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Abstract. Shear walls have high stiffness and strength; however, they lack energy dissipation and repairability. In this study,
an innovative slotted shear wall featuring vertical slots and steel energy dissipation connectors was developed. The ductility and
energy dissipation of the shear wall were improved, while sufficient bearing capacity and structural stiffness were retained.
Furthermore, the slotted shear wall does not support vertical forces, and thus it does not have to be arranged continuously along
the height of the structure, leading to a much free arrangement of the shear wall. A frame-slotted shear wall structure that
combines the conventional frame structure and the innovative shear wall was developed. To investigate the ductility and
hysteretic behavior of the slotted shear wall, finite element models of two walls with different steel connectors were built, and
pushover and quasi-static analyses were conducted. Numerical analysis results indicated that the deformability and energy
dissipation were guaranteed only if the steel connectors yielded before plastic hinges in the wall limbs were formed. Finally, a
modified D-value method was proposed to estimate the bearing capacity and stiffness of the slotted shear wall. In this method,
the wall limbs are analogous to columns and the connectors are analogous to beams. Results obtained from the modified D-
value method were compared with those obtained from the finite element analysis. It was found that the internal force and

stiffness estimated with the modified D-value method agreed well with those obtained from the finite element analysis.
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1. Introduction

Designed to resist the lateral force in high-rise
structures, shear walls are rigid and strong, but often lack
layout flexibility and the ability to dissipate strain energy.
Furthermore, concrete crushing occurs in the corners of the
shear wall during severe earthquakes because of the height
of the section and high strains in the edge constraint area,
which is difficult to repair, or even lead to the damage of
the whole structure (Yi et al. 2013 and Li et al. 2009). To
address these drawbacks, Muto (1984) developed a concrete
shear wall with slits and demonstrated that it improved the
deformability and repairability by arranging a plurality of
vertical cracks through the wall, but at the cost of stiffness
and bearing capacity. Dai et al. (1992) developed a shear
wall with slots set along the two diagonal directions to
increase ductility while ensuring stiffness; however, the
method was limited to short walls. Fortney et al. (2007)
developed replaceable steel coupling beams for coupled
core wall systems, which resulted in energy consumption
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and functional recovery. Jin et al. (2016) developed a
buckling-restrained steel plate shear wall with inclined slots
and concrete panels that prevented out-of-plane buckling
and achieved stable energy dissipation.

Features such as slots, high-performance fiber concrete
or steel plates, and dampers have been introduced to
improve the deformation capacity and energy dissipation
capability of shear walls. However, parametric studies and
optimization of the design parameters for such features have
not been performed. Moreover, the specific design method
providing the slotted shear wall with satisfactory working
performance and energy dissipation capacity is rarely
reported. In this study, a novel frame-slotted shear wall
structure was developed. The slotted shear wall, featuring
vertical slots and silt steel energy dissipating connectors,
improved ductility and energy dissipation. Additionally, the
slotted shear wall exhibited sufficient bearing capacity and
structural stiffness; therefore, it serves as a stress
component as well as a damper. Because the slotted shear
wall only resists lateral force, it is no longer limited by the
principle of vertical continuous arrangement and can be
freely located rather than arranged continuously from
bottom to top. To compare the ductility and hysteretic
behavior of slotted shear walls with different steel
connectors, two finite element models (FEMs) were
developed. The numerical results from pushover and quasi-
static analyses indicated that the deformability and energy
dissipation were guaranteed only if the steel connectors
yielded before plastic hinges in the wall limbs were formed.
Finally, a method for calculating the bearing capacity and
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Fig. 1 A representative frame-slotted shear wall structure

stiffness of the slotted shear wall was developed.
Analogizing the wall limbs to columns and the connectors
to beams, a modified D-value method based on the
traditional D-value method was developed. The internal
force and stiffness of the slotted shear wall calculated from
the modified D-value method were compared with the
results from the finite element analysis (FEA), and it was
found that the modified D-value method provided good
accuracy.

2. Configuration of the slotted shear wall

The application of the slotted shear wall is made
possible by the frame-slotted shear wall structure, which
consists of slotted shear walls, beams, columns, and frame
nodes, as shown in Fig. 1. The frame nodes, which are post-
tensioned self-centering connections (Ricles et al. 2001 and
Song et al. 2014), combine beams and columns into a frame
that bears most of the vertical load in the structure. The
shear walls primarily carry the lateral load. Because the
shear walls no longer need to bear vertical load, their
placement is not limited by the principle of vertical
continuous arrangement and they can be freely located in
the structure. Therefore, a more flexible structural design
can be used to meet the architectural demands. Moreover,
the structure has the advantages of high energy dissipation,
flexible layout, fast construction, and repairability. In this
work, the structural performance of slotted shear walls
installed between upper and lower beams were studied
using a specific slotted shear wall configuration.

Fig. 2 shows the configuration of the slotted wall used
in this work. The 6000 mmx3000 mmx340 mm shear wall
was divided into seven identical wall limbs by 300-mm-
wide rectangular slots. The concrete, longitudinal
reinforcement, and stirrup materials used were C40,
HRB400, and HPB300, respectively. The energy dissipating
connectors, made of H-shaped mild steel, were installed in
the slots to coordinate the deformation of each wall limb.
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Fig. 2 Dimensions of the slotted shear wall
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The connectors were designed to transfer load and dissipate
energy, which corresponds to bearing bending moments in
service conditions and dissipating energy in large
earthquakes. Fig. 3 shows the arrangements of the
reinforcements of the wall limbs and the embedded
connectors. Note that the connectors should be designed to
yield before the wall limbs reach a plastic state, so that the
connectors can dissipate energy and protect the wall limbs
and surrounding RC frames. Such a yield mechanism is
deemed to be a preferred yield mechanism, and endow the
structure better ductility and energy dissipation capacity.
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Fig. 5 Finite element model of the slotted shear wall

3. FEM of the slotted shear wall
3.1 FEM

As shown in Fig. 4, the slotted shear wall was modeled
with an FEA program called SAP2000 (Beijing Civil King
Software Technology Company Limited 2012) so that the
behavior of the slotted shear wall could be investigated. The
elastic modulus, mass density, and Poisson’s ratio of the
concrete were 32.5 GPa, 2400 kg/m?, and 0.2, respectively.
The Takeda slip model (Ye et al. 2002) was used to model
hysteresis in the concrete. The elastic modulus, mass
density, and Poisson’s ratio of the reinforcements were 200
GPa, 7849 kg/m?, and 0.2, respectively. In addition, the
corresponding strength were the standard value of concrete
compressive strength and steel yield point. The kinematic
model was used to model hysteresis in the reinforcements
(Pham et al. 2017). The wall limbs were modeled with
column elements, and plastic hinges were inserted near the
ends, specifically, the two plastic hinges are set at the
location that is 0.05 and 0.95 of the length away from one
end. The upper and lower edges of the model were fixed,
except to allow for lateral displacements, so as to simulate
the fixed connection to the upper and lower beams, while
the left and the right boundaries of slotted shear walls were
free, which is consistent with the physical constraints of
slotted shear walls.

Two H-shaped mild steel beams with different sections
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Fig. 6 Pushover curve of the slotted shear wall with two
different connectors

were used as the energy dissipating connectors. As shown in
Fig. 5, connector 1 was slightly smaller than connector 2, in
both the dimension of the web and the width of the flange;
therefore connector 2 has higher stiffness, bending bearing
capacity, and shearing strength. Pushover and quasi-static
loadings were simulated and the ductility and hysteretic
behavior of the slotted shear wall with connector 1 (slotted
shear wall 1) and with connector 2 (slotted shear wall 2)
were compared.

3.2 Pushover loading

Pushover loads were applied to the top nodes of the
slotted shear wall to simulate realistic pushover conditions.
Force control was used in the FEM until plastic hinges were
formed, after which displacement control was used with a
lateral load until completion (Ei-Tawil et al. 2002). This
solution method was designed to produce a stable post-peak
load-displacement curve.

Fig. 6 shows the pushover curve of slotted shear walls 1
and 2. For comparison, points A and A’ correspond to the
yield point of the connectors, and points B and B’
correspond to the points at which plastic hinges in the wall
limbs were first formed. The force value at points B and B’
is taken as the shearing capacity of the connector. It can be
seen from Fig. 6 that connector 2 provided the slotted shear
wall with 15.3% higher shear strength than connector 1.
However, their ultimate bearing capacities were
approximately the same, with only a 2% difference. Most
importantly, slotted shear wall 1 had an ultimate
displacement value of 76 mm, which was 37% higher than
slotted shear wall 2.

The area enclosed by the pushover curve are the energy
dissipate by the slotted shear walls. To compare the energy
dissipation between the two slotted shear walls, only the
energy dissipated before the strength degrades to 70% of
the peaking value are considered. As shown in Fig. 6, the
slotted shear wall 1 dissipated the energy of 586 kN-m and
416 kN.m, showing that the energy dissipation of the slotted
shear 1 is 170 kN-m higher than that of wall 2.

3.3 Quasi-static loading

Quasi-static loading simulations were performed to



542 Shaodong Shen, Xin Nie, Peng Pan and Haishen Wang

o]
o

1/50

N A O
o O ©oO

Displacement(mm)
)
o o

B
o

&
<3

o
IS

0 10 20 30 40 50 60 70 80 90 100
Step
Fig. 7 Loading scheme for the quasi-static simulations
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Fig. 8 Hysteretic curves for the slotted shear wall with two

different connectors

investigate the behavior of the slotted shear wall (Deng et
al. 2015). The loading scheme, which was displacement
controlled, is shown in Fig. 7. The loading scheme was
divided into five stages in which the drift angle was set to
1/667, 1/300, 1/200, 1/100, and 1/50 and was repeated for 3,
3, 2, 2, and 2 cycles, respectively. The target displacements
were chosen to replicate increasing levels of seismic
intensity. The drift angles were calculated as the lateral
displacement divided by the distance between the
centerlines of the upper and lower beams.

The hysteresis curves that were obtained for slotted
shear walls 1 and 2 are shown in Fig. 8, from which it can
be seen that when the drift angle was 1/667, both slotted
shear walls maintained their stiffness and strength.
However, when the drift angle was increased further, the
stiffness decreased slightly with increasing number of
loading cycles. This indicated that the maximum drift
corresponding to the elastic limit of the wall limbs was
1/667; if the displacement exceeded this value, softening
behavior resulted because of damage to the concrete and
deterioration of the reinforcements. Comparing the lateral
behavior, slotted shear wall 2 exhibited a 12% higher
shearing capacity than slotted shear wall 1 when the drift
angle was below 1/100. This relationship was reversed
when the drift angle reached 1/50, when the shearing
capacity of slotted shear wall 1 was 20% higher than slotted
shear wall 2, and the hysteresis curves were plumber.

It can be concluded from the pushover and quasi-static
loading results that although the energy dissipating

connectors with higher stiffness and strength provided the
slotted shear wall with higher strength and stiffness, they
reduced the ductility and post-yielding strength. In
summary, the deformability and dissipation can be
guaranteed only if the steel connectors yielded before the
wall limbs reached a plastic state.

4. Design method for the slotted shear wall
4.1 Modified D-value method

When designing frame structures, the lateral stiffness of
a column is not only determined by its line stiffness and
height, but is also related to the stiffness of the beams to
which it is connected. In addition, the position of the
inflection point in the column is determined by the stiffness
ratio of the beams to the columns, the stiffness ratio of the
upper beams to the lower beams, and the height ratio of the
upper story to the lower story. Muto(1984) proposed the D-
value method to design frame structures, which takes into
account all the above factors and significantly improves the
accuracy of the calculation. The slotted shear wall with
energy dissipating connectors can be represented by a frame
structure in a similar fashion. Columns and beams in this
frame structure are represented by the wall limbs and the
connectors. A modified D-value method was developed for
designing slotted shear walls, in which the lateral stiffness
of the structural components was redefined.

During the design phase, a wall limb is divided into
several parts by connectors, just like columns on each floor.
The newly defined stiffness of the wall limb is denoted as
Dw, which is proportional to its shearing force. Dw is
calculated with Eq. (1).

12i,,
D, =a- h—z' (1)

wl

Where iw is the linear stiffness of the wall limb, hw is
the height of the wall limb, and « is an adjustment
coefficient for the stiffness of the wall limb, which can be
calculated from Eqgs. (2)-(3). Note that Eq. (2) is applicable
to the bottom wall limbs, while Eq. (3) is applicable to all
other wall limbs.

K —la I ’a:0.5+KW, @)
2+ K,

where i represents the linear stiffness of the upper two
connectors of the wall limb, i1 represents the linear stiffness
of the left connector at the top, and ic, represents the linear
stiffness of the right connector at the top. If there are no
connectors on a side, the default value of icis O.

gt g i, K

K wl (3)

a =
2+K,

wi .
IWI
where ic; and i are the linear stiffness of the upper two
connectors of the wall limb, and ic and i are the linear
stiffness of the lower two connectors of the wall limb.

The traditional D-value method is mainly to calculate
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Fig. 9 Linear stiffness of elements in the model

the stiffness and internal force for multi-story building
structures, which are fixed at the bottom and free at the top,
whereas the modified D-value method proposed in this
paper is to estimate the stiffness and internal forces of the
slotted shear wall, which are fixed at both the top and the
bottom. Therefore, as an analogy to the traditional D-value
method, the story number are taken to be the half of that
considered in the traditional D-value method. Taking slotted
shear wall 1 as an example, the proposed modified D-value
method was used to calculate its stiffness and shearing
capacity. The accuracy of the modified D-value method was
verified by the results from the FEA.

4.2 Calculation

The wall limbs and connectors were simplified to line
units (Pan et al. 2015) during the internal force calculation.
As the width of the wall limbs could not be ignored, rigid
bodies were used to make up for the deviation, as Fig. 9
shows. When lateral force was applied to the top of the
wall, the internal force distribution in the slotted shear wall
was determined from the linear stiffness i of each
component. Applying the modified D-value method with
the properties of the section, the bending moment under
7000 kN lateral force was calculated and is shown in Fig.
10(a). To verify the accuracy of the modified D-value
method, the internal force distribution from the FEA is
shown in Fig. 10(b).

The results obtained from the modified D-value method
show good agreement with the results from the FEA. The
average relative error is less than 3.62%, which is
acceptable for structural designs. However, some slight
differences were found in the bending moment of the
boundary wall limbs and their attached connectors. This is
particularly because the modified D-value method ignores
the in-plane bending of the entire structures, which
generates the elongation and shortening of the boundary
wall limbs. In addition, from the torsion angle (the
maximum value is 1/9076) obtained from the FEM results,
it can be concluded that the larger the distance between the
connectors and the stiffness center, the larger the torque that
will be introduced. Although this error is inevitable, it is
within the allowable range, and thus the modified D-value
method still has sufficient accuracy.

To calculate the lateral stiffness, the displacement under
the specified load was determined with a diagram
multiplication method, shown in Eq. (4).

MiM. ViV,
Agy ZZI T 'kds+ZI GA'kds 4)

515 556 556 556 556 556 515
73 132 132 132 132 250
2301382 /L [la23 /| [la23 /| /1423 /| /|423 /| /|423 342
371]/ |/ sr1/ |/ s/ /) 3n/ )/ 311/ |/ 232
250 132 132 132 132 73
73 132 132 132 132 250
3421232 A /s A /3rn /] J1snn /| /13in /] /1371 232
a23[[ |/ 423|/ |/ 23|/ |/ a3/ |/ 4z3[] |/ 342
250 132 132 132 132 73
515 556, 556, 556, 556 556, 515,
(a) Calculated by “Modified D Valued Method”
546 559 558 558 558 559 546
56 117 125 137 141 263
250/1324 /1431 /| /la30 /| [laz2 /| /1430 /| /[431 324
344]/ |/ 345/ |/ 345/ |/ 3a5]] |/ 344/ |/ 259
263 141 137 125 117 56
56 117 125 137 141 263
a0a 1258 /| []344 345 345 345 344 259
431]/ |/ a30|/ |/ 432[/ |/ 430]/ |/ 431/ |/ 324
263 141 137 125 117 56
546 559 558 558 558 559, 546,

(b) Calculated by finite element software
Fig. 10 Moment diagram of the linear model

where Mix and Vi are the bending moment and shear force
under the action of the specified load, respectively, and

Mi and Vi are the bending moment and shear force
under the action of the unit-load in the direction of the
target displacement, respectively. To obtain the lateral
stiffness, the displacement of the top node subjected to a
lateral force of 1000 KN (equivalent to the shearing capacity
of the slotted shear wall) was calculated with the diagram
multiplication method and FEA. The calculated
displacement was 0.1792 mm from the diagram
multiplication method and 0.1975 mm from the FEA, and
the corresponding stiffness was 5580357 kN/m from the
diagram multiplication method and 5063291 kN/m from the
FEA. The difference between the stiffness obtained from
the diagram multiplication method and those obtained from
the FEA was no more than 9.3%. In conclusion, although
some minor errors existed because of simplifications, the
modified D-value method can be used to accurately
calculate the internal force and stiffness of slotted shear
wall structures.

5. Conclusions

In this study, a novel slotted wall for a frame-slotted
shear wall structure was proposed. Two slotted shear wall
specimens with different connectors were designed. The
first, termed slotted shear wall 1, had connectors with
relatively low stiffness and strength, whereas the second,
termed slotted shear wall 2, had connectors with relatively
high stiffness and strength. FEMs of both walls were built,
and pushover and quasi-static loading were applied to study
the ductility and hysteretic behavior of the two structures.
Finally, the modified D-value method was proposed for
calculating the bearing capacity and stiffness of slotted
shear walls, and its accuracy was verified by comparison
with the FEM results. Major conclusions obtained from this
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study are as follows:

(1) The slotted shear walls maintained their stiffness and
strength when wall limbs were in the elastic stage; however,
when the plastic hinges were formed, the stiffness and
bearing capacity decreased gradually with increasing
number of loading cycles.

(2) The shearing capacity of slotted shear wall 2 was
15.3% higher than that of slotted shear wall 1. However, as
wall limbs reached the plastic state, the shearing strength of
slotted shear wall 1 gradually became higher than that of
slotted shear wall 2. At 1/50 drift angle the strength of
slotted shear wall 1 was 20% higher than that of slotted
shear wall 2.

(3) The connectors in slotted shear wall 1 yielded far
earlier than in slotted shear wall 2. As a result, slotted shear
wall 1 had higher deformability than slotted shear wall 2.
The ultimate displacement of slotted shear wall 1 was 76
mm, which was 35% greater than that of slotted shear wall
2. Furthermore, brittle failure of slotted shear wall 2 was
observed during the simulation.

(4) Deformability and energy dissipation are guaranteed
only when the yielding of the steel connectors happens
before plastic hinges are formed in the wall limbs.
Therefore, to take full advantage of the slotted shear wall,
this condition should be met in the wall design.

(5) The modified D-value method can accurately
calculate the internal force and stiffness of slotted shear
walls, which can be used to aid in their design.
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