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Abstract

A total of six full-scale high strength reinforced concrete (HSRC) columns were tested under axial and cyclic lateral
loading. The specified concrete compressive strength was 70 MPa and the specified yield strength was 685 MPa and
785 MPa for the longitudinal and transverse reinforcements, respectively. The main variables considered in the study
are the transverse reinforcements ratio and axial load ratio. Although such HSRC columns have gradually transformed
in use and scope, the damage assessment method is less understood. The main purpose of this study is to propose a
damage assessment model for HSRC columns. An analytical backbone curve model for predicting force—deformation
behavior of HSRC columns is described. Column stiffness is also measured from the experiment to obtain stiffness
reduction factors that are necessary to calculate member deformation. Based on experiment results, a new limiting
value of residual crack width is defined to determine damage level. This study uses specified residual crack width of
0.15mm, 0.30 mm, and 1.00 mm in the damage assessment model. The new limiting value of residual crack width is
also used to determine the performance points of structural members. Finally, a new drift ratio limit of each damage
level is also proposed. Experiment results are presented and used to investigate the application of the proposed dam-

age assessment model.

Keywords: damage assessment, high strength, reinforced concrete, residual crack

1 Introduction

Reinforced concrete (RC) is the most widely used con-
struction material, owing to its low cost, high durabil-
ity, easy maintenance, and usefulness in the assembly of
building units. However, since it has a higher unit weight
and lower strength than steel, few high-rise buildings
use RC. Many aging RC structures in Taiwan performed
poorly during the 921 Chi—Chi Earthquake of Septem-
ber 21, 1999, leading to a significant decline in the use of
this construction material. Relatedly, the use of steel or
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steel-reinforced concrete (SRC) for high-rise buildings
grew rapidly as an alternative. However, the SRC struc-
ture is costly and the construction of reinforcing steel
bars at the SRC beam-column joint is a complex task.
Consequently, a dense arrangement of reinforcements in
the limited cross-sectional area may result overcrowding.
Briefly, an upgraded RC material that can reduce the size
of members and the amount of material needed without
loss of safety is required.

The use and definition of high-strength concrete (HSC)
has been gradually developing for more than six decades,
as mentioned in ACI 363R-10 (2010). Widely available all
over the world, HSC has a continuously increasing range
of applications, owing to its highly desirable characteris-
tics, such as high early-age strength, low deflections due
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to high modulus elasticity, and high load capacity per
unit weight, which allows for the construction of sky-
scrapers and long bridges. HSC is generally defined as
concrete whose compressive strength equals or exceeds
60 MPa and less than 130 MPa, according to FIP/CEB
(1990). Along with HSC, high strength reinforcement is
increasingly being used in the construction industry. In
Taiwan, high-strength reinforced concrete (HSRC) is
defined as concrete with a compressive strength that is
equal to or higher than 70 MPa and reinforcement steel
with a specified yield strength of at least 685 MPa. Addi-
tionally, in Taiwan and Japan, HSRC is also referred to
as New RC (Chang 2010). However, ACI 318-19 (2019),
which is the most common specification that is used in
concrete engineering design in Taiwan, limits the speci-
fied yielding strength of main bars for column and beam
members to 550 MPa. To ensure the reliability of HSRC
beam and column members in the performance-based
design, a full-size experiment must be conducted to
examine continuously their mechanical behavior, espe-
cially for damage quantification.

According to the AlJ guidelines (2010), building perfor-
mance comprises serviceability, safety, and reparability.
Restated, along with serviceability and safety, reparability
should be considered in the performance-based design of
buildings. Moreover, the assessment of damage is criti-
cal in estimating the reparability of a building. Despite

Table 1 Definition of damage levels of structural members.
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the considerable attention that is paid to methods for
assessing damage to an RC member or structure, most of
such investigations have focused on normal-strength RC
(NSRC), while only a few have considered HSRC struc-
tural members.

Besides reparability, a damage assessment can also be
used to estimate the residual seismic capacity of struc-
tures after an earthquake. In Japan, the Japan Building
Disaster Prevention Association (JBDPA 2001) provides
technical guidelines for the evaluation of the residual
seismic capacity of earthquake-damaged reinforced
concrete buildings for engineers and inspectors. JBDPA
(2001) specifies five levels of structural damage of an RC
member, which are presented in Table 1. Based on the
definition in Table 1, the damage level should be deter-
mined from the maximum residual crack width, concrete
stress, steel stress, and member strength, as shown in
Table 2.

Table 3 presents the seismic capacity reduction fac-
tors for various RC vertical components. JBDPA (2015)
included a seismic capacity reduction factor for a column
member under flexure—shear failure, which was not pro-
vided in JBDPA (2001).

Chiu et al. (2014) concluded that since an increase in
the strength of concrete and steel significantly affects
the crack formation of structural members under lateral
loads, the damage development of HSRC members differs

Damage level Description of damage

I Visible narrow cracks on concrete surfaces. Crack widths are less than 0.2 mm

Il Visible cracks on concrete surfaces. Cracks widths range from about 0.2 mm to 1.0 mm

Il Noticeable wide cracks. Cracks widths range from about 1.0 mm to 2.0 mm. Localized crushing of concrete cover

% Crack widths are greater than 2 mm. Crushing of concrete with exposed reinforcing bars. Spalling of concrete cover

\Y Buckling of reinforcing bars. Crushing of core concrete. Visible vertical deformation in column and/or shear walls.
Side-sway, subsidence of upper floors, and/or fracture of reinforcing bars are observed in some cases

Table 2 Determination of damage level (AlJ 2010; JBDPA 2001).

Damage level Maximum residual crack  Concrete stress Steel stress Member strength
width
I (slight) 0-0.2 mm
Il (light) 0.2-1mm Concrete cover Yielding
>2/3f!
Il (moderate) 1-2mm Concrete cover
>f!
IV (severe) >2 mm Concrete core Maximum Strength of the member

Maximum strength
V (collapse)

The member is unable to resist
axial load or its capacity is less
than 80%
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Table 3 Seismic reduction factors suggested by JBDPA (2001).
Damage level RC column RC wall RC beam
Shear Flexure-shear Flexure Shear Flexure Shear Flexure
| 0.95 0.95 0.95 0.95 0.95 0.95 0.95
Il 0.6 0.7 0.75 0.6 0.7 0.7 0.75
Il 0.3 04 0.5 03 04 04 0.5
vV 0 0.1 0.2 0 0.1 0.1 0.2
\Y 0 0 0 0 0 0 0

from that of NSRC. Therefore, the conventional damage
assessment model for NSRC members may be useless for
evaluating the performance of HSRC members or struc-
tures. Few full-size experimental studies have focused
on quantification of the damage of HSRC column mem-
bers. Since the mechanical behavior of the shear-critical
HSRC column members is more complex than that of
HSRC column members in flexural failure mode, six full-
size HSRC column specimens with flexure—shear and
shear failure modes are used to develop a damage quan-
tification model based on the experimental investigation
herein. Furthermore, in order to simulate the actual con-
ditions of structural columns in a building, the loading
system that is used in this work will deform specimens
with double curvature under displacement control.
Santoro and Kunnath (2013) stated that damage assess-
ment for an RC frame is rather complex even using the
most advanced and computationally demanding mod-
eling strategies, as it involves material and geometrical
nonlinearities in both concrete and reinforcing steel.
However, a simplified damage assessment method that is
based on experimental results is necessary for practical
damage-controlling design. Therefore, this work devel-
ops a novel damage quantification model that can be
used to elucidate the development of damage in HSRC
column members with flexure—shear and shear failure
modes under cyclic loading. Additionally, the proposed
model can be used to plot the relationships between
force, deformation, and damage level, which are required
to capture the detailed damage process. Since damage to
HSRC columns should be quantified using the maximum
residual crack width, a force-crack model that can esti-
mate the maximum residual crack width from an applied
lateral force is also developed. Finally, the proposed
model is used to plot a figure of the detailed damage
process for each specimen in Fig. 1, which includes the
relationship curves of the force vs. deformation, force vs.
residual crack width, damage level as a function of resid-
ual crack width, and damage level as a function of defor-
mation. Using the relationship curves in quadrants of I
and IV, engineers can set an allowable damage level from

which they can determine the corresponding allowable
force and deformation under cyclic loading. The relation-
ship curves in quadrants of II and III can help engineers
to identify the damage level in a post-earthquake perfor-
mance assessment.

2 Experimental Setting and Results

2.1 Full-Scale Experiment on HSRC Column Members

Six full-size HSRC column specimens with a specified
concrete compressive strength of at least 70 MPa and
high-strength reinforcement are tested under cyclic load-
ing and similar with research by Chiu et al. (2019). The
cross-sectional area of each specimen is 600 x 600 mm
and its clear height is 1800 mm. The diameter of the lon-
gitudinal reinforcements in these specimens is 29 mm
with a specified yielding strength of 685 MPa and the
diameter of transverse reinforcements is 13 mm with a
specified yielding strength of 785 MPa. The major dif-
ferences between these specimens are in the spacing of
transverse reinforcements and the applied axial loading.
Table 4 and Fig. 2 present the detailed arrangement of the
reinforcements (Chiu et al. 2019).

2.2 Test Procedure

In the experiment by Chiu et al. (2019), the Multi-Axial
Testing System (MATS) is used to damage a specimen
gradually with displacement control. Lateral and axial
loadings are applied to each specimen, as shown in Fig. 3.
A MATS machine can deform a specimen with double
curvature, as found in a real RC building structure. Fig-
ure 4 presents the loading cycle in detail.

To measure the crack width, the specimens are
brushed using white paint and covered with a
100 x 100 mm grid. Strain gauges are installed on the
actual longitudinal bars on the flexure side and the
actual transverse bars on the shear side. The position
of the strain gauges is also marked on the column face.
Since the specimens are deformed with double cur-
vature under cyclic loading, the flexural cracks on the
bottom part of the specimen are assumed to be the
same as those on the top part. Therefore, during the



Chiu and Tandri Int J Concr Struct Mater (2020) 14:30 Page 4 of 24
Force
Force & Residual crack width relationship A Force & Deformation relationship
Allowable applied force
:
[}
| : |
:
:
- ® >
Residual Crack Width 5 Deformation
[}
1] . | Y
:
Allowable damage Tev
Residual Crack width & Damage level  / Deformation—damage level relationship
relationshi
P Damage Level
Fig. 1 Detailed damage process of a column member.
Table 4 Detailed design information of each specimen (Chiu et al. 2019).
Design parameters 10S0.15 10S0.30 1550.15 1550.30 20S0.15 20S0.30
Width (mm) 600 600 600 600 600 600
Depth (mm) 600 600 600 600 600 600
f.! (MPa) 88 74 87 76 77 71
£,/ (MPa) 716 716 716 716 716 716
£/ (MPa) 858 858 858 858 858 858
0; %) 337 337 337 337 337 337
0, (%) 1.08 1.08 0.72 0.72 0.54 0.54
P, 0.15 0.30 0.15 0.30 0.15 0.30
s (mm) 100 100 150 150 200 200

f/is the concrete compressive strength; £,/ is the longitudinal bar yield strength; f,
transverse bar ratio; P, is the axial load ratio; s is the spacing of transverse bar.

experiment, only the flexural cracks on the bottom half
of the column are measured. These flexural cracks are
measured at two positions—where the flexural crack
is widest and at the intersection between the longitu-
dinal reinforcement and the flexural crack. The shear
cracks are also measured at two positions—where the
shear crack is widest and at the intersection between
the shear crack and transverse reinforcement. Figure 5
displays the measurement of flexural and shear cracks.

yt

/is the transverse bar yield strength; p, is the longitudinal bar ratio; p, is the

2.3 Experiment Results and Damage Identifications
2.3.1 Force-Deformation Relationship and Crack
Development of Specimens

Figure 6 plots the relationship between the lateral force
and deformation of each specimen, obtained using
the applied loading system, which was introduced in
Sect. 2.2. To determine the damage state of each speci-
men, it is returned to zero deformation from a specific
peak drift ratio and the residual crack width is meas-
ured. Figure 7 plots the maximum residual flexural
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Fig. 2 Typical reinforcement arrangements of the specimen (Chiu et al. 2019).
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Fig. 3 Layout of Multi-Axial Testing System (MATS).

crack width and maximum residual shear crack width  specimen. Therefore, the maximum residual shear crack
for each specimen under applied loading. The residual  width can be used to construct the force-crack model in
shear crack dominates the crack development in each the sequent section. Based on the experimental results,
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Fig. 4 Cyclic loading protocol in the experiment.
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Fig. 5 Measuring cracks of various types at various positions in a
specimen.

Table 5 presents detailed information concerning the
specified performance points of each specimen, such as
the cracking point, the yielding point, and the maximum
strength point.

2.3.2 Identification of Damage of Specimens

2.3.2.1 (a) 10s0.15 At a deformation of +0.375% (1st
cycle), slight cracks appear on the concrete surface so the
specimen exhibits damage level I under this deformation.
As the drift ratio increases, the flexural crack width and
shear crack width also increase, but not significantly. At
a deformation of 4+ 1% (1st cycle), the maximum residual
flexural crack width and shear crack width reach 0.25 mm
and 0.1 mm, respectively, and the main bars and stirrups
have not yielded. Therefore, the damage level is controlled
by the maximum residual crack width and the specimen
exhibits damage level Il under this deformation. At a defor-
mation of + 1.5%, the widths of flexural and shear cracks

increase and some concrete near the top of the foundation
is crushed. Since the stress of the concrete cover exceeds
the compressive strength of concrete, f/, this deformation
corresponds to damage level III. At a deformation of 2%
(1st cycle), the specimen reaches its maximum strength
and the widths of the shear cracks increase significantly;
the maximum residual shear crack width is over 2.0 mm.
Moreover, the concrete cover close to the bottom and
top ends of the specimen spall. This deformation corre-
sponds to damage level IV. At the same deformation in
the third cycle, the maximum residual shear crack width
increases significantly, reaching 4.5 mm. At a deformation
of 5% (1st cycle), the concrete cover spalls severely along
the column, as presented in Fig. 8. Since the strength is
less than 60%, the experiment is terminated. Based on the
damage pattern, the failure mechanism of this specimen
is flexure—shear.

2.3.2.2 (b) 10s0.30 A shear crack develops at a deforma-
tion of 4+ 0.5% (1st cycle), at which the maximum residual
crack width is only 0.02 mm. Since the maximum residual
crack width is less than 0.2 mm, this deformation corre-
sponds to damage level I. At a deformation of +0.75% (1st
cycle), the crack width increases, but not critically as the
maximum residual crack width is 0.26 mm. At this defor-
mation, the stirrups have yielded. Therefore, based on
the definition of damage level by AIJ (2010) and JBDPA
(2001), this drift ratio corresponds to damage level II. At
a deformation of 4+ 1% (1st cycle), the maximum residual
crack width reaches 0.3 mm with some localized crush-
ing of the concrete cover near the top of the column. This
deformation corresponds to damage level III. At a defor-
mation of 1.5% (1st cycle), the maximum residual crack
width is 1.5 mm. The column is also heavily damaged by
the applied axial load and the concrete cover has spalled
severely. Based on the provided definition, this drift ratio
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Fig. 7 Residual crack development for each specimen.
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Table 5 Drift ratios related to the initial crack, yielding occurrence of the reinforcement, and final step (Chiu et al. 2019).

Specimen Initial flexural crack Initial shear crack Initial yielding Initial Maximum 0.8 maximum Final step (%)
of main bars yielding strength strength point
of stirrups point (%)

1050.15 +0.375% +0.375% +2.0% +2.0% +2.0% 316 -5
(1st cycle) (1st cycle) (1st cycle) (1st cycle) (1st cycle)

1050.30 +0.75% +0.50% +2.0% +0.75% —1.5% 261 —4
(3rd cycle) (1st cycle) (1st cycle) (1st cycle) (1st cycle)

1550.15 +0.375% +0.375% —2.0% —0.75% +1.5% 248 —4
(1st cycle) (1st cycle) (2nd cycle) (2nd cycle) (1st cycle)

1550.30 +0.25% +0.25% —0.75% +0.375% +1.5% 1.71 -3
(1st cycle) (1st cycle) (1st cycle) (1st cycle) (1st cycle)

20S0.15 +0.25% +0.25% +1.0% —1.0% +1.5% 1.83 —4
(1st cycle) (1st cycle) (2nd cycle) (3rd cycle) (1st cycle)

20S0.30 +0.25% +0.50% —0.375% +1.0% +0.75% 1.36 -2
(1st cycle) (1st cycle) (3rd cycle) (1st cycle) (1st cycle)

b Shear Side
Fig. 8 Damage state of the specimen of 1050.15 at the final step.

a Flexure Side

corresponds to damage level IV. This column reaches its
maximum strength at a deformation of — 1.5% (1st cycle).
This specimen reaches the final step of loading at a defor-
mation of —4% (3rd cycle), at which the concrete cover
on the flexure side and the shear side of the specimen are
seriously damaged (Fig. 9). The damage on the flexure side
is mostly caused by flexural cracking and cracking that
induced by a high axial load. Therefore, the experiment is
terminated at this point. Based on the damage pattern, the
failure mechanism of this column is flexure—shear.

2.3.2.3 (c) 15s0.15 The flexural crack and shear crack
develop at a deformation of +0.375% (1st cycle). At a
deformation of +0.75% (1st cycle), the maximum resid-
ual shear crack width increases significantly, reaching

B - -

"a Flexure Side

b Shear Side
Fig. 9 Damage state of the specimen of 1050.30 at the final step.

0.23 mm, and the maximum flexural crack width remains
only 0.04 mm. In the 2nd cycle of this deformation, the
stirrups yield. This point corresponds to damage level II
Atadeformation of 1%, the maximum residual crack width
is 0.3 mm, and this deformation corresponds to damage
level II. At a deformation of 1.5% (1st cycle), which is also
the maximum strength point of the specimen, the maxi-
mum residual crack width is 0.35 mm. Since the specimen
reaches its maximum strength point, this deformation
corresponds to a damage level of IV. In the 3rd cycle at the
same drift ratio, the maximum crack width significantly
increases, reaching 0.75 mm. This specimen reaches the
final step of loading at a deformation of —4% (1st cycle).
At this deformation, the flexure side is damaged severely
by flexural cracking and cracking that is induced by the
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b Shear Side

a Flexure Side

Fig. 10 Damage state of the specimen of 1550.15 at the final step.

axial load, and the shear side is also seriously damaged
by the shear crack (Fig. 10). Since the member strength is
less than 60% of the maximum strength, the experiment
is terminated. Based on the damage pattern, the failure
mechanism of this specimen is shear failure.

2.3.24 (d) 15s0.30 At a deformation of +0.25% (1st
cycle), slight cracks develop on the flexure side and the
shear side. This deformation corresponds to damage level
I. At a deformation of +0.375% (1st cycle), the stirrups
yield but the maximum residual crack width is still less
than 0.2 mm. This deformation corresponds to damage
level II. At a deformation of +0.5% (1st cycle), the con-
crete cover on the corner of the column spalls because the
surface of the foundation is not sufficiently flat. Therefore,
when loading is applied using the MATS, the column expe-
riences a twist moment and the stress on one of the corner
areas is relatively high and causes the concrete cover in
the corner to spall. However, despite the spalling of the
concrete cover on the corner of the column, the maximum
crack width is only 0.18 mm. At a deformation of +0.75%
(1st cycle), the maximum residual crack width is 0.3 mm
and some localized crushing occurs on the column sur-
face. Therefore, this deformation corresponds to damage
level III. At a deformation of + 1% (1st cycle), the maxi-
mum crack width is still less than 1 mm, while the number
of shear cracks is significantly increased. This deforma-
tion still corresponds to damage level III. At a deforma-
tion of 4+ 1.5% (1st cycle), which is the maximum strength
point, the maximum residual crack width is increased
significantly to 1 mm. Since the column reaches its maxi-
mum strength point, this deformation corresponds to
damage level IV. In the 3rd cycle of the same deformation,
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the maximum residual crack width increases significantly,
reaching 5.5 mm. Beyond this drift ratio, the maximum
residual crack width is controlled by shear cracking. At a
deformation of +3% (2nd cycle), the column reaches its
final step of loading. The shear side and the concrete cover
on the flexure side are severely damaged by the high axial
load (Fig. 11). Since member strength is less than 60% of
maximum strength, the experiment is terminated. Based
on the damage pattern, the failure mechanism of the col-
umn is identified as shear failure.

2.3.2.5 (e) 20s0.15 Some slight shear and flexural crack-
ing develop at a deformation of 4+ 0.25% (1st cycle). As the
drift ratio increases, the maximum residual crack width
also increases, but not critically up to a deformation of
+1% (1st cycle). At a deformation of + 1% (1st cycle), the
maximum residual shear crack width reaches 0.45 mm,
and the maximum residual flexural crack width is still
0.22 mm. Therefore, the maximum residual shear crack
width determines the maximum residual crack width. At
this deformation, small spalling occurs on the compres-
sion side. Therefore, at this point, the column is at damage
level III. The maximum strength point of this column is
reached at a deformation of 1.5% (1st cycle). The maxi-
mum residual shear crack width increases significantly,
reaching 2.5 mm. This deformation corresponds to a dam-
age level of more than IV. In the 3rd cycle of the same
deformation, the maximum residual crack width increases
significantly, reaching 4 mm. The measurement of the
crack widths is no longer necessary at this deformation.
The experiment continues until the final step of loading is
reached at a deformation of —4% (1st cycle). The concrete
cover on the flexure side at the middle span spalls severely

b Shear Side
Fig. 11 Damage state of the specimen of 1550.30 at the final step.

a Flexure Side
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b Shear Side
Fig. 12 Damage state of the specimen of 2050.15 at the final step.

a xure Side

and the shear side is also seriously damaged by the shear
cracking (Fig. 12). Since the member strength is less than
60% of maximum strength, the experiment is terminated.
Based on the damage pattern, the failure mechanism is
identified as shear failure.

2.3.2.6 (f) 20s0.30 The flexural cracking develops at
a deformation of 4+0.25% (1st cycle). The main bar has
yielded at a deformation of —0.375% (3rd cycle), while
the maximum crack width is still less than 0.2 mm. This
deformation corresponds to damage level II. At a defor-
mation of 4+0.5% (1st cycle), the shear crack begins to
develop and the maximum residual crack width does not
exceed 0.2 mm. At a deformation of +0.75% (1st cycle),
which is the maximum strength point, the shear crack
widths increase significantly. The concrete cover close to
the bottom of the column has spalled but the maximum
residual crack width that corresponds to this point is only
0.43 mm. This deformation corresponds to damage level
IV. Beyond this drift ratio, the maximum residual crack
width increases significantly and the damage level exceeds
level IV. However, the experiment is continued without
measuring the crack widths. At a deformation of —2%
(3rd cycle), this column reaches its final step of loading.
The concrete spalls severely along the column and some of
the main bars buckle (Fig. 13). Therefore, the experiment
is terminated. Based on the damage pattern, the failure
mechanism of this column is identified as shear failure.
To simplify the determination of the damage level of
HSRC column member with the flexure—shear or shear
failure mode, this work uses a criteria that are based on
the maximum residual crack width. The authors have
developed a limiting values of maximum residual crack

a Flexure de b Shear Side

Fig. 13 Damage state of the specimen of 2050.30 at the final step.

width for each damage level (Chiu et al. 2019). Since
specimen 1550.30 underwent twist moment loading in
the experiment, only data on five of the six specimens are
used to investigate the determination of the damage level.
The average values of the maximum residual crack width
of the selected specimens are used to determine the lim-
iting and suggested values of maximum residual crack
width for each damage level. Table 6 presents the limit-
ing value of the maximum residual crack width for each
damage level for each column and the average and sug-
gested values of maximum residual crack width. In the
following analysis, the damage level of an HSRC column
member with the flexure—shear or shear failure mode is
determined based on the maximum residual crack width,
as suggested herein.

3 Simulation Model of Mechanical Behavior

3.1 Analytical Model for Force-Deformation Relationship
A monotonic force—deformation relationship of a struc-
tural member is essential to understand its performance
under seismic loading and serves as a primary backbone
curve to characterize the failure mode of a member. This
work concerns HSRC column members with flexure—
shear failure and shear failure. Generally, flexure—shear
failure members reach their maximum strength after
the yield of their longitudinal reinforcements. Once the
specimens have reached their maximum strength, the
significant transverse reinforcements enable their flexural
strength to be maintained before shear failure. However,
shear failure members typically reach their maximum
strength before the longitudinal reinforcements vyield.
After the maximum point has been reached, the strength
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Table 6 Maximum residual crack widths for each damage level (Chiu et al. 2019).

Damage level Specimen Average value (mm)  Suggested
value (mm)

10S0.30 (mm) 10S0.15 (mm) 1550.15 (mm) 20S0.30 (mm) 20S0.15 (mm)

I <0.11 <0.16 <0.23 <0.06 <0.25 0-0.16 0-0.15

Il 0.11-0.30 0.16-0.29 0.23-0.35 0.06-0.45 0.25-0.45 0.16-0.35 0.15-0.30

M1l 0.30-1.05 0.29-2.1 N/A N/A 045-25 0.35-1.29 030-1.0

[\ >1.05 >2.1 >0.35 >045 >25 >1.29 >1.0

decreases rapidly to a point that is defined as the axial
failure point.

The behavior of HSRC structural members differs from
that of NSRC members. Therefore, a model that describes
the force—deformation relationship of HSRC members is
needed. Sezen (2002) proposed a piecewise linear model
of force—deformation response, which combines flexural,
slip, and shear deformation. Using modified compression
field theory, Setzler (2005) defined the force—deforma-
tion relationship up to the maximum strength. Using the
same piecewise linear model as Sezen (2002), Patward-
han (2005) suggested a different model for use beyond
the maximum point. Maekawa and An (2000) suggested
shear strength degradation after the maximum point.
Yoshimura and Takaine (2005) introduced force—defor-
mation models for RC column members with shear fail-
ure and flexural failure modes. Based on research on RC
column members with shear failure and flexural failure
modes, in this work, the flexure—shear failure model
includes four points (cracking point, maximum strength
point, flexure—shear point, and axial failure point) and
the shear failure model includes three points (cracking

point, maximum point, and axial failure point), as shown
in Fig. 14.

3.1.1 Cracking Point

At the cracking point, a member starts to form either
flexural cracks or shear cracks. Cracking strength is the
smaller of flexural cracking strength, V}, and shear crack-
ing strength, V.. Cracking strength is calculated using
Egs. (1) to (3).

Vor = min(vfc: Vsc) (1)
2M,, 2fr1g

Ve = = —

fe L Lyt (2)

bh
Vie = E\/ff +fe xfo (3)

where M, is the cracking moment; f, is the concrete rup-
ture stress (0.97\/ﬁ ); I, is the moment inertia of gross
section; L is the clear span of the member; y, is the dis-
tance from neutral axis to outermost tension side; f; is the

A

Maximum point
(VWD AWl)

Flgxure—shear point

Force

Cracking point
(Vcra Acr)

Axial faj]ure point
(Va, Ad)

Force

A

Maximum point
(Vs A)

Cracking point
(Vcr, Acr)

Deformation

a Flexure-shear failure

Fig. 14 Force-deformation model for flexure—shear failure and shear failure.

Deformation

b Shear failure
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concrete tensile strength (0.33 \/ﬁ ); f, is the applied axial
stress that should not exceed 10 MPa (AIJ 2010).

Furthermore, the axial load substantially influences
crack development in the early loading stage. Members
under a relatively low axial load form cracks more eas-
ily than those under high axial load. Table 7 shows the
cracking strength of each specimen.

The deformation of a member at the cracking point is
calculated using Eq. (4).

V.,
4
oK @)

Acr -

where K is the theoretical stiffness and is calculated using
Eq. (5); ¢, is the stiffness reduction factor for the crack-
ing point.

_ kf x kg
- kf + ks ()

where kf is the flexural stiffness of a member with the
double curvature, 12EI/L% and ks is the shear stiffness
of a member with the double curvature, GA/(Lx); G is

Table 7 Cracking strength for each specimen.
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the shear modulus of concrete; « is the shape factor, can
be taken as 1.2. However, the stiffness that is calculated
using Eq. (5) exceeds the experimentally determined
actual stiffness. Therefore, a stiffness reduction factor is
introduced and obtained from experimental results.

3.1.2 Maximum Strength Point

The maximum strength point in the backbone curve of a
column member is determined by the failure mode—flex-
ure—shear failure or shear failure. Restated, the maximum
strength point should be determined by considering the
shear force that corresponds to the flexural capacity and the
shear capacity of a column member. The flexural capacity
of a column member, M,, is calculated using the equivalent
block of effective stress in which the concrete strain at the
outermost compressive fiber is assumed to be 0.003. Fig-
ure 15 presents the assumed stress and strain distributions
in a section for the purposes of calculating flexural capacity.
According to NCREE guidelines (2017), for an HSRC col-
umn member, «; and f3; are calculated using Egs. (6) and
(7) respectively. The shear force that corresponds to the

Cracking point Specimen
10S0.15 1050.30 1550.15 1550.30 20S0.15 20S0.30
Vi 1001 1355 992 1382 1175 1306
Vi 1528 1449 1523 1461 1467 1431
Ve, 1001 1355 992 1382 1175 1306
0(1fé'
0.003 >
A T e
HHRRR,.... | . A
A
——————————————————————————————————— NA.
[ ] > Js2 > Js2
h [ () —> £33 —> 13
® ( —> f4 —> /.
e o o o o — 5 —> fis
\/ .
— — Strai S Concrete equivalent
- b o D t.r;un. D t.rsss. rectangular stress block
1stribution 1stribution and force distribution
Fig. 15 Stress and strain distributions of a section for the flexural capacity calculation.
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flexural capacity of a column member with double curva-
ture, V), is calculated using Eq. (8).
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Astfyt dc
S

(11)

s =

0.7 < a; = 0.85—0.0022(f; — 55) < 0.85 (6) where P is the axial load applied on a column member;
A, is the sectional area of column; A, is the area of trans-
0.85 f/ < 27.5MPa verse reinforcement; f), is the yield stress of transverse
1= 0.85—0.0073(f — 27.5) 27.5 MPa < f/ <55MPa  reinforcement, that is limited to 600 MPa; d, is the effec-
0.65 f! > 55MPa tive depth of a section; s is the spacing of transverse rein-
(7) forcement. According to Fig. 16, the maximum strength
2M, point of a column member is calculated using Eq. (12).
Vi = I (8)  Its corresponding deformation at the maximum strength
point is calculated using Eq. (13).
For a column member, its shear strength, V,, is contrib- Vin = min(Vy, V) (12)
uted from the shear strength of concrete, V,, and transverse
reinforcements, V,, respectively. This work adopts Egs. (9) Ay = Vim (13)
to (11) to calculate V), based on the recommendation of omK

NCREE (2017).
Vi=Ve+ Vs (9)

where ¢,, is the stiffness reduction factor for the maxi-
mum strength point, which can be identified based on
the experiment results. Moreover, Table 8 shows the

P maximum strength of each specimen.
¢ 3.1.3 Flexure-Shear Failure Point
When a column member has significant transverse rein-
forcements, its flexural strength can be sustained before
dor 4
P s Vb | Vb »
Maxipfum strength point’, T
o o imuin strength point:
S | 5
Flexural mode Flexural mode
Shear mode \ Shear mode ._
Deformation Deformation
a Flexure-shear failure b Shear failure
Fig. 16 Definition of maximum point for flexure—shear failure and shear failure.

Table 8 Maximum strength for each specimen.

Maximum point Specimen
10S0.15 10S0.30 1550.15 1550.30 20S0.15 2050.30
Vy 2641 2454 2628 2481 2495 2411
V, 2735 2976 2177 2471 1783 2097
Vi, 2641 2454 2177 2471 1783 2097
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shear failure. According to research by Elwood and Moe-
hle (2005), the deformation of a column member that
corresponds to this point is given by Eq. (14).

B _ 3

L 100

1 vp 1 P 1

where p” is the volume ratio of transverse reinforcement
(A,/(bx59)); v,, is the shear stress of a section (v,,=V,,/

(bh)).

3.1.4 Axial Failure Point

For a column member, as deformation increases, its lat-
eral strength decreases to zero, when its axial capacity
is lost. This point is specified as the axial failure point.
According to Elwood and Moehle (2005), the deforma-
tion at this point is given by Eq. (15). For a column mem-
ber with shear failure, the deformation at this point is
limited to 0.04.L.

4 1 tan )2
I + (tana)

~ 100
tano + P(Ast_@t;c tana)

Ag

(15)

where «a is the crack angle of a failure plane and can be
estimated using 45°-35° x P/P, (P, is the axial capacity
of a column member); s is the spacing of transverse rein-
forcement; A, is the area of transverse reinforcement; f,,
is the yield stress of transverse reinforcement.

3.1.5 Stiffness Reduction Factor

As mentioned before, a reduction factor must be applied
to reduce the stiffness so that it matches the experimen-
tal results. Based on research by Maeda and Kang (2009),
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such a reduction factor is highly correlated with the axial
load ratio and the transverse reinforcement ratio. Regres-
sion analysis can be used to obtain the reduction factors
for the cracking point and the maximum strength point,
which are given by Eqs. (16) and (17). Figure 17 compares
the measured and predicted stiffness reduction factors.

Ger = 0.562P, — 0.210p; + 0.458 (16)

@m = 0.705P, — 0.238; + 0.245. 17)

3.2 Proposed Monotonic Model of a Force-Deformation
Relationship

This section summarizes the results that are obtained
using the proposed monotonic model of a force—defor-
mation relationship for each specimen, as shown in
Fig. 18. The model assumes symmetrical behaviors under
positive and negative loading. Table 9 presents the meas-
ured and predicted forces when the first crack occurs. As
stated in Sect. 2.3.2, specimen 1550.30 undergoes twist
moment loading and the predicted force at the cracking
point has a relatively large error. Table 10 presents the
measured and predicted forces at the maximum strength
point. The maximum strength can be predicted accu-
rately and conservatively, except for specimens 10S0.15
and 15S0.30. As stated in Sect. 3.1, specimens 10S0.15
and 10S0.30 exhibit flexure—shear failure whereas speci-
mens 1550.15, 15S0.30, 20S0.15, and 20S0.30 exhibit
shear failure.

In order to identify the relationship between the
residual deformation and the applied force, the unload-
ing stiffness is investigated with reference to the

0.6
g
k>
3
~ 0.5
g
£ [ 1080.15
= B 10S0.30
5 04 O 1550.15
k3] ® 1550.30
b 4 2080.15
A + 20S0.30
0.3
0.3 0.4 0.5 0.6
Measured Stiffness Reduction
a Cracking point
Fig. 17 Comparison of measured and predicted stiffness reduction factors.

0.5
=i
S
S 04
el
(9]
R~ +
503 o
£ 0 1080.15
=02 W 10S0.30
< O 1580.15
5 ® 155030
2 0.1
B = = 2080.15
=, + 2080.30

0 01 02 03 04 05
Measured Stiffness Reduction
b Maximum point
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Fig. 18 Comparison of backbone curve between analysis and experimental results.
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Table 9 Comparison of measured and predicted force
at the cracking point.

Specimen Measured Predicted force Measured force/
force (kN) (kN) predicted force
10S0.15 1180 1001 1.18
1050.30 1500 1355 1.1
1550.15 1221 992 1.23
1550.30 957 1382 0.69
2050.15 1090 1175 093
20S0.30 1086 1306 0.83

Table 10 Comparison of measured and predicted force
at the maximum point.

Specimen Measured Predicted force Measured force/
force (kN) (kN) predicted force
10S0.15 2403 2641 091
1050.30 2571 2454 1.05
1550.15 2226 2177 1.02
1550.30 2432 2471 0.98
2050.15 2068 1783 1.16
20S0.30 2343 2097 1.12

relevant experimental results. The unloading stiffness
of an HSRC column member under cyclic loading, K, is
assumed to be given by Eq. (18), based on the research
by Chiu et al. (2015). In this work, the unloading stiff-
ness function is regressed as shown in Eq. (19). Fig-
ure 19 compares the measured and predicted unloading
stiffness.
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K,
Ky

AN\
1
(5.)

where ¢; and c, are the parameters that are obtained from
experimental results.

K A —0.65
— =13 .
Ky Acr

(18)

(19)

4 Determination of Damage Level for HSRC
Columns
A simple analytical model is introduced to capture the
relationship between maximum residual crack and resid-
ual deformation. Maeda and Kang (2009) found that the
deformation of a column can be assumed to comprise
flexural and shear deformation, as given by Eq. (20). Fig-
ure 20 plots the geometric relationship between widths of
residual flexural/shear cracks and residual flexural/shear
deformation.

Ry = Ry + Ry (20)

where R, is the deformation induced by residual flexural
cracks and R, is the deformation induced by residual
shear cracks.

The summation of residual flexural crack widths on
both ends of a member, > W}, can be used to estimate the
deformation that is induced by residual flexural cracks.
For convenience, 1, which is a ratio of the maximum
residual flexural crack width, Wj,,,,, to the total resid-
ual flexural crack widths, > W} is used to quantify the
deformation of residual flexural cracks (Maeda and Kang
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Fig. 19 Comparison of the measured and predicted unloading stiffness.
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L

< »
< >

a Flexural deformation

Fig. 20 Relationship between residual flexural/shear crack width and residual flexural/shear deformation.

b Shear deformation

2009). Experimental results indicate that n; is approxi-
mately 2.0 for the HSRC column members with flexural—
shear and shear failure modes. Additionally, Eq. (21) uses
a ratio a,; which is defined as the residual flexural defor-
mation to the residual total deformation of a member, to
quantify the residual total deformation of a member.

W W max
R,:erxi:(z f) Xi:(u)xi
& h—xy of h—xy, 7
(21)

where x,, is the depth of neutral axis in section.

If the residual deformation of a member is dominated
by shear cracking, then the residual shear deforma-
tion can be used to estimate the residual total deforma-
tion. The relationship between the residual shear crack
width and residual shear deformation can be derived as
for a flexural crack. The residual shear deformation that
is caused by residual shear cracks can be estimated as
n,, which is a ratio of the maximum residual shear crack
width, W, ., to the total residual shear crack widths,
>_-W.. Experimental results show that n, value is nearly
3.0 for the HSRC column members with flexure—shear

and shear failure modes. Applying the concept that was
applied in Eq. (21), the residual total deformation of a
member can be estimated using Eq. (22) and the residual
shear deformation.

1 2> W, % 1
Rr:RmX=<ZsCOS> L
'R L Qs
(2713 X Wy max C0$0> 1
= X —
L o (22)

where 8 is the angle of shear crack. Figure 21 plots #,and
n, value which are obtained from experimental results.
Based on the relevant experimental results, since shear
cracks develop more than flexural cracks, Eq. (22) is used
to estimate the ratio of the residual shear deformation
to the residual total deformation of a column member.
Restated, the residual shear deformation can be calcu-
lated from the residual shear crack width, which was
measured during the experiment, and Eq. (22). Experi-
mental data are used herein to evaluate the ratio «; in
Eq. (22). Figure 22 shows the development of residual
shear deformation and residual total deformation and
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Fig. 21 Ratio of maximum residual crack width to total residual crack width.
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Fig. 22 Ratio of residual shear deformation to residual total
deformation.

Table 11 Measured and predicted force at residual shear
crack width of 0.15 mm.

Specimen Measured Predicted force Measured force/
force (kN) (kN) predicted force
105S0.15 2005 1159 1.73
10S0.30 2409 1529 1.58
1550.15 1608 1238 1.30
1550.30 1551 1559 0.99
20S0.15 1569 1321 1.19
2050.30 1948 1539 1.27

a, value can be set to 0.4. Additionally, the residual total
deformation that is calculated using Eq. (22) includes the
deformations that are induced by the bond slipping of
the longitudinal bars and the pullout displacement of the
longitudinal bars from the foundation.

To identify the performance point that is related to
a specified maximum residual flexural or shear crack
width in the backbone curve of a column member, the
unloading stiffness and residual deformation are used to,
as shown in Fig. 22. The corresponding force at a speci-
fied crack width is calculated using Eq. (23). Meanwhile,
Eq. (19) is used to determine the unloading stiffness.
Tables 11, 12 and 13 present the calculated forces at the
corresponding crack width of 0.15 mm, 0.30 mm, and
1.00 mm respectively.

V= Ky(Ar—Ag) + Ver
(-8 (23)
Ky

where V is the lateral force related to a specified crack
width; K, is the slope between the cracking point and the
maximum point; A4, is the residual deformation related to
a specified crack width; A, is the deformation at cracking
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Table 12 Measured and predicted force at residual shear
crack width of 0.30 mm.

Specimen Measured Predicted force Measured force/
force (kN) (kN) predicted force
10S0.15 2222 1822 1.22
1050.30 2551 2081 123
1550.15 1929 2087 0.92
1550.30 2023 2179 0.93
20S0.15 1761 1679 1.05
20S0.30 2160 1859 1.16

Table 13 Measured and predicted force at residual shear
crack width of 1.00 mm.

Specimen Measured Predicted force Measured force/
force (kN) (kN) predicted force
10S0.15 2282 2485 0.92
10S0.30 2563 2268 1.13
1550.15 2200 1643 1.34
1550.30 2432 1922 1.27
2050.15 1835 1429 1.28
20S0.30 2231 1690 132
A

Vi >

V

Ver %

[}

2

S

=9

K,
Ao Ay Drey A, Deformation
Fig. 23 Relationship between residual deformation and peak
deformation.

point; V,, is the cracking strength; K, is the unloading
stiffness (Fig. 23).

The relationship between lateral force and residual
crack width is obtained. This relationship can help engi-
neers to identify the damage level in the post-earthquake
performance assessment. Figure 24 plots the relationship
between lateral force and residual crack width.

To ensure reparability under short-term loading that is
caused by a medium-magnitude earthquake, AlIJ (2010)
recommended a maximum residual shear crack width of
0.30 mm. According to experimental results, the speci-
mens with flexure—shear failure, which are 10S0.30 and
10S0.15, reach their maximum strength at a residual
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shear crack width of less than 0.30 mm. Specimens that
undergo shear failure have not reached their maximum
strength when the residual shear crack width is 0.30 mm.
Therefore, increasing the number of transverse reinforce-
ments can reduce the maximum shear crack width while
maintaining maximum strength. Meanwhile, the calcu-
lated results yield a more conservative value of force than
the experimental results, except for the specimen 15S0.30
which had a twisting moment during loading. Some rela-
tively large differences are observed between the flexure—
shear specimens 10S.30 and 10S0.15, especially in early
stages of loading.

Based on the experimental results in Table 6, a maxi-
mum residual crack width of 0.15 mm is specified as
the value that separates damage levels I (DLI) and II
(DLII), and it is denoted as the operational limit point,
¢R;. The deformation, defined as repair limit I, ¢R, in
the backbone curve, that corresponds to the point that
separates damage levels II and III (DLIII), is calculated
using a maximum residual crack width of 0.30 mm.
Repair limit I for specimens with a relatively high axial

Table 14 Calculated dividing point for each damage level.
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load are determined by shear cracking (R,,) because the
axial load helps to close the flexural cracks. In addition
to the maximum residual crack width of 1.0 mm, the
maximum strength of a column member is used to deter-
mine the dividing point between damage levels III and
IV (DLIV)—repair limit II, cR3. Obviously, the maximum
strength of a column member governs the dividing point
between DLIII and DLIV for each specimen. The maxi-
mum strength of a column member multiplied by 0.8 or
the axial failure point is used to define the point that sep-
arates damage levels IV and V (DLV)—the collapse limit
point, cRy. Table 14 presents the performance points for
each specimen and the points that separate the damage
levels.

Table 15 shows the average values of the separating
points that are obtained from the analysis and experi-
mental results. The results of the analysis of the speci-
mens with flexure—shear and shear failure modes differ
slightly from the experimental results. For cR, and cR;,
although the drift ratios that are obtained by analysis
exceed the measured drift ratios, the difference between

Deformation Specimen

of a member

10S0.15 (%) 1050.30 (%) 1550.15 (%) 1550.30 (%) 20S0.15 (%) 20S0.30 (%)

Dividing point between DLI and DLII

cR, 0.50 0.56 047 0.50 0.46 043
Dividing point between DLII and DLIII

Re, 1.14 112 1.23 1.09 0.82 1.01

R, 1.19 1.08 1.25 1.07 0.82 0.62

R, 1.14 1.08 1.23 1.07 0.82 0.62
Dividing point between DLIIl and DLIV

Ry 277 246 1.97 1.95 1.53 1.65

Ri3 2.82 2.39 1.98 191 153 1.32

Vinax 2.04 143 132 1.33 0.92 0.76

R, 2.04 143 1.32 133 0.92 0.76
Dividing point between DLIV and DLV

0.8 V,ox 333 273 1.86 1.85 1.54 133

R4 6.25 491 4.00 391 4.00 3.65

R, 333 273 1.86 1.85 1.54 133

Table 15 Measured and predicted drift ratio for each dividing point.

Dividing point Flexure-shear failure Shear failure
Measured (%) Predicted (%) Measured (%) Predicted (%)
R, 0.75 0.53 047 047
cR, 1.00 1.11 0.69 0.93
cRs 1.50 1.74 1.38 1.08
cR, 343 3.03 1.99 1.64
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Table 16 Suggested drift ratio for each damage level.

Damage level

Suggested value

Flexure—shear failure

Shear failure
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Crack Width (mm) Drift Ratio (%)
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v A\/ma><7AO,8\/n'va>< A\/ma><7AO 8Vmax
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Aymay is the drift ratio at maximum strength of member and A gy, is the drift
ratio at 80% of maximum strength of member

them is less than 0.3%. Therefore, the proposed method
can still be used to quantify the damage for the HSRC
column members with flexure—shear and shear failure
modes. For the convenience in engineering, Table 16
suggests the drift ratio limits of each damage level for
HSRC column members with flexure—shear and shear
failure modes.

This work also proposes a damage evaluation method
for HSRC column. Based on the suggested value in
Table 6, this method integrates force—deformation
relationship, force-residual crack width relationship,
and evaluation of damage level based on crack width
and deformation. Based on Fig. 1, the top-right quad-
rant (I) presents the force—deformation relationship. It
also illustrates the damage level position on the force—
deformation curve. The top-left quadrant (II) shows the
relationship between the lateral force and the residual
shear crack width. This curve can identify the damage
level of a structure in the post-earthquake performance
assessment. The relationship between maximum resid-
ual crack width and the damage level is presented in
the bottom-left quadrant (III). The curve is defined by
the proposed value of residual crack width in Table 6.
The bottom-right quadrant (IV) shows the relationship
between deformation of a member and its correspond-
ing damage level. Using this curve, engineers can set an
allowable damage level to determine the corresponding
deformation. Therefore, the proposed damage assess-
ment method can allow engineers to engage perfor-
mance-based design for HSRC column.

Figures 25 and 26 plot the damage evaluation method
for flexure—shear failure specimens whereas Figs. 27,
28, 29 and 30 plot the damage evaluation method for
shear failure specimens. Overall, specimens with rela-
tively high axial load start to develop cracks when the
lateral force is 60% of their maximum strength on aver-
age, while specimens with relatively small axial load
start to develop cracks when the lateral force is 40% of
their maximum strength on average.
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Fig. 25 Damage assessment for specimen 10S0.15.
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Fig. 27 Damage assessment for specimen 1550.15.

Displacement (mm)

It also can be estimated that specimens with flex-
ure—shear failure, 10S0.15 and 10S0.30, along with
specimen 15S0.15 and 1550.30, develop residual shear
crack width of 0.30 mm at a deformation of more than
1%. On the other hand, specimen with a relatively low
amount of transverse reinforcements, 20S0.15 and
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Fig. 30 Damage assessment for specimen 205S0.30.

20S0.30, develop the same residual shear crack width at
a deformation of less than 1%. Notably, even specimen
10S0.15, 10S0.30, 1550.15, and 15S0.30 have approxi-
mately similar deformation at the residual shear crack
width of 0.30 mm, specimen 15S0.15 and 15S0.30,
which categorized as shear failure specimens, generate
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a rapid development of lateral force, 90% of maximum
strength on average, compared to 70% of maximum on
average on flexure—shear failure members. Further-
more, the collapse limit points are marked on 80% of
maximum strength for all specimens. The amount of
transverse reinforcements is a controlling factor for this
point. The collapse limit points of flexure—shear failure
specimens are estimated at 3% deformation on average,
while the collapse limit point of shear failure specimens
is estimated at 1.5% deformation.

5 Conclusion

In this paper, the basic concept and method for evaluat-
ing the damage level of HSRC column are presented. Six
full-size columns are tested under lateral and axial load-
ing. Based on the damage pattern, the failure mechanism
can be categorized into flexure—shear failure and shear
failure. Experiment results show that the flexure—shear
failure members reach their maximum strength before
their main bars yield, while shear failure members reach
their maximum strength after their main bars yield. It is
also clear that the axial load ratio is crucial for estimating
the column drift capacity. The drift capacity decreases by
increasing the axial load ratio. Meanwhile, shear cracks
are observed to develop more severe than flexural cracks.
Based on the average value of the maximum residual
crack width, the limiting value of maximum residual
crack width for each damage level is used as shown in
Table 6.

An analytical backbone curve model for predicting
the force—deformation behavior of HSRC column is also
described. The proposed backbone curve for flexure—
shear failure comprises four points; cracking, maximum
strength, flexure—shear failure, and axial load failure.
On the other hand, the proposed backbone curve for
shear failure consists of three points; cracking, maxi-
mum strength, and axial load failure. Good agreement
between the proposed model and experiment results is
observed as the proposed model produces more conserv-
ative results. Additionally, to understand the behavior of
HSRC column under cyclic loading, the unloading stiff-
ness of each specimen is observed and a simplified for-
mula is also suggested based on experiment results.

Moreover, a damage assessment method for HSRC col-
umn is also introduced. This work uses dividing points
based on a specified residual crack width of 0.15 mm,
0.30 mm, and 1.00 mm to determine the damage level
of structures. The average values of the dividing points
are listed in Table 15, for both measured and predicted
results. Then, a new drift ratio limit of each damage level
is also proposed in Table 16. Overall, this work integrates
force—deformation relationship, deformation—damage
level relationship, force—crack width relationship, and
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crack width—damage level to evaluate the performance of
HSRC columns. As for future research, much work and
more experiments are, however, necessary to improve the
accuracy of the proposed method.
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