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To upgrade the existing RC frame structure system with insufficient seismic design and improve the seismic
design of the RC frame structures, a novel and advanced frame structure system retrofitted by adding haunch
viscoelastic damping braces (HVEDB) is presented in this study based on the good energy dissipation perfor-
mance, the low-cost and non-invasive addition of viscoelastic dampers. For a comprehensive and systematic
research of this new structure system, the seismic behavior of ten RC frames and another ten RC frames added by
HVEDB with the axial load ratio (ALR) of 0.1-1.0 are carried out under horizontal sinusoidal steady-state ex-
citation loading, including the hysteretic behavior, load-bearing capacity, stiffness degradation, energy dis-
sipation capacity, additional damping ratio and rebar strain at key locations. On this basis, four reasonable
damage indicators at the material scale are proposed, and a comparative study on the damage evolution about
two types of frames at the material scale in the whole process is carried out. The study results show that the
addition of HVEDB can greatly improve the seismic performance such as load-bearing capacity, lateral stiffness,
deformation capability and energy dissipation, and it changes the failure mode of the RC frames. The HVEDB can
provide the effective protection for the beam-column joints by transferring the damage region from the beam-
column joint to the frame beam successfully, which guarantee the seismic design requirements of “strong nodes

and weak components” avoiding the brittle failure mode of frame structure under high ALR.

1. Introduction

Reinforced concrete (RC) frame buildings have been widely con-
structed for commercial, industrial and multi-family residential use in
seismic-prone regions in the world [1]. However, several earthquake
damage investigations have found that RC frame structures were ser-
iously damaged under earthquake excitation. The beam-column joint
region was the most critical and weakest link in the frame structure
system, because the damage and failure of the joint would lead to the
serious degradation of lateral load-bearing capacity and even the
overall collapse of the structure [2-4]. In the experimental study on the
seismic performance of RC frame structures, especially for these frame
structures that have only been designed for gravity loads without
considering seismic loads in the past, it has been confirmed that the RC
frame structure system was difficult to meet the expected inherent
weakness of “strong nodes and weak members” in multiple post-
earthquake observations [5-7].

Many researchers explored various strategies to upgrade the ex-
isting RC frame structure system with inadequate seismic design and
improved the seismic design of RC frame structures. They provided
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sufficient protection for beam-column joint area to ensure the seismic
safety of the frame structure. Some scholars have adopted thin RC
jackets [8], ferrocement jackets with embedded diagonal reinforce-
ments [9], steel and pure aluminium shear panels [10] as fuses, and
they have used steel plate with anchor bolts or welded steel strip [11],
steel prop and curb [12], diagonal metallic haunch system [13],
buckling-restrained braces [14,15], single bracing system of shape
memory alloy [16], hysteretic damped braces[17] for the retrofit and
reinforcement of the RC frame structures. Experimental and numerical
simulation studies have shown that these strategies were very effective
in improving the seismic performance of beam-column joints in terms
of strength, stiffness, deformability and the failure mode of the frame
structure. Other scholars have proposed to retrofit and reinforce the RC
frame structure by the use of high-performance materials, including
fiber-reinforced polymer [18-22], carbon fiber reinforced polymers
composites [23-25], glass fiber-reinforced polymer composites [18],
basalt fiber reinforced polymer [26], prefabricated high-performance
fiber-reinforced cementitious composite [27], strain hardening ce-
mentitious composite [19], steel fiber reinforced concrete [28], etc.
Experimental and numerical simulation results have shown that the use
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of these high-performance materials can greatly improve the strength
and ductility of the beam-column joints and the failure mode of the
frame structures.

However, the issues on cost, invasiveness and practical im-
plementation remained the most challenging aspects of retrofitting the
RC frame structures with inadequate seismic design. The viscoelastic
damper is simple in construction, low-cost, convenient in installation,
easy in replacement and non-invasive, and it also has good energy
dissipation performance with an advantage of addition stiffness
[29-32]. In this paper, a new frame structure system retrofitted by
using haunch viscoelastic damping braces is proposed. This novel
structure system can guarantee the building area and headroom
avoiding the impact on the buildings' use (function) to the utmost.
Compared with the traditional retrofitting strategies, the haunch vis-
coelastic damping braces can greatly improve the energy dissipation
efficiency of the structure.

To systematically study the seismic performance and failure me-
chanism of this new structure system, the seismic behavior of ten re-
inforced concrete frame structures (CFs) and another ten another ten
RC frame structures with haunch viscoelastic damping braces (VFs)
with the ALR of 0.1-1.0 are carried out under horizontal sinusoidal
steady-state excitation loading, including the hysteretic behavior, load-
bearing capacity, stiffness degradation, energy dissipation capacity,
additional damping ratio and rebar strain at key locations. On this
basis, several reasonable damage indicators at the material scale are
proposed, and a comparative study on the damage evolution about two
types of frame structures at the material scale in the whole process is
carried out.

2. Numerical investigations on the seismic behavior of RC frames
with HVEDB

2.1. Design of RC frames with HVEDB

There are ten CFs, which are identified as CF1 to CF10 respectively,
and another ten VFs, which are identified as VF1 to VF10 respectively
are designed for this study. The cross section of frame column with a
height of 1000 mm has a length of 160 mm and a width of 160 mm. The
cross section of frame beam with a span of 1840 mm has a width of
100 mm and a height of 200 mm. The rigid base beam has a length of
3390 mm, a width of 440 mm and a height of 400 mm. The other design
parameters of VFs are the same as those of CFs except for the haunch
viscoelastic damping braces (HVEDB). Fig. 1 illustrates the dimensions,
construction and HVEDB layout details of VFs. This HVEDB has four
layers for viscoelastic material, and the size of viscoelastic material
layer is 200 mm long X 150 mm width X 10 mm thick. The thickness of
the constrained steel plate is 10 mm. The HVEDB are set at 460 mm (L/
4) from the beam end with an angle of 45°. One end of the HVEDB is
hingedly connected to the beam, and the other end is hingedly con-
nected to the column.

2.2. Numerical model and relevant material properties

The concrete damage plasticity (CDP) model is employed for the
constitutive relationship of concrete materials. Defining the CDP model
in ABAQUS requires the uniaxial tensile and compressive mechanical
behaviors of the concrete materials. The uniaxial tensile and compres-
sive load cycle with different stiffness is illustrated in Fig. 2(a), and
their annotations are calculated according to reference [33], respec-
tively

0. =1 —d)Ey(ec — Ecpl) (€9)]
o =1 — d)Eo(e — &) 2

where, 0. and o; are the compressive and tensile stresses of concrete
respectively. E, is the initial elastic stiffness; d. and d; are damage
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Fig. 1. Geometries and reinforcement details for RC frames with haunch vis-
coelastic damping braces (all dimensions in mm).
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Fig. 2. Stress-strain relationship. (a) A single, uniaxial tensile-compressive
loading cycle. (b) Stress-strain relationship of steel.

variables explained in detail in subsequent study; ¢?' and &f' are plastic
strains for compression and tension respectively.

Two independent variables of d; and d. about uniaxial tensile and
compressive damage are defined in the CDP model to consider the
degradation response of concrete. The current code [34] explains the
expression of the compressive damage coefficient. As follows:
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where, d, is uniaxial tensile damage; a; is the parameter value of uni-
axial tensile stress-strain curve in the falling segment for the concrete.
E. is the elastic modulus of concrete. f; is the representative value of
uniaxial tensile strength for the concrete. g, is the peak tensile strain
corresponding to the representative value of uniaxial tensile strength
for the concrete. ¢ is the uniaxial tensile strain for the concrete.
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where d. is uniaxial compressive damage. «, is the parameter value of
uniaxial compressive stress-strain curve in the falling segment for the
concrete. f, is the representative value of uniaxial compressive strength
for the concrete. ¢, is the peak compressive strain corresponding to the
representative value of uniaxial compressive strength for the concrete.
€. is the uniaxial compressive strain for the concrete.

As shown in Fig. 2(b), the tri-linear stress-strain mode [35] is em-
ployed for the constitutive relationship of the steel. The finite element
model of frames adopts the separate method [33]. The 8-node linear
brick (C3D8R) unit is used for concrete elements, while the 2-node
linear 3-D truss (T3D2) unit is employed for rebar elements [33]. And
the rebar is embedded into the concrete by the EMBED command. All
degrees of freedom at the bottom of the confined base beam form the
embedded end, and the bottom of the column is linked with the base
beam by TIE. The SPRINGA and DASHPOTA units are adopted for si-
mulating the haunch viscoelastic damping braces. The SPRINGA and
DASHPOTA units have good convergence during very high deforma-
tion. The articulated connection at both ends of the truss is simulated by
releasing the rotational degrees of freedom at both ends of the SPRINGA
and DASHPOTA units. More detailed information can be found in the
ABAQUS user's manual [33]. The mechanical model of the viscoelastic
damper adopts the Equivalent fractional Kelvin model proposed by Xu
[36] as given by Eq. (10), which can accurately describe the mechanical
performance parameters of G, G, and 7 for viscoelastic dampers with
the change of temperature and frequency.

Gy = gy + q,arw" cos(rm/2)
G, = qarw"sin(rm/2)
7 = (qarw”sin(rn/2))/(q, + qarw” cos(rm/2)) (10)

where, g, and g, are the coefficients related to the viscoelastic materials.
r is the order of fraction, ar is the temperature transformation coeffi-
cient, w is the frequency, G, is the storage modulus, G, is the loss
modulus and 7 is the loss factor. The equivalent stiffness K, and
equivalent damping C, of elastic damper can be obtained by the fol-
lowing equation.

K. =n,G,A,/h, an

C, = n,nGA,/wh, = nK,/(27f) (12)
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Fig. 3. Finite element models. (a) RC frames with haunch viscoelastic damping
braces. (b) Reinforcement bars.

where, n, is the number of viscoelastic material layers, A, and h, are the
shear area and thickness of viscoelastic material layers respectively, and
f is the loading frequency.

The viscoelastic damper with the same parameters and type devel-
oped by Xu [36] is employed for this research. The viscoelastic material
has four layers with the sheared area of A, = 0.03m? and the thickness
of h, = 0.0lm. The temperature is taken to be 20 °C.

2.3. Load application and control

Fig. 3 demonstrates the nonlinear finite element model of the frames
established by the above method. Table 1 lists the ALRs applied to the
structure under different working conditions. Since the viscoelastic
damper is a speed-dependent energy dissipating device, the dynamic
loading method should be employed to reflect its real situation.
Therefore, a horizontal excitation load of uy; = uy-sinwt(w = 27f,
f = 1Hz) is applied to the load control of displacement amplitude. Fig. 4
shows the increasing lateral displacement.

2.4. Verification of finite element model

Fig. 5 illustrates that the reinforced concrete frame specimens were
tested in the test set up [37]. Fig. 1 shows the detailed information of
reinforced concrete frames.

The finite element model of reinforced concrete frame specimen can
be established according to the above finite element method. Fig. 6
shows a good agreement about the experimental and simulated force-
displacement loops of reinforced concrete frame specimens. The load at
the yield points of simulation and experiment is 67.19 kN and 63.69 kN
and the error is 5.06%. The load at the peak points of simulation and
experiment is 84.79 kN and 80.15 kN and the error is 5.47%. In a word,
there is a good agreement between the finite element simulation and
experimental results for the reinforced concrete frames.

Table 1
ALR and the applied axial.

Specimens ALR (N /f;Ag) Axial load (kN)
CF1,VF1 0.1 80.9
CF 2,VF2 0.2 161.8
CF 3,VF3 0.3 242.7
CF 4,VF4 0.4 323.6
CF 5,VF5 0.5 404.5
CF 6,VF6 0.6 485.4
CF 7,VF7 0.7 566.3
CF 8,VF8 0.8 647.2
CF 9,VF9 0.9 728.1
CF 10,VF10 1.0 809.0
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Fig. 4. The increasing lateral displacements.

1 Specimen 2 Four steel tie rods 3 Pre-buried steel plate
4 Actuator-frame beam connectors 5 Jack 6 Roller bearing
7 Anchor bolts 8 Rigid foundation beam 9 Anti-force frame
10 Actuator 11Anti-force wall

Fig. 5. Test setup for RC frames.

3. Effect of ALR on the seismic behavior

The ALR of the column is the main design parameter which affects
the seismic performance of the frame structures. Many studies [38,39]
have shown that, ALR has a significant effect on the cracking devel-
opment, ductility performance and failure pattern of RC frames. ALR is
defined by the equation of ALR = N/, f;Ag, where N, fcv and A, are axial
load, concrete compression strength and cross section of column. For
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the RC frame structures with HVEDB, the controlled ALR of frame
column is a major measure to prevent the collapse of the structures.
Moreover, the seismic behavior of the frame column with the change of
ALR would also affect the energy dissipation capacity of the HVEDB in
the structure. The ALR of the frame column has a significant influence
on the failure mode of the structure. Therefore, it is necessary to study
the effect of ALR on the seismic behavior of VFs.

3.1. Load-displacement response

Fig. 7 illustrates a comparison of the hysteresis curves between the
VFs and CFs. When the ALR is within 0.1-0.5, the bearing capacity and
stiffness in the next cycle for both CFs and VFs are slightly lower than
those in the previous cycle under the same level of displacement con-
trol. With the increasing ALR, the fullness degree of hysteresis curve
about CFs reduces. The plumpness degree of hysteresis curve about VFs
is almost constant, but the bearing capacity about VFs is significantly
improved. The number of cycles that CFs can withstand and the ulti-
mate deformation reduce gradually after crossing the peak load. When
the ALR is within 0.6-1.0, the bearing capacity and stiffness in the next
cycle for CFs are significantly lower than those in the previous cycle
under the same level of displacement control. With the increase of ALR,
the improvement of bearing capacity for both CFs and VFs almost stops.
After passing the peak load for CFs, the stability of hysteresis curve
significantly decreases, the hysteresis curve becomes obviously flat, the
bearing capacity seriously attenuates, the ultimate deformation and the
number of load cycles significantly reduce and the energy dissipation
capacity rapidly reduces. After passing the peak load for VFs, the sta-
bility of hysteresis curve slightly decreases, the hysteresis curve is still
full and the energy dissipation capacity keeps better. Under a certain
drift, the hysteretic performance of VF suddenly falls. The reason is that
the severe damage of VFs is concentrated at concrete in joint region, the
column bottom and the beam with HVEDB. At the same time, the da-
mage generation causes the reduced efficiency on the stiffness and
damping provided by HVEDB.

In general, under each level of ALR, the hysteresis curve is relatively
elongated and it has a slight pinch phenomenon for CFs. The energy
dissipation of the structure mainly relies on the plastic deformation of
frame beams and frame columns for CFs. The hysteresis curve is
plumpness and the hysteresis loop presents a spindle shape for VFs. The
hysteresis curve for VFs is obviously fuller than that for CFs. The area of
hysteresis loop and bearing capacity for VFs are significantly larger
than those for CFs. It indicates that the energy dissipation capacity and
load-bearing capacity of the RC frame structure are significantly
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Fig. 6. Comparison of analytical and experimental load-displacement curve.
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Fig. 7. Comparison of the hysteresis curves between the VFs and CFs.

improved by adding HVEDB.

3.2. Load-bearing capacity

The load-bearing capacity improvement coefficient is defined as the
ratio of peak load for VF to the peak value of load-bearing capacity for
CF. The load-bearing capacity degradation coefficient is defined as the
ratio of the specific load-bearing capacity corresponding to the ultimate

displacement to the peak value of load-bearing capacity, and it can
reflect the ductility performance of the structure.

Fig. 8 demonstrates the comparison on the peak value of load-
bearing capacity under various levels of ALR and the bearing capacity
improvement coefficient with the change of ALR for CFs and VFs. The
load-bearing capacity of VFs is greatly improved compared with CFs
under each level of ALR. The load-bearing capacity of CFs and VFs both
present a rising tendency with the increase of ALR, and the load-bearing
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Fig. 8. Comparison load-bearing capacity and the improvement coefficient.

capacity increases slowly even tends to stop under the condition of
0.1-0.5. When the ALR is within 0.1-0.5, the bearing capacity im-
provement coefficient gradually decreases with the increasing ALR.
When the ALR is greater than or equal to 0.5, the bearing capacity
improvement coefficient basically tends to be stable and it is between
within 1.43-1.59. It shows that the bearing capacity improvement

0.8
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Degradation coefficient

0.3
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Fig. 9. Bearing capacity degradation coefficient curves.

coefficient of the structure is less affected by the ALR. To ensure the
design safety of the structure, the recommended bearing capacity im-

provement coefficient is taken as 1.43.
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Fig. 9 demonstrates the bearing capacity degradation coefficient
with the change of ALR for CFs and VFs. The bearing capacity de-
gradation coefficient of CFs continuously reduces with the increase of
ALR. When the ALR is within 0.1-0.5, the bearing capacity degradation
coefficient of VFs gradually decreases with the increasing ALR. When
the ALR is within 0.5-1.0, the bearing capacity degradation coefficient
of VFs presents a rising trend. It can be seen from the comparison of the
two curves that, the difference of the bearing capacity degradation
coefficient for CFs and VFs gradually is magnified as the ALR increases,
and the bearing capacity degradation coefficient for VFs is increased by
11.39%-76.47% compared with CFs. This shows that the energy-dis-
sipating haunch braces have a significant effect on restraining the
bearing capacity degradation of the structure, and the restriction effect
is gradually enhanced as the ALR increases.

3.3. Stiffness

The stiffness degradation of the frames within different cyclic cycles
can be measured by secant stiffness under the same displacement
control point. The stiffness improvement coefficient is defined as the
average value of the increased proportion about the stiffness of VF to CF
under different displacement amplitude.

Fig. 10 illustrates the comparison on the stiffness degradation
curves of CFs and VFs under each level of ALR. The stiffness degrada-
tion pattern of CF and VF follows a very similar pattern. With the in-
crease of displacement amplitude, the secant stiffness of the forward
and reverse loading for CFs and VFs both decrease. The secant stiffness
greatly decreases at first, and it gradually becomes more moderate in
the later. Under the same ALR and displacement amplitude, the secant
stiffness of VFs is significantly larger than that of CFs.

Fig. 11 demonstrates the comparison on the initial stiffness under
various levels of ALR and the stiffness improvement coefficient with the
change of ALR for CFs and VFs. The initial stiffness of VFs is greatly
improved compared with CFs at the same ALR. With the increasing
ALR, the initial stiffness of CFs and VFs both gradually increase. When
the ALR is within 0.1-0.5, the stiffness improvement coefficient is
stable ranging from 39.20% to 42.33%, which indicates that the HVEDB
produces a stable and superior effect in restricting the stiffness de-
gradation of the structure with the change of ALR. When the ALR is
within 0.5-1.0, the stiffness improvement coefficient increases gradu-
ally with the increasing ALR, and it can reach up to 63.35%. It indicates
that the HVEDB enhances the better inhibition effect on the stiffness
degradation of the structure as the ALR increases.

-40 =30 20 -10 UO 10 20 30 40
Displacement(mm)

Fig. 10. Comparison on the stiffness degradation curve.

Engineering Structures 199 (2019) 109583

100
S CF 106
75 | —*— Improvement coeffigient Hos
—~
= 1 .
=
S
g r P —H # H04.2
= & 9
Z =
~— (5]
@z 50 - o
v
[} 403 ©
-
g =
G [5)
= e
"
%% — 0 2 [
— o =t X 2 2
< 5% o & b5
= - K X% <% X3 [0 % %! ]
= 25 = k3 5% 5 K3 K3 ok &3 o
h= = BB OB KB KB KM M B K K =)
= K3 &3 5% o 3 &3 K3 9% &3 K
— o K3 3% (o % 6% % 38 K] &
k3 o5 & &3 P 53 st &3 & P E
0% 0% % 0! o% X3 X3 o5 %! %! 0.1 —
K 5% % & & 2% 5% &3 & 3 ’
] K g X ] 3 & 3
Gl KB ORB O RE B Ol S (B KR
K £ 2 0% K
$ S 6 ] ]
K
0

00 01 02 03 04 05 06 07 08 09 1.0 L1
Axial load ratios

Fig. 11. Initial stiffness and the stiffness improvement coefficient curve.
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Fig. 12. The energy dissipation capacity and the average additional damping
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3.4. Energy dissipation capacity and additional damping ratio

Fig. 12 illustrates the comparison on the energy dissipation capacity
of CFs and VFs under various levels of ALR and the average additional
damping ratio (marked as ¢,) of VFs with the change of ALR. When the
ALR is in the range of 0.1-0.4, the energy dissipation capacity of CFs
remains basically unchanged with the increase of ALR. The energy
dissipation capacity of CFs gradually reduces when the ALR is larger
than 0.4. When the ALR is in the range of 0.1-1.0, the energy dissipa-
tion capacity of VFs slightly reduces first and then gradually rises with
the increase of ALR. And the energy dissipation capacity of VFs reaches
a minimum under the ALR of 0.4. The energy dissipation capacity of
VFs is significantly higher than that of CFs under the same ALR. When
the ALR is in the range of 0.1-0.6, the average additional damping ratio
of VFs remains basically stable, that is, ;‘a is within 12.00%-16.07%.
When the ALR is in the range of 0.6-1.0, the average additional
damping ratio of VFs gradually increases with the increase of ALR, and
¢, can reach up to 56.96%.

Fig. 13 illustrates the energy dissipation capacity of HVEDB for VFs
with the change of displacement amplitude under various levels of ALR.
Under the small displacement amplitude of 0-8 mm, the energy dis-
sipation of HVEDB gradually increases with the increase of displace-
ment amplitude. And the ALR has a little influence on the energy
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Fig. 13. Energy dissipation capacity of HVEDB.

dissipation of HVEDB. Under the medium displacement amplitude of
8-24 mm, the energy dissipation of HVEDB remains stable with the
change of ALR. Under the large displacement amplitude of 24-40 mm,
the energy dissipation of HVEDB slowly increases with the increase of
displacement amplitude when the ALR is within 0.1-0.6, and the en-
ergy dissipation of HVEDB rapidly increases with the increase of dis-
placement amplitude when the ALR is within 0.6-1.0.

Fig. 14 illustrates the area ratio (marked as ¢) about the hysteresis
loop between VFs and CFs and the ratio (marked as ) of the energy
dissipation of HVEDB to the total energy dissipation of VFs with the
change of ALR. The change trend of ¢ and ¢ keeps basically consistent
with the increase of ALR. When the ALR is in the range of 0.1-0.6, ¢
and ¥ remain basically stable, that is, ¢ is within 2.43-3.01 and % is
within 0.58-0.66. When the ALR is in the range of 0.6-1.0, ¢ and
both increase with the increase of ALR, even ¢ and ¢ can reach up to
8.15 and 0.87 respectively.

In summary, when the ALR is under the condition of 0.1-0.6, the
HVEDB for VFs can play a stable and superior role in terms of energy
dissipation. When the ALR is under the condition of 0.6-1.0, the energy
dissipation capacity of HVEDB for VFs is gradually enhanced with the
increase of ALR and the HVEDB still plays an effective role in energy
dissipating.

0.9 — 1
* o m ] .
0.8 - —he— \) ﬁ‘/ 1
i K
07 - -0 / o 1
R

0.6 [

> | . { o
05 / 14

*
\*\*vﬁr/

n—= 943
04fF "—m__ o
—42
03
11
02 1 1 1 1 1 1 1 1 1 1 0

00 01 02 03 04 05 06 07 08 09 10 1.1
Axial load ratios

Fig. 14. ¢ and 1 curves.

Engineering Structures 199 (2019) 109583

3.5. Critical point strain analysis

Fig. 15 demonstrates the displacement-strain curves of reinforce-
ment rebar at the beam-column joints of CFs and VFs under the action
of excitation load. Due to the length limitation of the article, only these
cases where the ALR is 0.1, 0.5 and 1.0 are listed. In the whole process
of excitation load, the reinforcement strain of CFs and VFs grows with
the increase of load amplitude. Under each level of ALR from 0.1 to 1.0,
the reinforcement strain at the beam-column joints of VFs is much
lower than that of CFs. And the stirrups and longitudinal reinforcement
at the beam-column joints of VFs are in the elastic stage.

The reduction amplitude about the strain maximum of the stirrup
for VFs relative to the CFs is marked as y,, and the reduction amplitude
about the strain maximum of longitudinal reinforcement for VFs re-
lative to the CFs is marked as u,. Fig. 16 illustrates the strain maximum
of reinforcement rebar at the beam-column joints of CFs and the re-
duction amplitude of strain maximum with the change of ALR.

The strain maximum of the stirrup at the beam-column joints of CFs
is larger than that of VFs under the same ALR. The stirrup strains at the
beam-column joints of CFs and VFs are small values and the strain
maximum of the stirrup varies little with the change of ALR, which
indicates that the stirrup strain is insensitive to the change of ALR. The
strain maximum of longitudinal reinforcement at the beam-column
joints of CFs and VFs increases with the increasing ALR. The growth
curve of strain maximum for CFs is steep, while the growth curve for
VFs is gentle. The strain maximum of longitudinal reinforcement at the
beam-column joints of VFs is much smaller than that of CFs under the
same ALR. And the VF structure is still in the elastic deformation stage
under the large ALR. The longitudinal reinforcement of CFs quickly
enters the plasticity state under the large ALR, which indicates that the
longitudinal reinforcement of CFs should be especially strengthened
under the large ALR. The reduction amplitude about the strain max-
imum of the stirrup decreases with the increase of ALR, and y, can
reach up to 83.59%. The reduction amplitude about the strain max-
imum of longitudinal reinforcement presents a large fluctuation when
the ALR is under the condition of 0.1-0.3. The reason is that the
maximum strain of longitudinal reinforcement transitions from tensile
strain to compressive strain. The reduction amplitude about the strain
maximum of longitudinal reinforcement gradually increases with the
increase of ALR when the ALR is under the condition of 0.3-1.0. The
longitudinal reinforcement of VFs is still elastically deformed under the
large ALR, and y, can reach up to 88.09%.

In summary, the strain of the stirrup and longitudinal reinforcement
at the beam-column joints of the frame structure significantly reduces
after the HVEDB is added to the CFs. Under the displacement excitation
of maximum amplitude, the strain of the stirrup and longitudinal re-
inforcement is still weak and within the elastic stage. Therefore, the
HVEDB provides a good protection for the beam-column joint zone.

4. The damage evolution in the whole process

As we know, the compressive properties of concrete materials are
far superior to tensile properties, and the concrete materials mainly
provide the compressive bearing capacity when it is applied by the
force. Generally, the tensile strength of concrete materials is not taken
into account and the concrete materials are allowed to work with cracks
in the seismic design of the structure. At the same time, each perfor-
mance point of the frame structure corresponds to the inflection point
of the compressive damage of the concrete materials. However, the
tensile damage of concrete materials develops too quickly and presents
a large dispersion, and the tensile damage of concrete materials is not
sensitive to the performance change of the frame structure. Therefore,
the compressive damage of concrete materials is selected as an eva-
luation index for the damage evolution analysis of the frame structure
in this paper.
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Fig. 15. Strain-displacement curves for reinforcement rebar at beam-column joints.

4.1. Comparison of each level of damage

Base on the Park-Ang damage theory at the component scale [40]
and the results of finite element analysis, Fig. 17 illustrates the damage
evolution of CFs and VFs in the whole process from basic intact to
component failure. In the damage level of basically intact, there is no
compressive damage occurring in the CFs and VFs and both of them are

still within the elastic stage. In the damage level of slightly damaged,
the minor compressive damage of CFs begins to appear at the edge of
the column bottom, while the minor compressive damage of VFs begins
to appear at the edge of the column bottom and beam bottom with
HVEDB. In the damage level of moderately damaged, the compressive
damage of CFs slowly expands and gradually accumulates at the column
bottom, beam ends and beam-column joints, while the compressive
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Fig. 16. Strain maximum of reinforcement rebar and reduction amplitude u.

damage of VFs slowly expands and gradually accumulates at the
column bottom and beam bottom with HVEDB. In the damage level of
seriously damaged, the compressive damage at the column bottom of
CFs simultaneously expands to the column top and column center, and
the compressive damage at the beam-column joints of CFs rapidly ex-
pands and continuously accumulates. The compressive damage at the
column bottom of VFs simultaneously expands to the column top and
central axis and the compressive damage at the beam bottom with
HVEDB quickly expands to the beam top and middle span. In the
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DAMAGEC]
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damage level of member failure, the compressive damage of CFs basi-
cally penetrates at the beam-column joints and column bottom, while
the compressive damage of VFs basically penetrates at the column
bottom and the beam with HVEDB.

The compressive damage of CFs is concentrated at the beam-column
joints, the 0-1/3H of the column bottom and the beam ends, while the
compressive damage of VFs is concentrated at the 0-1/3H of the
column bottom and the beam with HVEDB. The above-mentioned lo-
cations about CFs and VFs where the compressive damage is con-
centrated at should be especially enhanced in the seismic design of the
structure. The addition of HVEDB can provide the effective protection
for the beam-column joints of frame structure by restraining the da-
mage development at the beam-column joints, which realizes the duc-
tile seismic design of “strong nodes and weak components”.

4.2. Selection of damage indicators

According to the damage development of CFs and VFs in five dif-
ferent stages listed in section 4.1, four damage indicators are selected to
describe the damage evolution of CFs and VFs in the whole process from
basic intact to component failure, as shown in Fig. 17.

The first, second, third and fourth damage indicator reflects the
degree of compressive damage at the column bottom, the beam-column
joints, the beam with HVEDB and the column with HVEDB of the frame
structure, and they are expressed by D, Dj, Dy and D, respectively.
These four indicators can reflect the main characteristics of compressive
damage development about CFs and VFs under different damage levels,
which includes the damage degree of the frame structure, the damage
range and distribution rule of frame columns, beam-column joints and
frame beams.
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Fig. 18. Four damage indicators with the change of loading displacement amplitude.

4.3. Comparative analysis of damage evolution

Fig. 18 illustrates four damage indicators of D, Dj, Dy, and D, with
the change of loading displacement amplitude under each level of ALR.

From the overall view of Fig. 18(a), the damage indicator D, of the
frame structure increases gradually with the increase of loading dis-
placement amplitude. Under the small displacement amplitude of
0-6 mm, the damage indicator D, of the frame structure presents the
small values and grows slowly. And it is insensitive to the change of
ALR. Under the medium displacement amplitude of 6-24 mm, the da-
mage indicator D, of VFs is larger than that of CFs and the growth rate
of D, for VFs is greater than that for CFs with the increase of loading
displacement amplitude at the same ALR. At the same loading dis-
placement amplitude, the damage indicator D, of VFs decreases gra-
dually and the damage indicator D, of CFs is not significantly changed
with the increase of ALR. Under the large displacement amplitude of
24-40 mm, the growth rate of damage indicator D. decreases gradually
and the value of damage indicator D, gradually increases to approach 1
with the increase of loading displacement amplitude. It indicates that
the damage at the column bottom is magnified after the HVEDB is
added to the frame structure. Under the medium displacement ampli-
tude of 6-24 mm, the damage indicator D, is sensitive to change of ALR,
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and the amplification effect on the damage of column bottom is wea-
kened with the increase of ALR. Further the rationality of selecting
damage indicator D, is verified.

From the overall view of Fig. 18(b), the damage at the beam-column
joints of VFs is much smaller than that of CFs during the whole loading
process. Under the small displacement amplitude of 0-6 mm, the da-
mage indicator D; of the frame structure presents the small values and
grows slowly. And it is insensitive to the change of ALR. Under the
medium displacement amplitude of 6-24 mm, the damage indicator D;
of CFs rises quickly with the increase of loading displacement ampli-
tude. At the same loading displacement amplitude, the damage in-
dicator D; decreases gradually with the increase of ALR. The damage
indicator Dj of VFs rises very slowly, and the value of damage indicator
D; is less than 0.11. The damage indicator D; is insensitive to change of
ALR. Under the large displacement amplitude of 24-40 mm, the growth
rate of damage indicator D; for CFs decreases gradually as the loading
displacement amplitude increases, and the sensitivity of damage in-
dicator Dj to the change of ALR gradually reduces. The value of damage
indicator Dj for CFs gradually increases to approach 1. The growth rate
of damage indicator D; for VFs approaches zero, and the value of da-
mage indicator Dj is less than 0.15. The damage indicator D; is in-
sensitive to change of ALR. It indicates that the damage development at
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the beam-column joints is well inhibited by the addition of HVEDB to
the frame structure. Further the rationality of selecting damage in-
dicator D;j is verified.

As can be seen from Fig. 18(c), under the small displacement am-
plitude of 0-6 mm, the damage indicator D, of the frame structure
presents the small values and grows slowly. And it is insensitive to the
change of ALR. Under the medium displacement amplitude of
6-24 mm, the damage indicator Dy, of VFs rises rapidly and the damage
indicator Dy, of CFs increases slowly with the increase of loading dis-
placement amplitude. The damage indicator Dy, of VFs is much larger
than that of CFs at the same ALR. At the same loading displacement
amplitude, the damage indicator D, of VFs and CFs both increases
gradually with the increase of ALR, and the change amplitude about the
damage indicator D, for VFs is greater than that for CFs. Under the
large displacement amplitude of 24-40 mm, the growth of the damage
indicator Dy, for CFs tends to stop and the growth rate of the damage
indicator D, for VFs decreases gradually with the increase of loading
displacement amplitude. At the same loading displacement amplitude,
the damage indicator Dy, of VFs and CFs both increases gradually with
the increase of ALR, and the change amplitude about the damage in-
dicator Dy, for VFs is greater than that for CFs. The maximum value of
the damage index D), for VFs approaches 1 at the large ALR of 0.7-1.0.
It indicates that the damage of the frame beam where the HVEDB is
added is more serious, and the damage degree increases gradually with
the increase of ALR. The above-mentioned locations should be espe-
cially enhanced in the seismic design of the structure. Further the ra-
tionality of selecting damage indicator Dy, is verified.

As can be seen from Fig. 18(d), under the small and medium dis-
placement amplitude of 0-24 mm, the damage indicator D, of VFs is
larger than that of CFs at the same loading displacement amplitude and
ALR. At the same loading displacement amplitude, the damage in-
dicator D, of CFs changes little and the damage indicator D, of VFs
grows slowly with the increase of ALR. Under the large displacement
amplitude of 24-40 mm, the damage indicator D, of VFs still remains so
small, and the maximum value of damage indicator D, under various
working conditions is less than 0.36. It indicates that the damage of the
frame column where the HVEDB is added for VFs is so small, and it is
not the bottleneck for the seismic design of VF.

5. Summary and conclusions

In this study, the seismic behavior of ten CFs and ten VFs are con-
ducted under horizontal sinusoidal steady-state excitation. On this
basis, a comparative study on the damage evolution about two types of
frames at the material scale in the whole process is carried out. The
following main conclusions can be obtained.

(1) For the cases considered in this study, the addition of HVEDB can
greatly improve the load-bearing capacity (about 50% increase),
lateral stiffness (more than 40% increase) and energy dissipation
capacity (more than 2.4 times increase under low ALR and in-
creased by up to 7.15 times under high ALR) of the frame structure.
The HVEDB produces a significant inhibition effect on the load-
bearing capacity degradation and stiffness degradation of the
structure, and this restriction effect can be enhanced as the ALR
increases.

(2) When the ALR is in the range of 0.1-1.0, the energy dissipation
capacity of VFs slightly reduces first and then gradually rises with
the increase of ALR. And the energy dissipation capacity of VFs
reaches a minimum under the ALR of 0.4. When the ALR is in the
range of 0.1-0.6, the average additional damping ratio and energy
dissipation capability of VFs remain basically stable, and the energy
dissipation of HVEDB increases slowly with the increase of dis-
placement amplitude. When the ALR is in the range of 0.6-1.0, the
average additional damping ratio and energy dissipation capability
of VFs gradually increase with the increase of ALR, and the energy
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dissipation of HVEDB increases rapidly with the increase of dis-
placement amplitude.

(3) The force mode and failure mode of the frames are changed by the
addition of HVEDB. The rebar strain at the beam-column joints of
VFs significantly reduces. The HVEDB can provide the effective
protection for the beam-column joints by transferring the damage
region from the beam-column joint to the frame beam successfully,
which guarantees the seismic design requirements of “strong nodes
and weak components” avoiding the brittle failure mode of RC
frames under high ALR. The compressive damage of VFs is con-
centrated at the 0-1/3H of the column bottom and the beam with
HVEDB. The above-mention locations where the compressive da-
mage is concentrated at should be especially enhanced in the
seismic design of the structure.

In summary, the retrofitted RC frame structures by adding haunch
viscoelastic damping braces is a novel and advanced structural system.
It is worthy of further development, especially for the RC frame struc-
tures with insufficient seismic design and the local weak locations of the
frame column designed under high ALR.
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