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To enhance the seismic resilience of coupled reinforced concrete shear walls, a new
damper working in the replaceable coupling beam is proposed in present study. The
new damper is a combination of metallic damper and viscoelastic (VE) damper. The
metallic damper consists of an |-shaped steel beam with multiple low-yield-point steel
plate webs paralleled to each other; the VE damper is composed of multiple layers
of VE material bonded between multiple steel plates. Through the composite use of
viscoelastic material and low-yield-point steel, the new damper is expected to work
effectively against both the earthquake and the wind. To study the respective mechanical
behavior of each component of the combined new damper, eight metallic dampers, two
VE dampers, and one combined damper are tested under cyclic loading first. The variable
parameters of the metallic damper are strength grade of web steel, web dimensions, and
end stiffener configuration. It is found that the effect of the strength grade of web steel
is most significant. Compared with the metallic damper using the steel web with normal
strength grade, the ductility, ultimate plastic shear rotation, and cumulative plastic shear
rotation of the damper using the low-yield-point steel web are much larger. The effect of
web dimensions on the deformation capacity is slight. With the addition of end stiffener,
plasticity concentrates thereby, which prevents the flange-to-end plate weld fracture.
The VE damper exhibits extraordinary deformability. The storage modulus, shear loss
modulus and loss factor of the VE material decrease with the increase of strain amplitude.
The storage modulus and shear loss modulus of the VE material decrease slightly as the
excitation frequency increases within the range between 0.1 and 1 Hz, and the effect
of the excitation on the loss factor is not significant. At last, the combined damper, an
assembly of one metallic damper component and two VE damper components, is tested,
which exhibits stable hysteretic behavior and excellent deformability. The predicted yield
shear strength and elastic stiffness agree well with test results.
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FIGURE 4 | Damage pattern of fractures: (A) flange-to-end plate weld; (B) web corners next to the welds; (C) web-to-flange weld; (D) Specimen M8.

FIGURE 5 | Hysteretic curves of metallic dampers: (A) M1; (B) M2; (C) M3; (D) M4; (E) M5; (F) M6; (G) M7; (H) M8.

Specimen M1, Specimen M8 with end plate stiffener presented
higher shear strength.

The ductility coeflicient, defined as the ratio between the
ultimate shear rotation and the yield shear rotation, is listed in
Table 4. Compared with Specimen M3 (Q235 steel), the ductility
coeflicient of Specimens M1 (LY225 steel) and M2 (LY160 steel)
increases by 28.1 and 67.3%, respectively. With the adoption
of low-yield-point steel in the web, the ductility of the metallic
damper is significantly enhanced. While the length and depth
of the damper and the end stiffener have limited effect on the
ductility. Table 4 also lists the ultimate plastic shear rotation and
cumulative plastic rotation. The average ultimate plastic shear
rotation is 0.11, which is larger than the value of 0.08 specified
in the provisions of the AISC 341-10 (ANSI/AISC, 2010). The

effect of web steel grade on the deformation capacity, such as the
ultimate plastic shear rotation and cumulative plastic rotation, is
remarkable. The ultimate plastic shear rotation and cumulative
plastic rotation increase with decrease of yield stress of the web
steel. Basically, the effect of length and depth of the damper on
the ultimate plastic shear rotation and cumulative plastic rotation
is slight.

Energy Dissipation Capacity
The energy dissipation capacity was generally evaluated by using
equivalent viscous damping coefficient Ceq, which is calculated
according to the following formula:

1 Ehyst

Copy = — X
“T7 27 7 Emax

(1)
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FIGURE 6 | Normalized shear force-shear rotation envelope curves: (A) different web steel; (B) different specimen length; (C) different web depth; (D) different

TABLE 4 | Shear strength and deformation capacity of metallic dampers.

Specimen No. Yield shear Maximum shear Overstrength Yield shear Ultimate plastic Ductility Cumulative
strength (kN) strength (kN) ratio rotation (%) shear rotation (%) coefficient plastic rotation

M1 109 269 2.46 0.26 11.03 44.40 7.31

M2 113 322 2.84 0.21 11.44 57.98 7.93

M3 138 316 2.29 0.32 11.97 34.65 5.46

M4 109 353 3.24 0.22 10.62 52.9 7.42
M5 109 253 2.32 0.32 11.60 38.13 7.75

M6 138 313 2.27 0.29 11.81 40.18 8.13
M7 86 245 2.84 0.29 11.45 39.87 7.39

M8 109 302 2.76 0.25 11.26 45.08 6.88
where Epyq is the sum of the area enclosed by hysteretic loops, VE Dampers

and Ep,,y is energy absorbed by equivalent elastomers at the same
displacement amplitude.

Figure 7 illustrates the calculated equivalent viscous damping
coeflicients of metallic dampers, using the first cycle at each shear
rotation amplitude. The equivalent viscous damping coefficient
rises as the shear rotation increases before the metallic damper
damaged. The equivalent viscous damping coefficients are >0.5
for all specimens at the rotation beyond 0.03. For specimens
with different web steel grade, the equivalent viscous damping
coefficient increases as the web steel yield stress decreases
(Figure 7A). With the decrease of length of web, the equivalent
viscous damping coeflicient increases slightly (Figure 7B). The
height of the web has little effect on energy dissipation capacity
(Figure 7C). With or without the end plate stiffener, the
equivalent viscous damping coefficient is similar (Figure 7D).

Failure Mode

There was no separation observed between the VE layer and steel
plate until 300% strain for both Specimens V1 and V2. When the
strain amplitude reached 350%, the VE layer separated from the
steel plate and the bearing capacity dropped subsequently.

Energy Dissipation and Strain Dependency

Figure 8 shows the hysteretic loops of Specimens V1 and V2
under various strains subject to a constant frequency 0.1 Hz. It
can be seen that the VE damper dissipates energy at all strain
ranges. In addition, hardening behavior under relatively large
strain is clearly observed for both specimens. The shear storage
modulus (G), shear loss modulus (G”) and loss factor (1) are the
most important factors reflecting the properties of VE damper.
These factors can be obtained from the hysteresis curves, and can
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FIGURE 7 | Equivalent viscous damping coefficients of metallic dampers: (A) different web steel; (B) different specimen length; (C) different web depth; (D) different
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be expressed as:

G = Fih 2)
 nApug
F
G = iG/ (3)
F
F
n= (4)
1

where A is the VE material area, h is the thickness of the VE
material, n is the layers of VE material, 1 is the maximum
displacement, F; is the corresponding force at displacement 1,
and F; is the corresponding force at zero displacement.

The variation of these factors with strain levels for two
specimens are shown in Figure 9. Because of the thicker VE
material layer, both the shear storage modulus and shear loss
modulus of Specimen V2 are larger than that of Specimen V1.
While the loss factor is quite similar for both specimens. In
addition, the shear storage modulus, shear loss modulus and loss
factor decrease with increase of strain. Beyond the strain of 250%,
the storage shear modulus stops to decrease as hardening starts.

Frequency Dependency

As previously described, different loading frequencies were
adopted for Specimen V1 at strain amplitudes of 50% and 100%
and Specimen V2 at a strain amplitude of 100%. Figure 10
illustrates the variation of the shear storage modulus, shear loss
modulus, and loss factor under different frequency. It can be
seen that both the shear storage modulus and shear loss modulus
decrease slightly as the excitation frequency increases within the

frequency range between 0.1 and 1 Hz. However, the dependency
on frequency is not obvious when the frequency exceeds 1 Hz.
With the increase of strain amplitude, both the shear storage
modulus and shear loss modulus decrease (Specimen V1). The
loss factor is not significantly dependent on both of the shear
strain amplitude and the frequency.

Combined Damper

Failure Mode

The combined damper had the failure mode similar to Specimen
MI. Cracks were first observed in the flange next to the steel
plate weld when the rotation was 8.93%, and the bearing capacity
continued to increase. The maximum shear strength reached 314
kN at the rotation of 9.92%. During the following loading cycles,
cracks were observed at the coner of the web. Ultimately, the
cracks tore through the entire length of the web along the flange
welds, and the bearing capacity decreased. No damage of the VE
damper was observed till the shear rotation of 12% when the
equivalent strain of the VE material reached 240%.

Lateral Force-Displacement Relationship

Figure 11A shows the shear force vs. rotation hysteretic curves
of the combined damper. With the increase of the displacement,
the strength hardening is apparent. The hysteretic loop becomes
S-shaped after the shear rotation of 12% because the hysteresis
curve of the VE damper is S-shaped and the hardening is
apparent when the strain of the VE material is >200%. The
comparison of envelope curve between Specimen M1 and the
combined damper is shown in Figure 11B. The strength and
the stiffness of the combined damper are higher than that of
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FIGURE 8 | Hysteretic curves of VE dampers: (A) V1; (B) V2.
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FIGURE 9 | Strain dependency: (A) shear storage modulus of V1; (B) shear loss modulus of V1; (C) loss factor of V1; (D) shear storage modulus of V2; (E) shear loss

metallic damper due to the contribution of VE damper. In
comparison with the metallic damper, the initial stiffness of
combined damper increases from 259 to 270 kN/mm, and the
maximum shear strength increases from 269 to 314 kN. The VE
damper contributes about 14% on the bearing capacity and 4%
on the stiffness.

Energy Dissipation

It can be seen from Figure 11B that, basically, the combined
damper experiences a greater force at the same deformation,
indicating that the combined damper dissipates more energy
than metallic damper. Figure 11C shows the ratio of the energy
dissipated by the VE damper to that of the total energy in the
combined damper. As indicated in the figure, the additional
energy dissipation ratio is 8% at small deformation level,
and then drops to 5.5% as the energy dissipated by metallic
damper increases. After the metallic damper fails, the ratio
increases significantly.

Estimation of Elastic Stiffness and Yield Strength
The stiffness of the metallic damper (Ky;) and VE damper (Ky)
can be expressed respectively as follows:

1

Km = (5)
L3 L
12EI + %
G A

Ky = p v (6)

where L is the length of the metallic damper, u is the correction
coefficients, A and A, are, respectively the web cross sectional
area of metallic damper and the shear area of the VE damper,
I is the cross sectional moment of inertia of metallic damper, E
and G are respectively the elastic modulus and shear modulus
of metallic damper, and G’ is shear storage modulus of the
VE material.
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FIGURE 11 | Combined damper: (A) hysteretic curve; (B) skeleton comparison with the metallic damper M1; (C) energy dissipation by VE damper.

The elastic stiffness of the combined damper is then the
summation of metallic damper and VE damper:
K =Km + Ky (7)

As previously mentioned, the yield shear strength (Vy) of the
metallic damper was calculated as:

V, = 0.6f,A, ®8)
where fy is the yield strength of the steel, and A is the web
sectional area.

As shown in Figure 6, the ordinate of 1 gives the inflection
point in the shear force-rotation envelope curve, which indicates
that Equation (8) is capable of capturing the yield shear strength
of the metallic dampers. As there is no clear yield point in the
hysteresis of the VE damper, its yield shear strength can be
conservatively estimated as the shear strength at the moment
when the metallic damper yields. The yield shear strength of the
combined damper can be calculated as:

V=V, +KyAy 9)

where A, is the yield displacement of metallic damper,
determined as the ratio between the yield shear strength derived
by Equation (8) and the stiffness derived by Equation (5).
According to Equation (7), the predicted elastic stiffness of the
combined damper is 280 kN/mm with an error of 3.7% compared
with the test result of 270 kN/mm. Equation (9) gives the yield
shear strength of 112 kN, with an error of 7.4% compared
with the test result of 122 kN. Basically, the analytical solutions
predicts well both the elastic stiffness and yield shear strength.

CONCLUSIONS

A new damper, combining the viscoelastic damper and metallic
damper used for replaceable coupling beams, is proposed and
studied in this paper. Through a series of experimental study, the
major findings are summarized as follows:

(1) No web instability was observed, indicating that unstiffened
webs with depth-thickness ratio <12 was sufficient to avoid
web buckling. The web end stiffeners effectively reduced the
flange stress at the ends of the specimen, which prevented the
failure of flange-to-end plate welds.
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(2) The maximum overstrength ratio of the metallic damper
reached 3.24 with an average of 2.62. The overstrength ratio
increased with the decrease of the length or depth of web or
the yield strength of web steel.

The effect of web steel grade on the deformation and energy
dissipation capacity of the metallic damper was remarkable.
The metallic damper using low-yield-point steel exhibited
excellent ductility and energy dissipation capacity. While the
length and depth of the damper and the installation of end
stiffener had limited effect.

No damage occurred at the shear surface between the VE
layer and steel plate until the strain of 300%, and the
VE layer and steel plate started to separate at the strain
of 350%.

The shear storage modulus, shear loss modulus, and loss
factor of the VE material decreased with the increase
of strain. Both the shear storage modulus and shear
loss modulus decreased slightly with the increase of
loading frequency ranging from 0.1 to 1Hz. However,
the dependency on frequency was not obvious when

3)

“)

€))
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