The 17th World Conference on Earthquake Engineering

3b-0010

17™ World Conference on Earthquake Engineering, 17WCEE

Make it safer

Sendai, Japan - September 13th to 18th 2020
I7WCE%; P P

Sendai, Japan

AN UPGRADED PARAMETER MODEL FOR ROCKING-WALL MOMENT
FRAME STRUCTURES

Y. Chen”, DS Yao®, QQ. Li®

" Chair of Civil Engineering Department, Research Center of Industrialization, Construction Technology, Ningbo University of
Technology, Ningbo, China, ychen@nbut.edu.cn
@ State Key Laboratory of Disaster Reduction in Civil Engineering, Tongji University, Shanghai, China, 2327575656@qq.com
® Enrolled Graduate Student, Research Center of Industrialization, Construction Technology, Ningbo University of Technology,
Ningbo, China, qqli@nbut.edu.cn

Abstract

Rocking-wall moment frames (RWMF) are unique, lateral resisting structures which consist of rocking-walls and
moment frames. Prior studies have demonstrated that RWMF can prevent soft-story failure, reduce drift concentration
and provide suitable supports for energy-dissipating devices compared with traditional moment frames. Normally, a
distributed parameter model (DPM) is used to describe the performance of RWMF, which consists of a flexural beam and
a shear beam connected by infinite rigid links. The flexural beam and the shear beam represent the wall and the frame,
respectively. However, to simplify the frame into a shear beam is not appropriate. Besides, the infinite rigid links cannot
manifest the interaction between the frame and the wall properly. In this paper, an upgraded parameter model named
continuous discrete model (CDM) is proposed to simulate RWMF. Specifically, 1) Instead of a shear beam, a lumped
mass model is employed to simulate the frame; and 2) The rocking-wall and the frame are connected only at several
positions, such as floor levels. The results via CDM are compared with those by DPM. In addition, a parameter analysis
was carried out based on CDM. The results indicate that the upgraded parameter model can reflect the performance of
RWMF effectively and more realistically compared with DPM.
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1. Introduction

Damage due to soft-story mechanisms is dangerous for a frame structure in earthquakes . A rocking-wall
moment frame structure (RWMF) was proposed by Alavi et al. to reduce the concentration of frame
deformation at a certain level, largely at the ground level ™. RWMEF is a special type of structure, in which,
the base of structure is connected to the foundation using a pin connection. If the pin-supported rocking
wall is well-designed, it will have adequate rigidity to control the deformation pattern of the moment
frame %!, It has been proved RWMF can effectively reduce the damage caused by earthquakes *!.

The exploration of the behavior of RWMF is increasingly popular due to its excellent performance.
Traditionally, a double beam model (DBM, see Fig.1(a)), which contains a flexural beam and a shear beam,
was first proposed by Khan et al. ' to study the behavior of shear-wall frame structures”" Based on DBM,
an improved parameter model, DPM (see Fig.1(b)) was developed and widely applied to investigate the
performance of RWMF. The major difference between DBM and DPM is the connection of the wall to
the base. Specifically, different from DBM, the flexural beam of DPM, which represents the wall, has a
hinged connection to the base. Pan et al. investigated the interior forces and strength demands of the pin-
supported rocking wall through DPM utilizing static analysis . On this foundation, Wu et al. studied the
effects of relative stiffness on modal shapes, effective modal mass ratios, and the influence of higher
mode effects on the displacement and interior forces of RWMF "), Wiebe et al. added a rotational spring
to the base of the wall and the higher-mode effect was considered . Feng et al. illustrated the strength
demand of the wall and the buckling restrained braces, which were modeled by a rotational spring when the

frame enters the inelastic stage of behavior .

In both DBM and DPM, the two beams are connected by infinite rigid links, which transmit horizontal
forces between them “'”. Hence, the deformation of the two beams is identical over the entire height of the
structure. However, due to this assumption, the curves of the internal forces obtained using DPM is smooth
and without any abrupt changes. This phenomenon is inconsistent with the reality.

To overcome these disadvantages, in this research, an improved parameter model named
continuous discrete model (CDM) is developed based on the existing research. Specifically, 1) Instead
of a shear beam, a lumped mass model is employed to simulate the frame under seismic loads "''; and 2)
The rocking wall and the moment frame are connected only at several positions, such as floor levels. The
boundary conditions and the special solutions of CDM under different load distributions are presented.
Moreover, the effectiveness of the improved parameter model is verified using OpenSees. Finally, the results
from CDM are compared with those from DPM and then parameter analysis is executed via CDM.

2. Continuous Discrete Model

As is shown in Fig. 1(c), a multistory building is modeled as the combination of two components connected
with rigid links at the location of floors. The hinged flexural beam and the lumped mass model simulate
the wall and the frame, respectively. The total height of the model is denoted as H. It is assumed that the
height and the stiffness of each floor are equal and denoted as / and £, respectively. The number of stories
is written as n.
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Fig. 1 — Parameter models: (a) Double Beam Model (DBM);
(b) Distributed Parameter Model (DPM); (¢) Continuous Discrete Model (CDM)

For these three types of parameter models, according to the basic relationship between the
displacement and inner forces, an identical differential equation can be expressed as

d4
E,I, dxi’ = p(2) (1)

where E, I, is the bending stiffness of the wall, y(x) is the lateral displacement of the wall at the height of x
and p(x) is the distribution of the external load. For convenience, a dimensionless parameter is defined as
x
£= = @)

Where & means the relative height of the structure.
Using this dimensionless parameter, the differential equation, Eq.(1), can be rewritten as

d'y _ p(OH"

The general solution for Eq. (3) can be expressed as
For DBM, DPM 1°!:

y= A+ B¢+ Csinh A¢ + Dcosh A + v, “)
and for CDM:

y=A&+B&+CE+D+y, %)

Note that in Eqgs. (4) and (5), y, is a particular solution.
If the displacement expression y(x) is given, the displacement at the floor level can also be identified.
Therefore, the shear force of the wall can be acquired through the following equations:

_dy 14y

T4 Hd (©)
d’0 E,I, d?
Vw:7EwIw dr? =~ H3 dg?i’{ (7)

The moment of the wall is also given by

6 _ E,I, d’
M,=E.l, o =t T;g ®)

3
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Different from DBM and DPM, the flexural beam and the lumped mass model have the same deformation
only at the heights of the rigid links which are set at the floor levels. Meantime, the shear force of the jth
floor of the frame can be obtained as

Vy=k (yj — Y- 1)) 9

where y; is the displacement at the jth floor level. Note that y,=0is the displacement of the bottom of the first
floor. In addition, CDM is also capable of giving the forces in the rigid links, which can benefit the design of
these links. The force at the ith floor is denoted as F; and can be given into

(1) When 0<i <,
Fi:V-(iJrl)iV; (10)
(2) When i=n,
F,=V, (11)

Three specific load profiles ) (namely, a uniformly distributed load, an inverted triangular distributed load,
and a concentrated load at the top) are considered and the boundary conditions of DBM and DPM can be defined

as
For DBM:

My =0,=1

y=0 ,£=0

=0 ,£=0 (12)

Ve {F,§ =1 for the concentrated load at the top

N 0,£=1 for the uniformly or inverted distributed load

and for DPM:

My =0,6=0,1
y=0 ,£=0
V= {F,§ =1 for the concentrated load at the top
0,£=1 for the uniformly or inverted distributed load

(13)

where F is the value of the concentrated load at the top.

Egs. (12) and (13) indicate that the constraints contain both the boundary conditions and the
deformation compatibility conditions, respectively. Furthermore, it is obvious that the constraints’ conditions
for CDM vary from DBM and DPM. Accordingly, the different solutions will be obtained for the differential
equation of CDM compared with DBM and DPM. In addition, these constraints change with the total
number of the stories of the frame as well as the unknown coefficients of the differential equation here
written as 4;, B;, C;, D; to 4,, B,, C,, D,. The mathematical expression of the constraints applicable for the
frame with any number of stories under the preceding three specific load profiles can be derived via Matlab.

3. Model Verification

DPM assumes the horizontal forces can be transferred at any location on the interface between the frame and the
wall. In contrast, CDM’s assumption is that the horizontal force can only be transferred at floor levels through
the rigid links. As mentioned in section 2, these horizontal forces acting in the rigid links can also be acquired.
To confirm the effectiveness of CDM and investigate the difference between DPM and CDM, the analytical
results via CDM are compared with those via DPM and the OpenSees model employing a practical building.
This building had been completed in the Sichuan province of China !,
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3.1 Case Study

Fig. 2 shows a two-dimensional five-story RWMF model in OpenSees. The bending stiffness of the frame beams is
assumed to be infinite. Note that in DPM, K corresponds to the shear force when a unit inter-story drift is applied.
Accordingly, in CDM, k corresponds to the shear force when a unit inter-story displacement is applied and can be
expressed as

k=% (14)

where h is the story height, G is the shear modulus and A is the cross-sectional areal'”. In this case,
K = 1.86 x 10°kN and k = 6.2 x 10°kN/m. Two sizes of walls are considered. The cross-sections of the
walls are 2.0 x 0.6 m and 4.0 x 0.6m, respectively.
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Fig.2 — OpenSees model of the five-story RWMF

In the OpenSees model, both beams and columns of the frame are modeled by ElasticBeamColumn
elements. The wall is modeled by NonlinearBeamColumns elements and is hinged at the bottom ''*. The
structure is loaded with concentrated loads at the floor level. Two forms of concentrated loads are
considered: The Concentrated Loads converted from the Uniformly Distributed load (CLUD) and the
inverted Triangular Distributed load (CLTD), respectively.

For convenience, a dimensionless parameter is defined as

k

_ 3
N=H® g (15)

where A means the relative stiffness of the wall and the frame. A small A indicates a relatively stiff wall,

while a large A indicates a relatively flexible wall. The Drift Concentration Factor (DCF), recommended by
Macrae et al.!"! is utilized to assess the uniformity of the inter-drift ratio and is defined as

d;
max ;-

DCF = — (16)

h;
A/ h,

where the interstory displacement, the story height and the roof displacement are symbolized by d;, h; and A,
respectively. A small DCF corresponds to a good uniformity and vice versa. Ideally, when DCF is equal to 1,
inter-drift ratios in all stories are identical.
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3.2 Definition of concentrated loads

For the convenience of comparison of the two parameter models and considering the overturning effect of
the concentrated load at the top story, this section uses the same assumption with Pan et al.’'which add a
concentrated load at the top of DPM and CDM. The concentrated loads in the OpenSees model at each story
are denoted as F,;. Particularly, the load at the top story is denoted as F,,,. The concentrated load at the top
story in DPM is taken to be F,,/2 to maintain an identical base shear for the OpenSees model and other two
parameter models. The distributed load in the parameter models satisfies

I RIGL an

In the case for CLUD, F.; — Fp; — Fg '~ Fgp for the OpenSees model and p(¢) = q for DPM and

CDM. And in the case for CLTD, F,; = f—thtop for the OpenSees model and p(&) = g& for DPM and CDM.

In this research, four cases are considered for the verification:

(a) wall depth=2m, A=174.4, CLUD, DCF=1.51;

(b) wall depth=2m, A=174.4, CLTD, DCF=1.31;

(c) wall depth=4m, A=21.8, CLUD, DCF=1.19;

(d) wall depth=4m, A=21.8, CLTD, DCF=1.13.

In cases (a) and (c), the concentrated load is 3.33 x 10°kN for all stories. Accordingly, in cases (b) and (d),
the concentrated load at the top is 3.00 x 10”kN.

3.3. Results’ analysis

The story displacement, the bending moment, and the shear force of the wall obtained through CDM, DPM
and OpenSees are compared in Fig.3, respectively. The blue lines with diamonds represent the results via
CDM while the pink asterisks illustrate those using the OpenSees model. The solutions for CDM are
obtained via Matlab. The parameter models provide the continuous solutions at various heights, whereas the
OpenSees model furnishes the discrete values of each story.

From Fig.3, we can see that the story displacement, the bending moment, and the shear force using
CDM are very close to those through the OpenSees model. In all cases, the top displacement and the bending
moment attained by CDM are larger than those by the OpenSees model. This may be due to the effect of the
shape of the columns’ cross sections were neglected so that the stiffness of the frame has been
underestimated"”’. To verify the accuracy of CDM, the top displacement, the maximum moment and the
shear force by dint of CDM and the OpenSees model are compared in Table 1. From Table 1, the errors are
less than 11% for all variables.

As is shown in Fig. 4, the forces in the rigid links obtained through CDM are similar to those by
OpenSees model. However, the force acting in the rigid link of the top floor is much larger than those acting
in other rigid links of other floors. Most of the time, the OpenSees model gives slightly greater values than
CDM for the forces in the rigid links and the errors are all less than 12%.

In general, CDM and the OpenSees models agree well in all four cases. By this comparison, it can be
proved that CDM is accurate and effective.
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Fig.4 — Comparisons of forces in the rigid links in DPM, CDM and the OpenSees model: (a) wall depth=2m,
A=174.4, CLUD, DCF=1.51; (b) wall depth=2m, A=174.4, CLTD, DCF=1.31; (c) wall depth=4m, A=21.8,
CLUD, DCF=1.19; (d) wall depth=4m, A=21.8, CLTD, DCF=1.13

Table 1 — Comparison of the top displacement, maximum moment, and maximum shear obtained using
CDM and the OpenSees model

Variable Case | CDM | OpenSees model | Error

a 7.4 7.2 2.9%

] b 5.2 4.8 10.3%

Top displacement (mm)

c 7.4 7.2 2.5%

d 5.2 4.8 10.1%

a 511.2 555.8 8.0%

b 296.5 300.2 1.2%

Maximum moment (KN-m)

c 1846.9 1924.7 4.0%

d | 1004.2 932.6 7.7%

a 135.0 151.2 10.7%

) b 95.8 100.1 4.3%

Maximum shear (kN)

c 422.0 444.5 5.1%

d 262.8 251.8 4.4%

3.4. Comparison between DPM and CDM

The differences between DPM and CDM for this case are also shown in Fig.3. The red dot dash lines with
plus signs symbolizes the results from DPM. Compared with DPM, CDM gives very similar displacement
(see Fig.3(I) of each subgraph) while the internal forces acting within the wall are more realistic (see Fig.3(II)
and (IIT) of each subgraph). The maximum bending moment, the shear force and their differences of each
case via DPM and CDM are shown in Table 2. As is shown in Fig.3 and Table 2, the distribution curves of
the internal forces utilizing CDM changes abruptly than those through DPM. In addition, the maximum
bending moments and the maximum shear forces obtained using CDM are always larger than those via DPM.
From Table 2, The maximum shear forces via CDM in case a and b are 12.9% larger than those obtained
through DPM. Accordingly, the maximum bending moments via CDM in case a and b are 8.0% and 9.5%
larger than those using DPM, respectively. According to the above analysis, we can see that DPM
underestimate the internal forces of RWMF compared with CDM. Consequently, there is no doubt that CDM

8
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can reflect the performance of RWMF effectively and more realistically than DPM. Besides, CDM can
provide the forces in the rigid links which can benefit the design of these links as well.

Table 2 — Comparisons of the maximum moments and the shear forces using CDM and DPM

Variable Case | CDM | DPM | Error
a 623.6 | 5774 | 8.0%
) ) b 3744 | 3419 | 9.5%
Maximum bending moment (kN-m)
c 1959.3 | 1926.0 | 1.7%
d 1011.8 | 1008.5 | 0.3%
a 2849 | 2524 | 12.9%
b 238.3 | 211.0 | 12.9%
Maximum shear force (kN)
c 5719 | 5594 | 2.2%
d 405.3 | 396.8 | 2.2%

4. Parametric analysis of CDM
4.1 Effect of the wall stiffness on the displacement distribution

Fig. 5 shows the effects of A on the drift concentration factors obtained using CDM and DPM for the five
story structure under the uniformly distributed load and the inverted triangular distributed load, respectively.
Compared with DPM, it is apparent that CDM provides larger values of DCF according to Fig. 5. This
phenomenon is due to the difference of their basic assumptions. Specifically, DPM assumes that the two
beams are connected by infinite rigid links. Too many constraints are exerted on RWMF owing to this
assumption so that the capabilities of the walls to control the deformation of the frames are overestimated.

Besides, as is shown in Fig. 5, DCF changes most severely when A is less than 155. By contrast, when
A varies from 155 to 3500, the DCFs only increase 13.77% and 6.36% in CDM under the uniformly
distributed and the inverted triangular distributed load, respectively. This observation demonstrates that
FWPS should be designed with A<155 in order to effectively control the deformation of the structure.
Moreover, it is clear that the pattens of horizontal distributed loads have less effect on the rate of change of
DCF while A plays a dominant role to it according to Fig. 5.

2 T

CDM E ‘ under a uniformly distributed load ‘

1.8

1.6

DCF

14

12 :
f/ | under aI:l inverted triangular distributed load I
1 : I : : :

100 | 155 |200 300 400 500
A

Fig.5 — Comparisons of DCF for DPM and CDM (2 = 10 to 500)
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4.2 Effect of the wall stiffness on the forces acting in the rigid links

As is shown in Fig.6, when A varies from 10 to 155, the forces acting in the rigid link of the top floor
dramatically decrease 54.27% under the uniformly distributed load and 44.96% under the inverted triangular
distributed load while those acting in the rigid links of other floors all gradually increase. By contrast, when
A >155, the changes of the forces reduce significantly.

800 T T T T T 500 T T
& —5—floor 1 —5—floor 1
: floor 2 H ; H floor 2
600 —H—floor 3| | 400 oo prmmm pm e —H&—floor 3|7
i : : —+—floor 4
300 —¥—floor 5
)
=

200

100

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
(a) r (b) A

Fig.6 — Influence of A on the forces acting in the rigid links: (a) uniformly distributed load; (b) inverted
triangular distributed load

According to Fig.5, when DCF is effectively controlled, A should not be too large. In this case, in the
light of Fig.6, the force in the rigid link of the top floor will be much larger than those in other stories when
A < 155. As a result of this, the rigid links of the top floor must be designed carefully in order to avoid the
damage owing to the stress concentration.

5. Conclusions

In this paper, an upgraded parameter model named continuous discrete model is proposed, verified and then
applied to investigate the performance of Rocking-Wall Moment Frame Structures. Meanwhile, the
characteristics of the Continuous Discrete Model are compared with the Distributed Parameter Model. The
following conclusions can be drawn:

(1) By comparing the Continuous Discrete Model, the Distributed Parameter Model and the OpenSees model,
it is clear that the Continuous Discrete Model can reflect the performance of Rocking-Wall Moment Frame
Structures effectively and accurately. In addition, it can be confirmed that the Continuous Discrete Model
can provide more reliable and conservative values for the internal forces than the Distributed Parameter
Model. The Continuous Discrete Model can be employed to the preliminary design of Rocking-Wall
Moment Frame Structures.

(2) The Drift Concentration Factor can be utilized to evaluate the uniformity of Rocking-Wall Moment
Frame Structures. If Drift Concentration Factors are effectively controlled, namely the interstory
deformations of all floors are similar, the relative stiffness of the pin-supported rocking wall and the
moment frame A should be less than 155.

(3) When A is less than 155, the force acting in the rigid link of the top floor will be much larger than other
links. Hence, the links of the top floor should be carefully designed to avoid the damage owing to the stress
concentration.

(4) The pattens of horizontal distributed loads have less effect on the rate of change of DCF while A plays a
dominant role to it.

10
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