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A PRIMARY DESIGN METHOD ORIENTED TO THE DISPLACEMENT RESPONSE
FOR HIGH-RISE REINFORCED CONCRETE FRAME BUILDINGS
SUBJECTED TO EARTHQUAKES
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ABSTRACT

This paper proposes a design method oriented to the displacement response for high-rise reinforced concrete
frame buildings subjected to earthquakes. The shear stiffness distribution of high rise RC buildings was
investigated considering bending and shear deformation. The required shear stiffness at the top of the building
needs to be 0.3-0.5 times the stiffness at the base, so as not to produce whipping phenomenon. The outline of
a design method is proposed based on these results and previous studies. The application of this method to 25
and 60 story buildings is shown. Drift responses during severe earthquakes were estimated and examined. The
results satisfied the design criteria.
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OBJECT

The author focused attention on the displacement response of reinforced concrete high rise building during an
earthquake. Displacement response, estimation methods of response value, design base shear strength and
distribution shape for design within acceptable damage without deformation concentration have been reported
in previous papers (Shimazaki, 1988, 1992). These require that section dimensions be established at an early
stage in structural planning. The structural designer usually establishes section setting from past design
examples or previous design experience. At that time, if the behavior of the building during an earthquake can
be determined by a simple technique, the design would be more effective.

For high rise buildings, if the stiffness distribution is unsuitable, whipping phenomenon can occur at the top,
and the upper part will be subject to extreme shaking. On account of this, the section of the upper part is
limited not from required strength considerations but by appropriate stiffness distribution. In the case of
structural planning of a pure frame building, if the story and span numbers are fixed, column / beam sections of
lower stories can be established by long term axial force limitation and base shear coefficient. Then the shear
stiffness for lower stories is decided. After establishing a suitable shear stiffness distribution, dimensions of
members can be decided.



This paper describes the examination of shear and bending deformation for reinforced concrete frame buildings,
and the appropriate stiffness distribution to avoid whipping phenomenon. Finally, the method of deciding the
member section is shown.

BENDING AND SHEAR DEFORMATION AND EIGEN MODES
Bending And Shear Stiffness

The bending stiffness £/ of a frame building of height H and span m (building width B = ml) as shown in figure
1, is given by equation (1), in which the column section is square and section area is Ac.
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The story shear stiffness GA is given by equation (2) by the Muto's D method when the story height is # and
stiffness coefficients obtained from stiffness ratio of columns to beams are all "a".
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With a model of the bending-shear system fixed at base with height /, constant bending stiffness £7 and shear
stiffness GA, the bending deformation ,,& and the shear deformation ,& at the top are obtained by equation (3)

where x is the distance from base.
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The deformation at the top (x = H) is given by equation (4).
mOrop =11wH* [ 120EI | o8rop =WH? 13GA 4)

EI and GA obtained from equations (1) and (2) are substituted into this expression. When the stiffness ratio of
column / beam is equal, the coefficient "a" becomes 0.5. Usually it comes within the range 0.2-0.4 because
beam span is longer than height and the section of a column is greater than the section of a beam for a building
designed by the beam yielding method. Ac//* is known as the column ratio and it is about 0.03 when the first
floor column is a 95 X95 cm section, and the supported area is 5.5X5.5 m. The ratio of deformation of
bending and shear deformation at the top is given by equation (5).
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On the other hand, for the bending-shear model in which shear
stiffness GA varies linearly to zero toward the top, it is given by
the following equation.

,80x) = w(2Hx +x%)/ 4GA (6)
at the top,

oOrop =3wH?* 1 4GA (7) _ |Een
It becomes double that of the model with uniform shear stiffness. h
The ratio of bending and shear deformation is given by equation
(8).
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The ratio is between equation (5) and (8) for a real building, and a _ _

would be ,, 8,/ 810p = 0.02 (n/ m)’ . The bending deformation

is equal to the shear deformation at the top for a 7 span 50 story T ig.1  High rise reinforced concrete

building, or a 6 span 40story building. For a building having building



higher aspect ratio than these, bending deformation is larger than shear deformation.

From equation (1), bending stiffness is proportional to column cross-sectional area, and shear stiffness is in
proportional to the square of column cross-sectional area according to equation (2). Therefore, bending
stiffness reduction is proportional to the square root of shear stiffness reduction by decreasing cross-sectional
area of the column. The effect of stiffness distribution on eigen mode was examined using this relation in the
study.

Eigen Mode In Uniform Stiffness Model

In the model used here, it is assumed that mass and story height over all stories are uniform, also that bending
stiffness and shear stiffness are uniform. The ratio of bending deformation to shear deformation at the top was
taken as a parameter, having the S values 0f 0.2, 0.5, 1.0, 2.0, and 3.0.

These eigen modes and story drift modes are shown in figure 2. For the first mode, the story drift is large at the
lower part when the bending deformation rate is small, and is greatest at the top part when there is
considerable bending deformation. The greater the rate of bending deformation, the larger the story drift in the
higher part.
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Fig.2 Eigen mode depending on the rate of bending and shear deformation
Eigen Mode In Decreasing Stiffness Model

Eigen mode when shear stiffness decreases linearly toward the top is examined here. Five values of shear
stiffness reduction rate (Top stiffness/Bottom stiffness) were taken, 1.0, 0.5, 0.2, 0.1, and 0.05. They become
1.0, 0.71, 0.45, 0.32, and 0.22 as bending stiffness reduction rate. Eigen modes and story drift modes are
shown in figures 3 and 4. When there are few bending deformation, the change of eigen mode with stiffness
reduction is considerable. The shape becomes susceptible to whip with stiffness reduction. The change in eigen
mode with stiffness reduction with a large bending deformation rate is small. If shear stiffness at the top is
more than 0.5 times that at the base and the bending deformation is smaller than the shear deformation at the
top, the first mode shape of story drift never become large at the upper part. When the bending deformation is
larger than the shear deformation at the top, the story drift is large in the upper part even for the uniform
system. The tendency increases with decreasing the shear stiffness.

For the case where the shear stiffness decreases to 0.2 at the top, the story drift mode becomes considerable at
the upper part, and will lead to whipping phenomenon by a combination with response spectrum. To avoid
whipping phenomenon, the shear stiffness at the top must be more than 30% to S0 % larger than that at the
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Fig. 3 Eigen modes with varying shear stiffness for variable deformation ratio
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Fig. 4 Drift modes with varying shear stiffness for variable deformation ratio

base. This shows that the column cross-sectional area at the top needs to be +0.5 =0.7 times that at the top,
and column dimensions needs to be +0.7 =0.85 times those at the base when the top shear stiffness is larger
than 50% of the bottom stiffness.

METHOD OF DETERMING THE SECTION

Member Section Setting

The procedure for determining the section is setting the building scale, section dimensions, elastic model, and
member strength. Finally, response values are estimated and the design criteria are confirmed. Because vertical
load is proportional to the number of stories, the use of high strength concrete becomes necessary to achieve
the allowable column section for high rise buildings.

In reinforced concrete column members, limit deformation and relation of axial force ratio are suggested from
meaning of ductility considerations (Inai et al., 1997). The following equation is given for a column with
constant axial force.



n<05-7R ) Table 1 Section Setting for lower part
Here, n is the axial force ratio for core cross- | Assumption| 25 storv |60 story|
sectional area and R is the drift limitation. When the Period (sec) T=0 02H 15 3.6
drift limitation is taken to be 1/50, the axial force Base shear coefficient| Cz=0.24/T| 0.16 0.07
ratio becomes 0.36. Because core cross-sectional Story shear (tonf) | O/=Cp-W 858.4
area is assumed to be 0.75 times that of the total Axial force (tonf) N 925.1 122202
section in the literature, it becomes around 0.27 at Column section (cm) | 0.25F¢ 93.9 94.7
the axial force ratio limitation for total sections. Moment of beam node 214.6
(tonf-m) face 185.0
As the horizontal load is equivalent to weight of 4 Beam depth (cm) D 90 80
story (Shimazaki et al., 1994), regardless of building Rebar of beam (cm?®) [ 0.9d-a,- o,| 714 53.5
height, column section is fixed only by the axial force Beam width (cm) P=0.02 44.1 37.2
limit for high rise buildings. Based on the assumption Column moment | 2 X Beam 429.2
of a 0.25Fc axial force limit, 0.03 column rate and Column depth (cm) D ___{ 95(90) 95
1.1tonf/m> unit weight of floor, concrete strength Rebar of column | Simple Eq | 32.7 -
required becomes Fc=15n (kgf/cm®) for an n story Beam Section | 60X90 |45 X380
building. Rebar 7-D38 | 8-D29
Column Section | 95X 95 | 95X95
Section Setting Examples Rebar | 12-D35 | 12-D35
, , _ * M, =0.8a,o-yD+0.5ND[l-— N j
As examples, the section dimensions and member bDF,

strength will be determined for 25 and 60 story

buildings. The buildings have a 5.8 mX6 m span,

and a 3 m floor height, except for the first floor which is 3.5 m. Seismic load is given by the equation
Cy=0.24/T with eigen period 7=0.02H (H : height of building) and 50cm/s the maximum velocity of the
strongest design earthquake. Floor weight is assumed to be 1.0tonf/m” for seismic load and 1.1tonf/m* for
column axial force. The materials used are SD590 ( o ,=6000kgf/cm?) and Fc990 ( o 5=990kgf/cm’) for the 60
story building, and SD390 ( o ,=4000kgf/cm’) and Fc420 ( o 5=420kgf/cm?) for the 25 story building.

First, the sections of the lower story are set. Column sections are established from the long term axial force
limit of 0.25Fc. Beam moment is calculated from base shear required, and section / reinforcing arrangement of
the beam is established. Column strength at the base is made double the beam strength for yielding column at
the base after beam yielding. If reinforcing bar can not be arranged in the column section, the section is
changed. The calculation procedure and the section calculated are shown in table 1.

Next, section setting for each story is performed as follows:

1) Shear stiffness distribution is set with a linear distribution of 30-50 % at the top.

2) On the assumption that the stiffness coefficient “a” is constant, column section and beam section are
decided and total bending stiffness and story shear stiffness are calculated from the set member section. If
the assumed value of “a” is extremely different from that calculated, the section must be revised.

3) The drift for inverse triangle distribution horizontal load is calculated, and section revised if extremely
uniform.

4) The eigen value problem is solved using the elastic stiffness calculated in 2). Using this result and design
displacement response spectrum, the value of drift is estimated by SRSS (Square Root of Sum of Squares)
of the 1st-5th mode drift. Here, the design displacement response spectrum is defined as pseudo-
displacement response spectrum converted from the velocity response spectrum which is bilinear with
maximum response velocity of 150cm/s. The design criteria are confirmed using this estimated value.

5) The required Cy is determined from the first eigen period.

6) The required strength distribution and moment at nodal point are calculated using eigen mode and design
response spectrum.

7) The beam moment at face position is calculated and necessary beam main reinforcement section is fixed.

8) The yield moment of beam at face is converted into nodal point moment, and nodal point moment divided
by column's moment. The column shear force and story shear strength are determined, and confirmed to be



approximately 1 to 1.2 times the required story strength.
9) With a moment strength magnification factor for the column of 1.5, the required column main
reinforcement section is found.

Member section and reinforcing arrangement are shown in tables 2 and 3. Comparison with the estimated
reinforcing arrangement of the lower story shown in table 1, the reinforcing arrangement amount becomes
large for the 25 story building, because the first period is short and weight increases. For the 60 story building,
because the section is less than that of general structures due to the use of high strength materials, and the
period is longer than the abbreviated expression, the required shear force becomes small, and the reinforcing
arrangement also becomes small.

Table 2 The application to 25 story building Table 3 The application to 60 story building
FL | o3 Section |Beam| Col |Reinforceme FL | 0B Section [Beam| Col Rebar
(cm) Rebar | Rebar nt fcm) |Rebar|Rebhar
(kgf/ | Col | Beam | Area | Area [Beam| Col (kgf/) Col | Beam | Arca Area | Beam Col
cm?) (em?) | (cm?) cm®) (cm”) | (cm”)
1 | 42095 [60x95] 76.4 | 58.8 [7-D38[16-D38 1 45x85| 446 | -
2-4 90 |60 x 90| 74.7 | 20.4 |7-D38[12-D38 2-5 95 |45%80( 43.7| - |7-D29|12-D32
5-7 | 360 71.4 | 28.8 6-10 | 990 423 -
8-10 85 [55x85] 68.7 | 38.4 [7-D38[12-D38 11-15 424 - 12-D29
11-13] 300 63.8 | 40.2 |6-D38 16-20 387 - |{8D2s5
14-16 80 [55x80[ 58.2 | 37.6 [7-D35}12-D38 21-25 90 145%x75/ 350 | - [7-D25
17-19] 270 482 | 37.0 [7-D32 26-30] 750 319 -
20-22 75 [s0x 75| 37.3 | 31.4 [6-D29[12-D32 31-35 295 -
23-25] 240 19.2 | 15.6 [4-D25[12-D25 36-40 299 | - [6-D25(12-D25
41-45 282 -
46-50] 510 | 85 {45%x 70 254 | -
51-55 205 - [4-D29
56-60 11.8| - [4D22

Estimation of Response Value

The maximum drift responses of the buildings estimated by the SRSS method for the standard ground motions
with a maximum velocity of 50cm/s are shown in figure 5. The 1st-5th eigen modes by elastic stiffness and
smoothed displacement response spectrum of 2 % damping were used. The maximum drift is almost less than
the limit value of criteria (Story drift R=1/100 = 30mm).
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Fig. 5 Estimate Story drift



INSPECTION BY FRAME ANALYSIS
Elastic Stiffness and Eigen Value

Frame response analysis is shown here using a one bay model. This model is used to consider the bending and
shear deformation of column / beam member and shear deformation of the joint. Comparison of eigen period is
shown in table 4, and comparison of eigen modes is shown in figure 6. The eigen periods agree well. There is
almost no difference in both total eigen mode and drift mode. It can therefore be said that the eigen period and
eigen mode shape obtained by this abbreviated algorithm have sufficient precision.

Table 4 Comparison of eigen period

Story Period(sec) Ist 2nd 3rd 4th 5th
Frame analysis 1.37 0.49 0.29 0.20 0.15
25 Abbreviation 1.37 0.49 0.29 0.21 0.16
Ratio 1.00 1.00 0.99 0.97 0.95
Frame analysis 3.96 1.23 0.66 0.46 0.35
60 Abbreviation 3.95 1.24 0.67 0.48 0.37
Ratio 1.00 0.99 0.99 0.97 0.96
Frame Analysis ———- Abbreviation I
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Fig. 6 Comparison of eigen modes

Comparison of Response Value

Frame response analyses for the ground motion with a 50cm/s maximum velocity were carried out for 4 kinds
of ground motion at El Centro NS, Taft EW, Hachinohe NS, and Tho30-1FL NS. The Giverson model was
used as the member model. The damping was assumed to be 3% to the first eigen period and proportional for
current tangent stiffness. The yield strength of the member was set up by the abbreviated expression shown in
table 1. The Takeda model was used for nonlinear properties. For the beam, the first break point is 0.25 times
the yield strength, and the stiffness reduction factor was assumed to be 0.20. For the column, the first break
point was 0.40 times the yield strength, and the stiffness reduction factor was assumed to be 0.30.

Calculated results are shown in figure 7. The response values by frame analysis are less than the estimated
values and the distribution of drift for every ground motion is similar. Thus it can be said that if the section for
a building is set by the proposed method, the building has the earthquake resistance intended by a design
method such as drift limitation.
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Fig. 7 Story drift of the building designed by proposed method (Maximum velocity:50cm/s)

CONCLUSIONS

1) Shear stiffness at the top need to be 0.3-0.5 times the base stiffness so as not to produce whipping
phenomenon.

2) Primary setting of the member can be achieve from base shear in the lower story, axial force limitation and
stiffness distribution.

3) The building designed by the proposed method has the earthquake resistance intended by a design method
such as drift limitation.
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