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Abstract: A novel precast beam—column joint using shape memory alloy fibers-reinforced engineered
cementitious composites (SMA-ECC) was proposed in this study to achieve self-repairing of cracks
and internal damage after an earthquake. Three large-scale beam-column joints were tested under
displacement reversals, including one monolithically cast conventional concrete joint, one engineered
cementitious composites (ECC) reinforced precast concrete joint, and one SMA-ECC reinforced precast
concrete joint. Failure mode, crack pattern, hysteretic behavior, stiffness degradation, displacement
ductility, and energy dissipation capacity were compared and evaluated through a cyclic loading
test. The test results showed that the ECC-based (ECC, SMA-ECC) precast joints have equivalent
seismic properties to the monolithically cast concrete joint. ECC-based joints enhanced the ductility
and energy dissipation capacity of the joint and, remarkably, reduced crack width. The SMA-
ECC reinforced joint also exhibited instant self-healing in terms of the closure of small cracks after
unloading. The self-healing performance was further evaluated through ultrasonic pulse tests, with
the results showing that the use of SMA-ECC material was efficient in reducing the internal damage
of beam—column joints after an earthquake.

Keywords: beam—column joints; seismic performance; self-repairing; engineered cementitious
composites; ultrasonic pulse test

1. Introduction

In recent years, precast concrete (PC) structures have been extensively applied in
many countries and regions because of their promising quality, lower cost, and relatively
short construction time compared to cast-in-place reinforced concrete (RC) structures [1].
However, PC frame structures are vulnerable to seismic load due to their compromised
structural integrity of beam—column joints [2]. It is reported that structures with precast
RC frames as the lateral force resisting system perform poorly in strong earthquakes [3,4].
For example, the collapse of many precast structures was triggered by severe damages of
beam-—column joints during the 12 May 2008 Wenchuan Earthquake [5] and the 17 August
1999 Marmara Earthquake [6].

The seismic performance of structures with precast RC frames depends heavily on
the behavior of beam—column joints, which are the most critical yet weakest component
of the frame [7]. A beam—column joint with good seismic performance could effectively
transfer internal forces. It should also be able to dissipate enough energy and be sufficiently
ductile to withstand large displacement reversals during strong earthquakes. Due to
the intrinsic brittleness and low tensile strength of concrete, it is hard to achieve the
abovementioned requirement of a beam—column joint [8]. Reinforcing bars may not be fully
utilized during earthquakes because of the deformation incompatibility between brittle
concrete and ductile reinforcing bars. In addition to the above-mentioned difficulties, for
PC joints, the connections between the precast beam and column weaken the integrity of
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the structure, since the casting interface of PC joints is more vulnerable to earthquakes. To
improve the load-bearing capacity and seismic performance of RC frames, the RC jacketing
method is extensively used for strengthening RC joints. It can effectively enhance the
strength, stiffness, and ductility of concrete members by increasing section area in damaged
columns [9]. However, larger member size may compromise the structural serviceability.
The application of high-performance fiber-reinforced cementitious composite (HPFRCC)
materials has thrived during the past few decades. Engineered cementitious composites
(ECC) is one novel type of HPFRCC material with tensile strain-hardening behavior, multi-
cracking properties, and ultra-ductility [10,11], which can significantly improve the energy
absorption capacity and damage resistance under seismic loads. Ultra-high-performance
concrete (UHPC) is a type of fiber-reinforced concrete material that exhibits high com-
pressive strength (at least 120 MPa) and tensile strength (at least 7 MPa) [12]. It has been
demonstrated by previous research that HPFRCC is a class of promising building materi-
als for earthquake-resistant structures because of its improved compression and tension
properties [13]. In contrast to conventional concrete, which normally has a compressive
fracture energy of 10 to 25 N/mm, ECC and UHPC have been found to have a compressive
fracture energy ranging from 53 to 180 N/mm [14,15]. Kesner et al. [16] reported that cyclic
tension behavior follows the monotonic tension curve for PVA-ECC without compression
softening. In contrast, Khlef et al. [17] found that for HPFRCC with hybrid PVA and steel
fibers, the tensile strength and flexural toughness decrease with increased cyclic loading.
Many research works have investigated the seismic performance of beam—column joints
using different HPFRCC materials, such as steel fiber-reinforced concrete (SFRC) [18,19],
UHPC [20], and ECC [21-23]. These studies showed that the use of SFRC in the joint
zone can enhance the shear strength, while the application of UHPC can significantly
improve the bearing capacity and shear resistance and reduce the amount of reinforcement
in the joint zone. Gou et al. [24] proposed a novel type of precast beam—column joint
(P]) comprising concrete columns, U-shaped low-shrinkage ECC (LSECC) beam shells,
and joint core area with LSECC. After five LSECC/RC joints with different reinforcement
details were tested under cyclic loading, it was found that LSECC/RC joints can effectively
simplify the reinforcement details in a joint zone. In addition, the seismic performance of
ECC joints is also affected by fiber types to some extent. Ismail et al. [25] found that, at
the same fiber volume content, the ductility and energy dissipation of the ECC joint with
steel fibers are 29% and 27% higher, respectively, than those of PVA-ECC joint. Although
the above joints show desirable seismic behavior during an earthquake, severe damage
and larger residual deformation in the joint zone are inevitable under larger displacement
reversals, resulting in high maintenance costs and efforts after strong earthquakes.
Recently, the concept of intelligent structural systems has attracted attention world-
wide. The intelligent system is a new type of structural system that can automatically
modify structural characteristics and restore structural function after disastrous incidents,
hence improving structural serviceability and reducing the retrofitting cost [26,27]. This
concept also facilitates the implementation of the main sustainable development goals
(SDG) proposed by the United Nations Agenda. For example, after the 2009 L’ Aquila
Earthquake, the actual repair costs on drift sensitive members highly ranged from 70~90%
of total building repair costs [28]. The performance of the SR 99 Alaskan Way Viaduct
south access connection (AWV-SAC) bridge scaled columns using an intelligent composite
system combining two innovative materials was evaluated [29]. This intelligent system
provides good post-earthquake performance with limiting residual deformation and elim-
inating spalling damage, which is of benefit to reduce the economic and social costs of
need repair and rehabilitation after an earthquake. In particular, smart materials play a
key role in intelligent systems by providing important functions such as sensing, actuation,
and autogenous healing. Shape memory alloys (SMAs) are a class of smart materials that
exhibit unique super-elasticity and shape memory effect, and have a recoverable strain up
to 6~8% [27], with their great controlling effect extensively used for energy dissipation [30].
With the development SMAs and ECCs, important structural members have been designed
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based on intelligent composite systems combining SMAs and ECCs. For the seismic perfor-
mance of structural members, beams [31,32], bridge columns [33-35], and beam—column
joints [36] have been investigated. These results showed that SMA bars can significantly
enhance the self-centering capacity, while the use of ECC can improve the ductility and
energy dissipation capacity. However, the members reinforced with SMA bars and ECCs
performed poorly on strength and initial stiffness compared to RC members.

Shape memory alloy fibers-reinforced engineered cementitious composites (SMA-ECC)
is a novel, self-healing concrete material with outstanding energy dissipation capacity, multi-
microcracks distributed characteristics, and self-healing properties [37—40]. Ali et al. [38]
studied the behavior of SMA-ECC under impact loads through drop weight impact tests,
and found that SMA-ECC materials exhibited superior tensile properties and impact resis-
tance. The authors of [39,40] evaluated the self-healing performance of SMA-ECC through
four-point bending tests and ultrasonic pulse tests. According to the test results, SMA
fibers could effectively close micro-cracks, while SMA-ECC specimens with 1.0% of SMA
fiber content exhibited satisfactory crack-healing capacity and damage-repairing capacity,
which could potentially reduce the maintenance costs of post-earthquake structures. Thus,
it has been demonstrated by the previous research that SMA-ECC is a very promising
material for the application of critical structural members while achieving SDG in terms of
performance, safety, and economy:.

This paper proposed a novel PJ using SMA-ECC materials in the joint core zone aiming
to reduce joint zone damage and achieve self-repairing of cracks and internal damage after
an earthquake. Three large-scale beam-column joints, including one monolithically cast
joint and two precast joints, were fabricated and tested by cyclic loading tests. The effects
of material type (concrete, ECC, and SMA-ECC) in the joint zone on seismic performance
and self-healing performance were investigated. The test results were summarized and
discussed. The self-healing performance in terms of crack healing and internal damage
repairing was also evaluated through acoustic tests. The precast beam—column joint
reinforced with SMA-ECC materials exhibited better performance in energy dissipation
and crack healing compared to the monolithically cast RC joint.

2. Experimental Program
2.1. Specimen Design

Three beam—column joints were designed, including one cast-in-place joint (J-RC) and
two precast joints (PJ-ECC and PJ-SMA-ECC), as listed in Table 1. All beam—column joint
specimens were designed following the principles of “strong column-weak beam” and
“strong joint-weak member” as suggested in the Code for Seismic Design of Buildings [41].
Specifically, the flexural capacity ratio of column-to-beam was designed to exceed 1.3, so
that the plastic hinges would form at the beam ends. The shear capacity of the joint was
calculated according to ACI 352R-02 [42] (Equations (1)—(3)):
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where ¢ is taken as 0.85, v, is the nominal shear stress, v is taken as 15 for beam—column
joint, f'c is the nominal compressive strength, b; is the effective joint width, h is the depth
of the column in the direction of joint shear, As; and As; are the areas of compression
and tension reinforcement, f,1 and f;, are the yield strengths of compressive and tensile
reinforcement, V, is the shear in the column, and « is the stress multiplier for longitudinal
reinforcement at the joint—-member interface (equal to 1.25).
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Table 1. Specimen beam~—column joint details.

Specimen Type Axial Compressive Ratio Material in Joint Zone
J-RC monolithic 0.2 Concrete
PJ-ECC precast 0.2 ECC
PJ-SMA-ECC precast 0.2 SMA-ECC

All the specimens shared the same geometry and reinforcement layout, as shown
in Figure 1. The cross-section size of the beam was 250 mm x 400 mm. The beam was
longitudinally reinforced with three ¢20 top steel bars and two ¢20 bottom steel bars, and
transversely reinforced with two legs of ¢8 steel bars (spacing of 100 mm or 200 mm). The
cross-section size of the column was 400 mm x 400 mm. The column was longitudinally
reinforced with eight ¢22 steel bars, and the arrangement of the stirrups was similar to the
beams. Additionally, the stirrups in the joint zone were identical to those in the column
with two legs of ¢8 steel bars with a spacing of 100 mm.
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Figure 1. Details of joint specimens (unit: mm).

The difference between these specimens were the casting procedure and material in
the joint zone. Specimen J-RC was cast monotonically with ordinary concrete. The columns
and partial beams of Specimens PJ-ECC and PJ-SMA-ECC were pre-casted, while the rest
of the beams were cast in the field with ordinary concrete, as shown in Figure 1. The joint
zone of Specimens PJ-ECC and PJ-SMA-ECC was cast in the field with ECC and SMA-ECC,
respectively. The interfaces between precast concrete and cast-in-place SMA-ECC or ECC
were roughened using artificial chiseling to improve the integrity of precast joints. The
precast RC column of the upper story was connected with the longitudinal bars extended
from the joint by grout sleeve connections, which were widely used in precast structures to
improve bond and structural integrity.

2.2. Specimen Fabrication

In relation to the limitations of practical construction conditions and the convenience
of specimen fabrication, the horizontal pouring method was adopted in this study. The
fabrication processes of the proposed joint were as follows: (1) The lower precast column
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Comnnected by grout

was prefabricated and placed in position; (2) The precast beams were assembled in the
wood formwork; (3) The longitudinal reinforcements in the top of the beam and the stirrups
in the joint zone were placed; (4) The upper precast column was assembled by inserting
bars of the lower precast column to the embedded grout sleeves in the upper column, as
shown in Figure 2; (5) Grouting the grout sleeves of the column joints; (6) The joint zone
and the top of the precast beam were cast in the field with ECC/SMA-ECC and ordinary
concrete, respectively.

Upper precast column

sleeve
Cast-in-place concrete
Precast beam
Lower precast column
(a) (b)
Figure 2. The fabrication of the precast joint. (a) Schematic diagram; (b) Photo.
2.3. Materials Properties
Three types of materials were used in this experimental program: ordinary concrete,
ECC composite, and SMA-ECC composite. The mix proportions of the ECC and SMA-ECC
materials are listed in Table 2, with the mechanical properties of PVA and SMA fibers
shown in Table 3. The tensile strength of PVA and SMA fibers were 1560 MPa and 895 MPa,
respectively. The diameter and length of SMA fiber is 0.6 mm and 16 mm, respectively. In
this study, a heat treatment process was used to improve the super-elastic property of SMA
fiber as previously described by the authors [39]. The mix proportion of concrete with a
nominal compressive strength of 40 MPa is tabulated in Table 4.
Table 2. Mix proportions of SMA-ECC and ECC (weight proportion).
Slag Quartz Water PVA Fiber = SMA Fiber
Cement Fly Ash Powder Sand Water Reducer (V%) (V%)
SMA-ECC 0.15 0.7 0.15 0.4 0.25 0.003 1.70 1.00
ECC 0.15 0.7 0.15 0.4 0.25 0.003 1.70 0.00
Table 3. Mechanical properties of PVA and SMA fibers.
Tvoe Diameter Length Tensile Strength Elastic Modulus Density
M (mm) (mm) (MPa) (GPa) (kg/m?)
PVA 0.04 12 1560 428 1300
SMA 0.6 16 895 41 6450
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Table 4. Mix proportions of concrete.

Material Water Cement Sand Coarse Fly Ash HRWRA
Aggregate
Content (kg/m?) 163 347 693 1130 82 9.9
Weight proportion (%) 0.47 1.00 2.00 3.26 0.24 0.029

The compressive strength of SMA-ECC, ECC, and concrete was determined by con-
ducting axial compressive tests on 150 mm x 150 mm x 150 mm cubes following GB/T
50081-2019 [43], with the average results shown in Table 5. Direct tensile tests were
conducted on SMA-ECC and ECC using bone-shaped specimens with a dimension of
355 mm x 100 mm x 50 mm. Each type of material includes three specimens. The tensile
stress—strain curves of SMA-ECC and ECC are shown in Figure 3, with the ultimate tensile
strain of both specimens exceeding 2.6% and the tensile strength both exceeding 2.4 MPa.
The tensile test results of SMA-ECC and ECC are listed in Table 6. The grade of the reinforc-
ing bars was HRB400. Material properties were tested according to GB/T 228.1-2010 [44],
with the test results tabulated in Table 7.

Table 5. Compressive strength of concrete, ECC, and SMA-ECC.

Scheme 43 Strength of Concrete Strength of ECC Strength of
) (MPa) (MPa) SMA-ECC (MPa)
Precast beam 434 — —
Precast column 434 — —
Cast-in-place zone 42.1 43.7 40.2

Stress (MPa)

o
=)

0.0 T T T

0 1 2 3 4 5 0 1 2 3 4 5
Strain (%) Strain (%)
(a) (b)

Figure 3. The tensile stress—strain curves of materials. (a) SMA-ECC; (b) ECC.

Table 6. Tensile test results of ECC and SMA-ECC.

Material Tensile Specimen  Tensile Strength (MPa)  Ultimate Tensile Strain (%)
SE-1 2.06 3.50
SE-2 2.69 4.07
SMA-ECC SE-3 2.44 3.18
Average 2.40 3.58
E-1 248 3.03
E-2 242 2.65
EcC E-3 268 —

Average 2.53 2.84
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Table 7. Material properties of the reinforcing bars.

Scheme Diameter (mm) Yield Strength Ultimate Strength ~ Elastic Modulus Elongation
(MPa) (MPa) (GPa) (%)
Stirrup bar 8 436 635 201 14.66
s 20 435 629 211 14.11
Longitudinal bars 22 432 621 199 13.74

2.4. Test Setup and Loading Procedure

Figure 4 shows the typical test setup. Both the top and bottom of the columns were
attached to hinges to create inflection points at a middle-height position of the column. The
top hinge was attached to the loading frame, while the bottom hinge was anchored to the
reaction floor. Each beam end was attached to a 500 kN vertical MTS hydraulic actuator.
Two actuators simultaneously caused opposite displacements, i.e., one upward and the
other downward. A 5000 kN hydraulic ram was connected to the column top to apply a
constant axial load.

. 3400 y
J 1500 15400* 1500 “IL

=N e

H/IINNRERNARNRNERI

Hinge
support " agig

-----

LT 1]
™

. Reaction

---- Actuator N
frame

Specimen

[ ITTITTTITLTITT

LRl

(a) Elevation (b) Photo
Figure 4. Test setup shown as a (a) diagram and (b) photograph.

The applied loads were measured with load cells placed between the column top
and the hydraulic ram. The load and displacement of the beam ends were measured by
load cells and displacement transducers, respectively. Strain gauges were attached to the
longitudinal steel bars and stirrups in the joint region to monitor strain change during
the test.

This test was displacement-controlled following the loading protocol recommended by
the Specification for Seismic Test of Building [45], as shown in Figure 5. The displacement
increment was 2 mm before yielding and each displacement target was not repeated. The
displacement increment was set as Ay after yielding and each displacement target was
repeated twice, where A, was the yield displacement. The test was terminated when the
applied load reduced to 85% of the peak load.
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Figure 5. Loading procedure in the test.
3. Test Results

3.1. General Observations

Figure 6 displays the failure mode of each specimen. The failure mechanism of “strong
joint-weak member” and “strong column-weak beam” was achieved by the formation of
flexural hinges at the beam ends while limited shear cracks were generated in the joint zone.
The following section describes observations of each specimen during the testing process.

i

Main vertieal crack
at beam ?'iul ‘t‘

)

\
]
1
I

|
I
I
I
1
I

-
- -
-

Figure 6. Cont.
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Figure 6. Failure modes of the three specimens. (a) Specimen J-RC; (b) Specimen PJ-ECC; (c) Specimen
PJ-SMA-ECC.

Specimen J-RC: The initial flexural crack with a width of 0.032 mm was developed
at the bottom of the left beam near the joint when the applied displacement was 4 mm.
More cracks gradually developed and propagated toward the neutral axis of the beam
with increasing load, with cracks observed on both the top and bottom of the beams
when the load was reversed. The top reinforcement of the right beam yielded at the
moment the displacement reached 10 mm (A, equals 10 mm). In the loading cycle of
2Ay, the first diagonal crack with a width of 0.026 mm was formed in the joint zone. As
loading displacement reached 4A,;, concrete at the bottom of the beams began to spall off.
In addition, diagonal cracks in the joint zone gradually extended with a crack width of
0.552 mm. The specimen failed at a displacement of 7A,, with the formation of typical
flexural plastic hinges at the beam ends: severe concrete spalling at the top and bottom
of the beam end. Concrete crushing and buckling of the bottom longitudinal rebar were
observed, as shown in Figure 6a.

Specimen PJ-ECC: The initial flexural crack with a width of 0.024 mm was observed
at the top of the left beam at a loading displacement of 4 mm. More cracks gradually
developed on both the top and bottom of the beams, and propagated toward the neutral
axis of the beam as the loading increased. The left beam yielded at a displacement of 8 mm
(Ay equals 8 mm). After yielding, the top and bottom flexural cracks connected under
displacement reversals. Meanwhile, a vertical crack formed at the interface between the
beam and joint zone, while crack width increased with increasing load. The first diagonal
crack with a crack width of 0.034 mm in the joint zone was formed at a displacement of 2A,,.
As loading displacement reached 3A,, a vertical crack quickly started to develop upward
at each beam end near the joint. Finally, the crack width reached approximately 4.4 mm
at a loading displacement of 5A,. At a displacement of 9A, the specimen failed with a
complete vertical crack at the beam—joint interface, as shown in Figure 6b. There was no
concrete/ECC spalling or crushing during the test. Compared to J-RC, closely spaced small
diagonal cracks were observed in the joint zone of PJ-ECC and this specimen maintained
good integrity after the test stopped.

Specimen PJ-SMA-ECC: Initial flexural cracks with a crack width of 0.028 mm were
found at the bottom of the beams near the joint at a displacement of 4 mm. Crack develop-
ment was similar to Specimen PJ-ECC. This specimen yielded at a loading displacement
of 8 mm (A, equals 8 mm). The first vertical crack with a width of 0.021 mm at the beam-
column interface was observed at a displacement of 8 mm. Meanwhile, flexural cracks
gradually increased and developed on both the top and bottom of the beam end. At a
displacement of 3A,, the first diagonal crack was generated in the joint zone, with a crack
width of 0.023 mm. At the same time, the vertical crack at the beam—column interface
developed quickly, with the crack width reaching 1.2 mm. At a displacement of 64, the
diagonal cracks in the joint zone constantly developed and formed cross cracks, while the
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J-RC

maximum width was 0.032 mm. At a displacement of 8A, concrete at the bottom of the
right beam began to spall off. The specimen failed at a displacement of 9A,, as shown in
Figure 6¢. Compared with specimens J-RC and PJ-ECC, fewer and shorter shear cracks
were generated in the joint zone of Specimen PJ-SMA-ECC, as shown in Figure 6.

3.2. Crack Pattern

Figure 7 shows the crack patterns of the specimens. Flexural cracks were generated
at both the top and bottom of the beam and closely spaced diagonal shear cracks were
developed in the joint zone, with a crack barely observed at the column end. Compared
with Specimen J-RC, the width of the diagonal shear cracks was noticeably reduced for
Specimens PJ-ECC and PJ-SMA-ECC.

PJ-ECC

Right Left

SEEERI G RR R

':ﬁf%?j'E :i1L
i;:;;1t."

TR Tk

R

A

' —1=i=i-

Crack widths measured

at the joint zone

PJ-SMA-ECC

Crack widths measured
at the joint zone

PJ-SMA-ECC

o4 d / N l I, L -
bisioi s o "5:\\'(J ;

-

e

pizi-ir ﬁ/'w' TS

R R T N

1{\—1—1—|—|—

Crack widths measured

at the joint zone

Crack widths measured[ i
at the joint zone

Figure 7. Crack patterns of specimens. (a) ]-RC; (b) PJ-ECC; (c) P]-SMA-ECC; (d) Self-healed P]-SMA-ECC.

The crack width was measured at each predefined target displacement as mentioned in
Section 2.4 using a high-precision crack gauge. The relation between measured maximum
crack width in the joint zone and displacement is shown in Figure 8. In general, crack
width increased with increasing displacement for all specimens. The crack width of
Specimens PJ-ECC and PJ-SMA-ECC was significantly smaller than that of Specimen J-RC.
For example, at a loading displacement of 40 mm, the measured maximum crack width
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of Specimens J-RC, PJ-ECC, and PJ-SMA-ECC were 0.437 mm, 0.058 mm, and 0.029 mm,
respectively. It can be seen that ECC-based specimens had smaller cracks under the same
loading displacement compared with J-RC, which is due to the strain-hardening effect of
ECC materials. It was also noticed that the crack width of Specimen PJ-SMA-ECC was
smaller than that of Specimen PJ-ECC, and that is mainly due to the super-elasticity of SMA
fibers which assists the SMA-ECC material of partial micro-cracks’ closing ability after
unloading [39]. The crack measurements in the joint zone at the final target displacement
and 15 min after the test finished are tabulated in Table 8. For Specimen J-RC, 15 diagonal
cracks with a maximum crack width of 1.128 mm appeared in the joint zone at the final
target displacement, while for Specimen PJ-SMA-ECC, there were 8 diagonal cracks with
an average crack width of 0.03 mm in the joint zone. Fifteen minutes after the test, the
crack number of Specimens J-RC and PJ-ECC did not reduce, though the crack width
decreased by approximately 12% and 27% of the respective values measured at the final
target displacement. Compared with the other two control specimens, the crack number
of Specimen PJ-SMA-ECC reduced from 8 to 1, with 7 cracks completely closed and only
1 crack, with a width of 0.011 mm, remaining in the joint zone. It can be seen that SMA-ECC
materials can significantly reduce residual crack width and close mostly micro-cracks with
crack width below 40 pm.

E— J_RC 0.12 |—=—PJ-ECC
10k |——PJECC | —e— PJ-SMA-ECC
—4— PJ-SMA-ECC 0.10 | : :
E | | | E
E Eosl
el S 2
z 2 0.06
e 4
S04 s
@] 5 0.04
""""""" 0.02
0.0 0.00 i i i i i i i
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 P
Displacement (mm) Displacement (mm)

(a) (b)

Figure 8. Measured maximum crack width in the joint zone vs. displacement for (a) ]-RC and
(b) PJ-ECC and PJ-SMA-ECC.

Table 8. Crack measurements in the joint zone.

. Average Crack Width Maximum Crack
Specimen Number of Cracks (mm) Width (mm)

J-RC 15 0.652 1.128

The final target displacement PJ-ECC 13 0.058 0.121
PJ-SMA-ECC 8 0.030 0.043

J-RC 15 0.571 0.781

15 min after the test stopped PJ-ECC 13 0.042 0.112
PJ-SMA-ECC 1 0.011 0.011

Note: Average crack width = Total width of all cracks/Number of cracks.

3.3. Load-Displacement Curves

Due to the symmetric design of the beam—column joint specimen, only typical load-
displacement curves of the right beam are plotted in Figure 9. The positive and negative
loads were defined as upward loading and downward loading, respectively.
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Figure 9. Hysteresis curves of specimens for (a) ]-RC, (b) PJ-ECC, and (c) P]-SMA-ECC.

Figure 9a shows that Specimen J-RC had relatively flat hysteresis loops with less
pinching effect, indicating good bonding between the reinforcement and concrete. The load
began to drop at a displacement of approximately 48 mm and 50 mm in the positive and
negative directions. As shown in Figure 9b, Specimen PJ-ECC exhibited a stable hysteretic
behavior with a few pinching effects, indicating increased slip at the interface which was
caused by the vertical cracks. As shown in Figure 9¢, Specimen PJ-SMA-ECC and PJ-ECC
had similar hysteretic behavior. However, the hysteresis loops of Specimen PJ-SMA-ECC
were fuller compared with Specimen PJ-ECC. This may be attributed to the super-elastic
SMA fibers transformation caused by the “Martensite Effect” and “Austenite Effect” [46],
which is beneficial for energy absorption.

Specimen PJ-SMA-ECC and Specimen J-RC had similar performance in the elastic
phase. When the loading displacement reached 48 mm, Specimen J-RC reached its maxi-
mum load-carrying capacity (190.3 kN); in contrast, the maximum load-carrying capacity
of Specimen PJ-SMA-ECC was only 179.8 kN. It is assumed that compared with cast-
in-place RC joints, the post-casting of the precast joint caused a weak interface between
pre-casted and post-casted components; thus, the interface was relatively sensitive to cyclic
loads which resulted in the deterioration of the load-bearing capacity of the SMA-ECC
joint specimen.

Figure 10 shows the skeleton curve of all the specimens. As shown in Figure 10, the
load increased rapidly with increasing displacement, indicating that the initial stiffness
of the specimen was relatively large. The skeleton curve of Specimen PJ-SMA-ECC was
similar to Specimen J-RC, indicating that the SMA-ECC composite in the post-cast joint
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zone had better stress and strain compatibility compared with ordinary concrete, which
was beneficial to the strengthening effect of reinforcement.
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Figure 10. Skeleton curve of the specimens.

3.4. Strength, Displacement, and Ductility

Table 9 lists the cracking strength P, yield strength Py, peak strength P,,, ultimate
strength P;, cracking displacement A, yield displacement A, peak displacement A,
ultimate displacement A, and ductility u of the specimens. The ultimate displacement
was defined as the post-peak displacement corresponding to 85% of the peak load, while
the yield displacement was determined based on the equivalent elasto-plastic energy
absorption method [47]. As shown in Figure 11, the position of yield point B is determined
when the area enclosed by the curve OAFO is equal to the area enclosed by the curve FCDFE.
Ductility is defined by Equation (4):

p=DBulby 4
where A, is ultimate displacement, Ay is yield displacement, and y is ductility.

Table 9. Summary of test results for specimens.

Specimen P (kN) A.(mm) P, (kN) A, (mm) P, (kN) Am P, (kN) A, (mm) u
(mm)

Pos. NA NA 175.7 29.0 190.3 48.5 161.8 67.4 2.33
J-RC Neg. 60.8 4.0 137.5 15.3 157.0 49.5 133.5 69.8 4.56
Average 60.8 4.0 156.6 22.2 173.7 49.0 147.7 68.6 3.45
Pos. NA NA 137.5 18.6 160.5 24.1 136.4 63.2 3.40
PJ-ECC Neg. 72.8 4.0 135.7 11.7 160.1 24.0 136.1 69.3 5.92
Average 72.8 4.0 136.6 15.2 160.3 24.1 136.3 66.3 4.66
PI-SMA Pos. NA NA 151.2 14.9 179.8 24.0 152.8 56.0 3.76
]]_ECC i Neg. 73.7 4.0 121.9 10.3 158.2 32.0 134.5 57.4 5.57
Average 73.7 4.0 136.6 12.6 169.0 28 143.7 56.7 4.67

The peak strength of Specimen J-RC was 8.4% and 2.8% greater than that of Specimens
PJ-ECC and PJ-SMA-ECC, respectively, since Specimen J-RC had better integrity compared
to precast joints. Cracks of all specimens were initiated at a negative displacement of 4 mm.
The cracking strength of Specimens J-RC, PJ-ECC, and PJ-SMA-ECC were 60.8 kN, 72.8 kN,
and 73.7 kN, respectively. Specimen J-RC exhibited the largest yield and peak strengths
due to good integrity of the fully cast-in-place joint.
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The ductility was 4.67 for Specimen PJ-SMA-ECC, 4.66 for Specimen PJ-ECC, and
3.45 for Specimen J-RC, as listed in Table 9. The precast joint specimens had higher ductil-
ity compared with Specimen J-RC. The ductility of Specimens PJ-SMA-ECC and PJ-ECC
increased by 35% compared with Specimen J-RC. The reasons are: (i) SMA-ECC and ECC ef-
fectively improved the integrity of precast joints and (ii) the yield displacement of Specimen
J-RC was larger than that of Specimens PJ-SMA-ECC and PJ-ECC, as discussed earlier.

PA

P, c_ D

P} ......... £- B E

Pg- A

oL 3 5
AU A_v Am Au A

Figure 11. Definition of yield displacement.

3.5. Stiffness Degradation
The average scant stiffness for a given displacement target is calculated using Equation (5):

Kf—ZPf/ZA} 5)
i=1 i=1

where Pi]- and Ai]- are the peak load and corresponding displacement at the ih cycle of the
displacement target j, respectively, and # is the total load cycles at each displacement level.

Stiffness is plotted against displacement in Figure 12. Stiffness decreased continuously
with increasing displacement because of the accumulated damage during the test. The
initial stiffness of Specimens PJ-SMA-ECC and PJ-ECC were slightly smaller than Specimen
J-RC, which may be caused by the lower elastic modulus of the ECC matrix. It was
observed that the stiffness degraded quickly at earlier loading cycles and the degradation
rate gradually reduced after a displacement of 30 mm. After the displacement reached
24 mm, Specimen PJ-SMA-ECC exhibited a similar stiffness degradation trend as Specimen
J-RC, which implied that the proposed joint has comparable seismic behavior to that of the
monolithically cast concrete joint in terms of stiffness degradation.

. —=— PI-SMA-ECC

Stiffness (kN/mm))

Displacement (mm)

Figure 12. Stiffness degradation.
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Cumulated dissipated energy (kKN'mm)

3.6. Energy Dissipation and Damping Ratio

The dissipated energy was determined by the enclosed area of the hysteretic loop
in each cycle. Cumulative dissipated energy is a widely adopted parameter to assess the
energy dissipation capacity of a structural member. Cumulative dissipated energy in the
first cycle at each displacement target was plotted for all the specimens in Figure 13a.
The dissipated energy continuously increased with increasing displacement. The three
specimens exhibited a similar pattern of energy dissipation before the displacement reached
16 mm. The dissipated energy of Specimen PJ-SMA-ECC was greater than that of the other
two specimens after yielding, which suggested that SMA fibers in the joint zone can
effectively improve the energy dissipation capacity of the joint.
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(a) (b)

Figure 13. Dissipated energy for all the specimens. (a) Cumulative dissipated energy; (b) Equivalent
viscous damping ratio.

The equivalent viscous damping ratio k. was calculated by Equation (6) and plotted
against displacement in Figure 13b:

1 SABCD
he = — - —2ABCD 6
“ 21 Scop + Stos (©)

where Sspcp is the energy dissipation in the load cycle defined as the area enclosed by
a complete load cycle (i.e., area enclosed by curve ABCDA); Sgop is the triangular area
enclosed by points G, O, and D; and Sgpp is the triangular area enclosed by points E, O,
and B. The location of these points can be referred to in Figure 14.

AF

TR

B

O

Figure 14. Method used to calculate the equivalent viscous damping ratio.
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At the initial loading stage, he of Specimens PJ-SMA-ECC and PJ-ECC were lower
than Specimen J-RC. In the yielding stage, k. for all the specimens was approximately 0.05.
When the displacement increased to 24 mm, k. for Specimen PJ-ECC was higher than the
other two specimens. Specimen PJ-SMA-ECC had a similar trend to Specimen J-RC, as
shown in Figure 13b. The maximum value of /e of Specimen P]-SMA-ECC reached 0.14,
which was 33.3% and 16.7% higher than Specimens PJ-ECC and J-RC, respectively. With
a further increase in displacement, the /. values for all specimens decreased because of
the slip of longitudinal bars or joint failure [23]. By the end of the test, k. for Specimen
PJ-SMA-ECC was still higher than Specimen J-RC. Specimen PJ-SMA-ECC exhibited better
energy dissipation capacity compared with the other two specimens due to superior energy
dissipation capacity and damage resistance of the SMA-ECC material.

4. Evaluation of Self-Healing Performance
4.1. Maximum Crack Width at Each Cycle before and after Unloading

The maximum crack width is a direct indicator to evaluate the crack self-healing
ability of the joints. Crack width was measured when the specimen was loaded to each
target displacement and after unloading with a crack gauge, and it was measured again
after the entire test ended. Cracks in the joint zone of the three specimens were initiated
when the specimen yielded. The maximum crack width of all specimens before and after
unloading of each cycle in the joint zone is compared in Figure 15. As shown in Figure 15a,
the crack width of Specimen J-RC increased rapidly with increasing displacement and
the maximum crack width was 1.128 mm when the displacement reached 70 mm. The
crack width of Specimen PJ-ECC also increased with increasing displacement, but the
width of the maximum crack was noticeably smaller than that of Specimen J-RC under the
same beam end load. This may be attributed to the bridging effect of PVA fibers which
can effectively control the development and propagation of cracks. After unloading, the
maximum crack width decreased slightly for both Specimens J-RC and PJ-ECC, showing
poor crack self-healing in the two joints (black line in Figure 15a,b). The closure of partial
cracks was triggered by the “spring effect” of small cracks after unloading, which is not
the self-healing ability of the joint itself. However, the fully closed crack in Specimen
PJ-SMA-ECC was observed, with the maximum crack width only reaching 0.043 mm (red
line in Figure 15b). The crack closing ratio R is defined by Equation (7):

Wmax,i — Wt

R= @)

Wmax,i

where W,y ; is the maximum crack width when the specimen was loaded to each target
displacement and wj is the crack width after unloading.

1.4 0.16
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é . ' IRCafter unloading é —o— PJ-SMA-ECC before unloading
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Figure 15. The maximum crack width before and after unloading of each cycle load for specimens.
Note: The crack widths of specimens J-RC, PJ-ECC, and PJ-SMA-ECC with a displacement of 80 mm
are measured fifteen minutes after the test ended. (a) J-RC; (b) PJ-ECC and PJ-SMA-ECC.
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The crack closing ratio of all the specimens is plotted in Figure 16. Compared with the
other two specimens, Specimen PJ-SMA-ECC exhibited superior crack self-healing ability.
That is because the super-elastic SMA fibers can automatically repair cracks after unloading.
At the early stage of loading, the cracks in the joint zone of Specimen PJ-SMA-ECC were
almost completely closed. However, the crack width gradually increased and the crack
closing ratio decreased to 60% with increasing displacement. This may have resulted from
the limitation of self-healing efficiency of the SMA-ECC materials caused by increasing
crack width [48]. Fifteen minutes after the entire test ended, the R of P]-SMA-ECC had a
slight increase; this is probably because the super-elastic effect of SMA fibers needs a buffer
time to maximize its self-healing capacity after unloading.
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Figure 16. The crack closing ratio in the joint zone.

4.2. Ultrasonic Pulse Test
4.2.1. Testing Method

The ultrasonic pulse test is an effective method for detecting internal defects and dam-
ages to concrete/cementitious materials by non-metallic ultrasonic pulse instruments [49].
To further analyze and compare the self-healing performance of Specimens PJ-ECC and
PJ-SMA-ECC, an ultrasonic detector with a pair of ultrasonic transducers was used to
perform this test in the joint zone. The detector uses an ultrasonic wave introduced by a
transmitter into concrete. The generated ultrasonic wave, after traversing through the joint,
is finally detected by a receiver to measure the travelling time, speed, and amplitude of
the ultrasonic wave. These parameters of the acoustic wave exhibited observable variation
when traveling through cracks generated in the joint compared with intact matrix. The
measured acoustic speed and amplitude will decrease once they pass through cracks. In
other words, the damage of joints can be determined by the variation of the aforementioned
acoustic parameters.

Ultrasonic pulse tests were conducted on Specimens PJ-ECC and PJ-SMA-ECC at
different stages: before loading, at each target displacement, and after unloading. Initial
acoustic speed and amplitude, and measured acoustic speed and amplitude at each target
displacement and after unloading were collected, respectively. Each target displacement is
listed in Table 10. Details of the numbering of measurements at different stages are shown
in Table 10. The number 0 corresponds to the initial measurement before loading. Numbers
from 1 to 22 correspond to measurements when the specimen was loaded to each target
displacement. Numbers 23, 24, and 25 correspond to measurements conducted at 15 min,
60 min, and 24 h after the entire loading process, respectively.
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Table 10. Definition of the numbering of measurements.
Before Test During Test After Test
Number 1 2 3 4 5 6 7 23 24 25
Target displacement Initial 27y 0 =24y 3Ay 0 —3Ay,  15min 60 min 24h

Two parallel sides of the joint zone were selected for ultrasonic inspection. A grid was
drawn with a spacing of 80 mm orthogonally on both sides, with detection points marked
as 1 to 36. The transmitter was installed on one side and the receiver was installed on the
other side. To maximize the coupling effect, an appropriate coupling agent was applied on
their surface before installation. The test method is similar to those previously performed
by the authors [39].

4.2.2. Variation in Acoustic Speed and Amplitude before and after Unloading

During the ultrasonic pulse test, the variation in acoustic speed and amplitude of
Specimens PJ-SMA-ECC and PJ-ECC was compared, as shown in Figure 17. It can be seen
that the initial acoustic speed and amplitude of P]-SMA-ECC and PJ-ECC are the same,
indicating the consistency in the initial damage of the two types of precast joints. With
the increase of loading displacement, the acoustic speed and amplitude decreased due to
increasing damage inside the specimen. In fact, this finding is consistent with the authors’
previous finding reported in [39].

From Figure 17a, compared to Specimen PJ-SMA-ECC, there was a sharp decline of
acoustic speed for Specimen PJ-ECC at a target displacement of 2A,,. When the specimens
failed (corresponding to measurement number 22), the acoustic speed of Specimens PJ-SMA-
ECC and PJ-ECC decreased to 72.2% and 48.9% of the initial acoustic speed, respectively. It
indicated that Specimen PJ-ECC suffered greater damage. It may be attributed to the fact that
SMA-ECC materials have higher damage tolerance compared to ECC materials. In addition,
the recovery of acoustic speed after unloading decreased with the increase of displacement,
especially for Specimen PJ-ECC. The slight recovery of acoustic speed for Specimen PJ-ECC
may be due to the “spring effect” of PVA fibers. In contrast, Specimen PJ-SMA-ECC exhibited
excellent damage-recovery properties after an earthquake. For example, the acoustic speed of
Specimen PJ-SMA-ECC recovered to 91.3% of its initial acoustic speed 15 min after the end of
the entire loading process (i.e., measurement number 23).
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Figure 17. The variation in the acoustic speed and amplitude of specimens P]-SMA-ECC and PJ-ECC.
(a) The variation in acoustic speed; (b) The variation in amplitude.
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For a visual comparison of the damage-recovery capacity after an earthquake, the
damage-recovery rate Ry is defined by Equation (8):

A —Ap

Ry = ——==, 8
1= A~ An (8)

where A; is the initial acoustic speed/amplitude; Ay is the acoustic speed/amplitude
before self-healing (at the end of the entire loading test with measurement number 22);
and Aps is the acoustic speed /amplitude after self-healing (15 min after unloading with
measurement number 23).

The comparison of the damage-recovery rate between Specimens PJ-ECC and PJ-SMA-
ECC is shown in Figure 18. It can be seen that, in terms of acoustic speed, Specimen
PJ-SMA-ECC had a noticeable recovery with a damage-recovery rate of 69.2%, which
reflected good self-healing properties. However, there was barely recovery of control
specimen PJ-ECC. It suggests that the “austenite effect” of super-elastic SMA fibers can be
fully utilized after unloading. In fact, this finding is similar with the crack results discussed
in Section 4.1. The variation and recovery rate of amplitude were similar to that of the
acoustic speed, with no further discussion proposed.

80 PJ-ECC
PJ-SMA-ECC

70

60-
50-
40-
30-
20-

Damage-recovery rate R (%)

10

0
Acoustic speed Amplitude

Figure 18. The comparison of the damage-recovery rate.

The ultrasonic pulse test indicated that the use of SMA-ECC materials in the joint zone
is effective in crack repairing and internal damage recovery. Therefore, the proposed joint
has promising performance in regions with high seismicity, which can soon repair its cracks
and damage, and considerably reduce post-earthquake repair and retrofitting efforts.

5. Conclusions

This study experimentally investigated the seismic behavior and the post-earthquake
self-healing performance of an innovative precast joint using SMA-ECC materials. Based
on the experimental results, the following conclusions were obtained:

(1) The seismic performance of Specimen PJ-SMA-ECC was comparable to (even better
in certain aspects, such as the ability to maintain structural integrity, displacement
ductility, and energy dissipation capacity) the monolithically cast Specimen J-RC. The
two precast joints experienced flexural failure at the beam ends and maintained good
integrity at failure.

(2) Specimen PJ-SMA-ECC exhibited superior crack-healing capacity by reducing the
crack number and width. Almost all cracks in the joint zone of Specimen PJ-SMA-ECC
were closed after the test was terminated. Super-elastic SMA fibers were beneficial in
repairing cracks after load removal.
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(3) Anultrasonic pulse test showed that the acoustic speed and amplitude of Specimen PJ-
SMA-ECC decreased slowly with increasing displacement. Additionally, the acoustic
speed and amplitude in the joint zone of Specimen PJ-SMA-ECC recovered to 91.3%
and 96.7% of their initial values after the test was terminated, while the acoustic
properties of Specimen PJ-ECC were barely recovered.

This paper presents only a preliminary experimental investigation of the seismic
performance of precast self-healing beam—column joints using SMA-ECC materials in the
joint core zone. The goal of this study is to validate the feasibility of the following two
points: (i) The seismic performance of the precast beam-column joint with SMA-ECC
materials is comparable to the monolithically cast joint with conventional concrete; (ii)
The application of innovative SMA-ECC self-healing materials in the joint core zone can
enhance the energy dissipation capacity and self-healing ability, and significantly reduce
the crack width and damage, and realize the rapid repair and recovery in cracks and
damage respectively after earthquakes. However, further work needs to be conducted. In
our next research, we will focus on numerical simulation and theoretical analysis to gain a
better understanding of the seismic behaviors of precast self-healing beam-column joints
reinforced with SMA-ECC materials.
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