%, respectively, and improved elastic
stiffness by 45 and 110%, respectively.

For the ECC joint, doubling the development length of
the reinforcing bars/splice connections led to higher
cracking force, ultimate strength, elastic stiffness, and
energy absorption by 20, 15, 133, and 64%, respectively.

For the UHFRC joint, doubling the development length of
the reinforcing bars/splice connections led to higher
cracking force, ultimate strength, elastic stiffness, and
energy absorption by 10, 10, 82, and 94%, respectively.
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