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ABSTRACT

DIRECT DISPLACEMENT BASED DESIGN OF R/C STRUCTURAL
WALLS |

It is known that the conventional code based de31gn has some drawbacks in
estimating actual structure performance which stems from inconsistency between assumed
force reduction factors and actual ductility demand as well as the utilization of gross
section étifﬁless which ends up with significant errors in estimation of yield displacement.
As a consequence, conventional code based designs are generally very conservative and

actual structure performance is left unknown unless a more detalled analys1s 1s performed.

The object of this study is to review direct displacement based design methodology
and to introduce an alternative approach for assessment of target dlsplacement profile and
effective damping ratio. This modified direct d1sp1acement based design enables one to
design a structure for the selected performance level since the controlling design input is
plastic hinge rotations which can be taken from ATC 40 for various performance levels. In
this design methodology seismic design is performed by identifying a target displacement
profile which is a function of plastic hinge rotation, section dimensions and reinforcement
details used. Strength and stiffness are not the variables in the procedure but they are the

end results.

A series of moment—curvature and push over analyses were performed to verify
design outputs for various structural wall sections. It is seen that the design plastic
rotations as well as the target displacements are in conformity with the ones obtamed from

the analyses.



- OZET

BETONARME PERDE DUVARLARIN DiREKT DEPLASMAN
BAZLI TASARIMI

Mevecut yonetmelikte kullanilan tasarim yonteminin Onerdigi deprem azaltma
katsayilart ve gergek diiktilite talebi arasmdaki tutarsizhiktan, bunun yaninda elastik
deplasmamnin segimiﬁde 6nemli hatalara sebebiyet verebilen rijitlik hesaplarinda biiriit
alan kullamlmasindan dogan bir takim dezavantajlarinm oldugu bilinmektedir. Sonug
olarak, yénetmeligin 6nerdigi klasik tasarimlar genellikle ok konservatif olmakta ve daha
detayh bir analiz yapilmadikga gergek yapi performansi bilinememektedir. '

Bu galigmanin amaci, direkt deplésman bazl tasarim metodunu incelemek aym:
zamanda hedef deplasman profili ve etkin séniim oranmm hesab; icin altematlf bir
yaklagim sunmaktir. Bu modifiye edilmis direkt deplasman bazli tasarim yénteminde limit
dizayn girdisi degisik performans seviyeleri igin ATC40’den almmabilecek plastik mafsal
dSnmeleri oldugu i¢in istenilen performans seviyesinde dizayni miimkiin kilmaktadir. Bu
dizayn metodunda deprem hesab plastik mafsal dﬁnme‘leri, kesit boyutlar1 ve kullanilan
donat: detaymn bir fonksiybnu olan hedef deplasman profilinin tammlanmasiyla

gergeklestirilir. Dayanim ve rijitlik dizayn degiskenleri degil fakat sonuglaridir.

Degisik kesitlerdeki perde duvarlann dizayn sonuglarinin degerlendirilebilmesi igin
moment-egrilik ve yanal itme analizleri uygulanmistir. Bu analizlerin sonucunda dizayn
plastik donmelerinin ve hedef deplasmanlarin analizlerle uygun.luk icinde oldugu

goriilmiistiir.
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1. INTRODUCTION

1.1. Gen’ei'al

For the last several decades, force based design is utilized to perform seismic
design in which a pseudo lateral force is applied to the linearly elastic model of the
building, resulting in design displacement amplitudes approximating maximum
displacements expected during design earthquake. In the codified design approach the
elastic stiffness of reinforced concrete members is established from first principles of
structural mechanics, using geometric preperties of members and the modulus of elasticity
for the material. However, if the Building responds inelastically to the design earthquake,
as it is the inajority of the cases, stiffness is reduced due to the extent and influence of
cracking in the members as well as reduction in effective modulus of steel. This conflict
leads to gross errors in deformation assessment and makes control of perforfnance
impossible unless a more detailed analysis is performed. Also response is taken at the
instance of peak base shear for an equivalent elastically responding structure. The effect of
pinched hysferetic shape, stiffness degradation and strength deterioration on maximum
dlsplacement response is not cons1dered especially when the structure undergoes to high

number of response cycles.

Results of dynamic tests of reinforced concrete frames show that when a structure
undergoes a seismic attack, _together with the reduced stiffness its energy dissipation
capacity increases. The area within a cycle of the force-displacement curve is a measure of
energy dissipated by the vibrating /system in that cycle and when earthquake excites
structure into larger inelastic displacements, the area within the hysteresis loop increases.
This energy dissipation mechanism is directly related to ductility attained by the structure,
so it can be defined as hysteretic damping. Therefore, an effective damping as a
combination of viscous damping that is inhefent in the structure and hysteretic damping
- substituted viscous damping. By following this logic Gulkan and. S6zen approximated
smgle degree of freedom systems by linear response analysis using a reduced stiffness and
a substitute damping related to hysteretic properties of reinforced concrete. By using the

concept of reduced stiffness and substitute damping he utilized a procedure based on linear



response to estimate effects of inelastic response for single-degree-of-freedom reinforced
concrete structures [1]. The procedure involves an assumption of ductility, and then

substitute damping ratio is derived by using Takeda’s hysteresis model [2]. Base shear and

- maximum displacement is obtained by entering increased natural period to spectral

response diagram corresponding to substitute damping ratio calculated.

‘The substitute-structure method extended this procedure to multi degree of freedém
systems [3]. The method enabled one to consider displacements in design process and
al_loWéd the use of linear-response models for nonlinear dynamic analysis but the true
power of the method was the choice of various défomation levels to different elements of
the structure. By doing so, a designer gains an extent control not only in global structure
response as in conventional code design but also deformation pattern. For examplevstkrong
column-weak beam criteria could be explicitly controlled by setting different defoi'mati_onr

limits to columns and beams in substitute-structure method.

‘Reduction factors used in conventional code design are made up of two

parameters: Over strength factor and ductility. If we assume that the over strength factor is

. constant then force reduction factors are related to ductility. However, generalized

predicﬁon of system ductility may not be consistent with one of an individual system since
static system, stiffness and strength characteristics and redistribution of forces play
important role in determining system ductility. Although setting ductility on element level
is a progress, the same problem is also valid for substitute-structure method. Accurate
selection of ductility depends on proper estimation of yield displacement profile together
with target displacement profile however, for multi degree of freedom frame systems
estimation of displacement proﬁle is rather difficult for; prédiction of possible plastic
zones is complex due to force redistribution. So, for accurate design the methodblogy is
bound to single degree of freedom systems or multi degree of freedom systems at which

the location of plastic zones are strictly known as in the case of cantilever structural walls

or cantilever bridge columns.

Kowalsky et dl utilized the substitute structure approach, and developed a
displacement based design methodology for reinforced concrete bndge columns [4]. The

procedure is based on an initial guess of ductlhty and venﬁcatlon of this ductility through



an iterative process. In 2001 Kowalsky proposed direct displacement based design
methodology [5] in which the application area is cantilever structural walls, and ductility is
directly found through a mathematical model enabling one to calculate yield and target

~ displacement profiles of cantilever structural walls.

The objective of this thesis is to investigate and to suggest some modifications to
the mathematical model proposed by Kowalsky for estimating the two kéy parameters in
direct displacement based design, which are target displacement profile and effective

damping.
1.2. Direct Displacement Based Design Procedure

Displacement-based design methodology -enables engineer to select the design
performance level for the building and provides reliable designs while retaining simplicity
in thev design process. The core of the design process is the selection of the targét
displacement which is intended to represent the maximum displacement likely to be
experienced during the design earthquake. Because the mathematical model accounts for
_effects of material inelastic response, the calculated internal forces will be'reééonable

approximations of those expected during the design earthquake.

Two basic characteristics of reinforced concrete play an important role in
- determining response to strong ground motions. Theyv are the change in stiffness and
energy dissipation capacity. Both can be related to the maximum displacemént. ‘As
earthquake motion influence larger displacements to the structure, its stiffness decreases
and its capacity to dissipate 'energy increases due to the increase in area within the

hysteresis loop.

The direct displacement-based design procedure acknowledges these two basic
characteristics of reinforced concrete and utilizes an equivalent elastic system as a model
for inelastic system. The equivalent elastic system is known as the substitute structure and

has properties:



i. - Effective Stiffness, Kot
ii.  Effective Damping, {

iii. Effective Period, Teer

In direct displacement-based design procedure, a target displacément is specified
and yield displacement is estimated. As being a function of displacement ductility, the
effective damping is calculated. By entering the target displacement to the displacement
spectra which is reduced in proportion to effective damping, the effective period is read.
The effective period is then expressed as an effective stiffness from consideration of SDOF
oscillator. The design base shear is obtained by the product of the effective stiffness and

target displacement.

Fube - — o

Fnp —— rKi

\(_G

g

y " VAY: A

Figure 1.1. Substitute structure approach
1.2.1. Target Displacement Profile
The target displacement profile for the displacément-based design procedure is
based on the UBC drift limit of 8y, = 0.02 or 0.025, depending on the fundamental period

of vibration of the building. Plastic hinge length L, is calculated by the gréater of the
values of (1.1) and (1.2) [6].

2 ' l
Lp = OZIW + 0044(5’1“,) . (11)



L= o.os@hw) +0.022f,dy - | (1.2)

- Where, hy, is wall height, 1, is wall length, f, is longitudinal bar yield stress and d;
is longitudinal bar diameter. The displacement profile, A;, is obtained by (1.3) where the
elastic profile, A.;, is given by (‘1.4), and the plastic profile, A, is given by (1.5)

A=A, +A, ‘ | (1.3)
¢ 1 )
A, =—2"f15-—L ' 1.4
B ei 3 : hw : ( : )
L o
Api = (elim _eet{hi _7}’) ’ (15)

Ih (1.4), ¢y is the wall yield curvature and is given by (1.5) assuming that the -
neutral axis depth is the half of the wall length. o

- $=2g/1y . (1.6)
In (1.5), fe: is the top-story elastic rotation which is shown in (1.7).

5 , ;
6, = ¢y - 1.7

2
1.2.2. Effective Damping

The percentage of equivalent viscous damping is given by (1.8) [4] where p, is the
displacement ductility demand. Equation (1.8) is based on the Takeda [2] degrading
stiffness hysteretic response and includes 5 per cent viscous damping component and the

effective damping component based on hysteretic energy dissipation.
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"For buildings with eqﬁal length walls, the effective damping of the building is the
effective damping of any giveri wall. For buildings with unequal well lengths, the ductility
hence damping will vary for each wall. As a resuit, the effective damping for the building
is obtained by combining the individual wall effective damping valuee in proportion to the

work done by each wall.

1—:)/'9_5—0.05,/;1A
¢ =100] 0.05 +—Y£4 1 ' (1.8)

T

1.2.3. Design Base Shear

The seismic input for Direct Displacement-Based Design is expressed in the form
“ of displacement response spectra (DRS). The spectral values for the DRS is obtained by
multiplying acceleration response spectra (ARS) values by T? / 4n®. For Direct
Displacement-Based Design response spectra for damping values gre‘ater than 5 per cent
are required. BuroCode 8 (CEC 1988) relation (1.9) relates the"spectral displacement
response, A¢ ,th a damping value of € to the spectral displacement responseat 5 per cent

- damping. In (1.9), ¢is expressed in per cent.

7 1/2 ' '
A=Ay —— 1.9
4 SA»[Z + é') | . ( )

As can be seen from the displacement response spectrum for 5 per cent damping in
Figure 1.2 can be assumed as linear. So, by using a linear displacement response spectrum,
period at damping values other than 5 per cent is calculated. The procedure is shown in the

following pages.
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Figure 1.2. (a) Acceleration Response Spectrum for 5 per cent damping (b) Displacement

Response Spectrum for 5 per cent damping
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As can be seen from Figure 1.3:

T
Ty, =A_CA5% : | (1.10)
T, : :
T, =%A,, (1.11)
A
¢
By putting (1.10) into (1.11),
T, o ; o
T, = ACACAS% | : - (1.12)

Since Ag is de_:ﬁﬁéd in (1.9), by putting (1.9) into (1.12),' period at ¢ damping is

readily obtained.



T 94 12 _
Tg =-Z:A5%(Té’) v (1.13)

Once, effective period is found considering effective damping of the building,
effective stiffness can be expressed by (1.14) from consideration of a SDOF oscillator

where the variable mes represehts the effective mass and is given by (1.15). -

' 47 _
Keﬂ= P Mgz : ’ (1.14)
4 .
ns A C \
My = —A—'—-mi (1.15)

Effective stiffness can be further expressed by putting (1.13) into. (1.14) where
- target displacement is calculated from Equation (1.17)

Ar*m, A2 7 ;
Ky = 2w_% 7] . (L16)
) A5% Tc 2+; )

< 2
Zm,.A,. :
=1 :

_ &
AS%_

ns
2 mA,
i=1

(1.17)

Base shear is simply the product of effective stiffness and target displacement, so by

multiplying (1.16) and (1.17) base shear is readily obtained.

4n’m, A2
v, = f4{7] (1.18)

" Ay TP 2+¢
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2. TARGET DISPLACEMENT PROFILE METHOD

2.1. General

The determination of the target displacement profile is the core part of direct
displacement based design since, when the structure achieves to specified target
displacement under earthquake demand, it should be provided that the global response of
the structure and the individual component deformations do not exéeed specific

performance limits for the building.

In the case of cantilever structural walls, 7constructing a mathematical model to
assign a target displacement profile is rather easy as compared to frame systems for; each
of the cantilever structural walls has 6n1y one potential plastic hinge that is readily known
to be at the base. In this chapter, a pre introduced mathematical model by Kowalsky [5] is.
studied. | |

-2.2. Kowalski’s Mathematical Model for Target Displacement Profile

’ Kowalski’s mathematical model for determining target displacement profile is
: baséd on the UBC drift limit of i, = 0.02 or 0.025 depending on the fundamental period
of building. As stated in ATC 40 [7], for life safety the maximum total drift limit of 0.02 is
recommended because significant experience with responses to larger deformation levels is
lacking. Laboratory teéts on relatively complete structural systems seldom extend béyond
this deformation leveI. Furthermore, most tests have been conducted on st_ructurés
satisfying or nearly satisfying current proportioning and detailing requirements for new
buildings. Measured responses of buildings subjected to actual earthquakes also do not
extent beyond this limit. Thedisplacément profile, A;, ié obtained by (2.1) where A,; is the
elastic profile and Ay; is the plastic profile. ' ‘

A,‘= Aei"'Api ) ' (21)
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2.2.1 Elastic Displacement Profile

When calculating elastic displacement profile it is assumed that yield curvature ¢y
- will coincide with the first yield of tensile reinforcement. The actual curvature distribution
at yield will be nonlinear as a result of the basic nonlinear moment curvature relationship
and because of local tension stiffening between cracks [7]. However, linear approximation

is adopted as shown in Figure 2.1(c).

hw

3‘#
M dy oo oy

@ ) () (o (")
Moments Yield Curvatures Curv, at max. response

Figure 2.1. Moment and curvature relationships for reinforced concrete cantilever

Elastic rotation can be calculated by integrating yield curvature along the height.

6, = j¢ ———)dh | | (22)
h, o

6, = h_!.¢ydh,. + J@Zdh,. | (2.3)

6, =¢yh,.—¢yh" | (2.4)

2h

w
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~ Again by integrating elastlc rotation along the helght elastic d1splacement profile is
readily obtained as a function of wall height as shown in (2. 5)

, . h? |

A, = [0, = [p,hdh, - P,k dh, (2.5)
» h ky k 2hw :
- Y |

Ae:%T’_%‘_ (2.6)

By rearranging Equation (2.6), elastic-displacemenf profile can be expressed as:

¢y

A, = 15— 2h i) @.7)

w

2.2.2. Plastic Displacement Profile

As can be seen from Figure 2.1(d), it is idealized that plastic curvature is
accumulated at an equivalent plastic hinge length L;. The leﬁgth L, is chosen such that the
plastic displacement at the top of the cantilever Ay, predicted by the simpliﬁed approach is
- the same as that derived from the actual curvature distribution. Assuming the plastic
“rotation to be concentrated at midheight of the plasticv hinge, the plastic displacement

profile is thus

A ;(9 L) | (2.8)
pi P i 2 . .

In Equation (2.8) plastic rotation 8, is given by Equation (2.9) where 6., is the top

storey elastic rotation which is shown in Equation (2.10).

b= (B1m—0er) @9
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6, = : (2.10)

2.3. Target Displacement Profile of 150x20 Structural Wall

For wall height hy, = 12m, wall length 1,, = 1.5m, longitudinal bar yield stress f, =
420 Mpa and longitudinal bar diameter dy; = 14mm, plastic hinge length L is calculated
from greater of Equations (2.11) and (2.12) ' '

L,=02x1.5+ 0.044@x12) =0.65m 2.11)

L,= 0.08(%}:12) +0.022x420x14/1000 = 0.77m . (2.12)

L, is taken as 0.8m. Elastic modulus for longitudinal bar is 200,000 Mpa. So,
longitudinal bar yield strain is: '

%: 20 _s1E0 | (2.13)

By assuming that the neutral axis depth is the half of the wall length, yield
curvature is found by (2.14) ’ '

=2e,/1,=2x2.1E*/1.5=28 E% l/m - (2.14

Elastic displacement profile is then obtained by (2.15)

8,
2h

w

6, =d,h, - 2.15)
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Forh;= 3m , Ay =0,012m
For hé = 6m , A =0,042m |
Forhs;= 9m , A3 =0,085m
Forhs=12m , A4 =0,134m

Elastic rotation at top-storey 0. is calculated by (2.16)

$,h, 2.8E312
eet = =
2 2

=0.017rad o @I6)

By taking rotational limit fu, = 0.02, plastic displacement profile is readily
obtained by (2.17)

L : .
Apz' = (glim - eel {hz - _P,} : (2‘ 17)

Forh;= 3m , Ay =0,008m
Forhy= 6m ; Ap=0,018m
Forh3= 9m , Ay =0,028m
Forhy=12m , Ay =0,037m

The target displacement profile is given in (2.18)
A=A+ i a | | {2.18)
Thus, target displacement profile is calculated as:
Forh;= 3m , A k= 0,020m
Forh,= 6m ,A;=0,060m

For h3,= 9m . A3 = 0,1 13m
Forhy=12m ,As= 0,172m
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~ 2.4. Target Displacement Profile of 300x20 Structural Wall

For wall height hy = 12m, wall length 1, = 3 m, longitudinal bar yield stress
- fy=420 Mpa and longitudinal bar diameter dy; = 14mm.

L,=02x3+ 0.044@):12) =9.52m | (2.19)

L, = 0.08(% le) +0.022x420x14/1000 = 0.77m (2.20)

L, is taken as 1.0m. Elastic modulus for longitudinal bar is 200,000 Mpa. So,
longitudinal bar yield strain is: | ‘

=2.1E" | (2.21)

By assuming that the neutral axis depth is the half of the wall length, yield
| , curvature is found by (2.22)

¢=26,/l,=2x2.1E%3 = 1.4 E° /m (2.22)

Elastic displacerﬁent profile is obtained by (2.23).

b
2h

=@,h; — (2.23)

w

Forh;= 3m , A¢; =0,006m

Forhy= 6m , Ae=0,021m

Forhs= 9m , A;=0,043m

Forhy=12m , Aey=0,067m o
Elastic rotation at top-storey e is calculated by (2.24) -
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_$h, _14E°12

6
“ 2 2

=0.008rad (2.24)

By taking rotational limit 6y, = 0.02, plastic displacement profile is réadily
obtained by (2.25).

Api = (elim - eet{ i _—;'J ' (2-25)

Forh;= 3m , Ay =0,029m
Forhy= 6m , A, =0,064m
Forhs= 9m , Ay3=0,099m
For hs=12m , Ay =0,133m

The target displacement profile is given in (2.26)
A=dert Ay | - (226)
Thus, target displacement profile is calculated as:

For h; = 3m , A;=0,035m
Forh,= 6m , A; =0,085m
Forh3= 9m ;A;=0,141m
‘Forhy=12m , A;=0,201m

2.5. Comment on Mathematical Model for Target Displacement Profile

As can be seen from Figure 2.1(d), curvature at max response is the sum of plastic
- curvature and yield (elastlc) curvature, So, total rotation within a specified length L, can be
described as the accumulation of maximum curvature along the plastic length which is

idealized as:
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=(¢, +¢,)L, | 2.27)
6,=6,+86, : (2.27)

For the smaller values of 6, as in the case it can be assumed that 6, is equal to
tan(fy), which is the limit drift ratio 8y, defined by Kowalsky. However Kowalsky
formulized limit drift ratio as the sum of plastic rotation, and elastic rotation which is

accumulated not within the plastic length but at the top storey.

As can be seen from vKuation (2.10) top-storey elastic rotation is directly related
with wall height, hy. So, for the higher wall lengths this top- -storey elastic rotation
increases so that there is left limited or no room for plastlc rotation within a specified drift
limit. Therefore, mathematical model proposed for Kowalsky impose elastic design for
higher wall lengths. For example if we consider a 150cm length structural wall, by
assuming that the natural axis depth is the half of the wall length the yield curvature would
be: '

& =2¢, /1, | (2.28)

Elastic modulus for long1tud1na1 bar is 200 OOO ‘Mpa. So, longltudmal bar yield

strain is;

=21E% (2.29)

Solving the Equation (2.28) yield curvature is found 2.8 E? 1/m. By rearranging
Equation (2.10) and setting top-storey elastic rotation 0.02 which is the limit drift ratio,
then ultimate wall height satisfying the drift criteria is given by Equation (2.30).

20, 0.02*2 , :
h, = o =14m (2.3
w ‘ ¢y . 2.8E-3 . ( 0)
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For the average storey height of 3m, this means one could not design a building
more than 4 stories when 150cm length structural walls are used even if it is an elastic

* design and no matter how stiff the building is.

The duct111ty ratio of the 150x20 structural wall is only 1.28, which means its
expected behavior under seismic loading is nearly elastic. However, ductility ratio of the
300x20 structural wall is 2.99. This increase in ductility is due to decreased curvature and
in turn decreased top-storey elastic rotation enabling some plastic rotation within a
specified drift limit.

Also, output drift ratios don’t match with target drift ratio specified at the beginning
of the design. For 150x20 structural wall drift ratio is 0.014 and for 300x20 structural wall
it is 0.017 however, design input was 0.020.

It is apparent that mathematical model proposed by Kowalsky needs a revision for
it directs desig_ner to unnecessary path of elastic desigﬁ for slender structural wall
configurations. This is direct contrast to our knowledge of taller buildings are less
susceptible to selsmlc attack than shorter ones dependmg on their first natural vibration

period.
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3. REVISED TARGET DISPLACEMENT PROFILE

3.1. General

In this chapter a revised fnathematical model is introduced to estimate target
displacement profile. The requirement for a revised mathematical model was discussed in
Chapter 2. Kowalsky’s mathematical model is based on a drift ratio limit consisting of
plastic rotation at plastic zone and elastic rotation at top storey. Since elastic rotation at top
storey is proportional to wall height, for higher wall heights it becomes so that there is left
no room for plastic rotation to satisfy drift ratio limit, which in turn forces designer for an

elastic design.

- This chapter also covers a parametric study in which, cantilever structural walls
with dlfferent sectional propert1es are modeled by equlvalent columns and the accuracy of
the model is checked with a more rigorous finite element model. For representation of
nonlinear behavior of structural walls, predefined plastic zones are modeled with nonlmear
"hnk elements. Reinforced concrete material model is consisted of bilinear representatlon of

moment-curvature relationship for structural wall.

Second phase of the pérametric study involves a comparison between the design
and analysis of the cantilever structural walls. Structural walls with different wall lengths
are designed according to revised mathematical model and the compatlblhty of the results

are reviewed with the ones of above defined model.
3.2. Revised Mathematical Model for Target Displacement Profile

In the mathematical niodel pfoposed by Kowalsky [5] UBC driﬂk limit of 0.02 and
0.025 is used, depending on the fundamental period of vibration of the buiiding. Since
 these drift ratios are so small they are assumed to be equal to max. rotation which is
idealized to take place at midheight of the plastic hinge. However, plastig rotation, which
is also assumed to be concentrated at nlidheight of the plastic hinge, is formalized by

subtracting elastic rotation at top storey, fe , from limit drift ratio, O1im, or in other words
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limit rotation. On the other hand, if we assume that the plastic curvature ¢, is equal to

maximum plastic curvature ¢, - ¢, then plastic rotation is given by:
9? =¢PLI; =(¢m _¢y)Lp. (31)

If we update the plastic rotation given in Equation (2.8) with Equation (3.1), the

plastic displacement profile becomes:
o
Apx' =‘(¢m _¢y )‘Lp(hi _?P) (32)

By setting maximum rotation as limit rotation, and defining ¢pr as elastlc rotation

at plastic hinge, 6., plastlc displacement profile is thus
L ‘ ' :
Api = (Blim —He{ i —TP] ’ (3‘3)

It should be noted that by deﬁnmg plastic displacement proﬁle as in Equatlon (3.3),

the target displacement profile is no longer based on the limit drift ratios but the limit hinge
7 rotations which are the main criteria together with the global drift ratlos for assessing the
| calculated building response and defined by ATC 40 [7]

3.3. Structural Wall Modeling

The aspect ratio (height/length) of the structural walls exceeds 4, so they may be
con51dered slender. Since, slender walls are generally controlled by flexural behavior the
equivalent column model can be used. The analytical model represents a cantilever

structural wall with an equivalent wide column element located at the wall centerline.

Two structural walls are modeled for parametnc study purposes. One has section
dimensions 150x20 with wall aspect ratio 8, and the. other has section dimensions 300x20

with wall aspect ratio 4. As can be seen from Flgure 3.1 dlfferent models are constructed
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for each wall. Model () is the finite element model with mesh sizes 50x50; model (b) is
the equivalent column model and model (c) is the enhanced ,gquiValent column model in
which a plastic nonlinear link element is located at the plastic zone to account for the

nonlinear behavior of structural wall.

Nonlinear analysis cépabilities are available through a nonlinear link element
(NLLink). Uniaxial plasticity type of nonlinear behavior is modeled with the link element.
Each element is assumed to be composed of three separate nonlinear springs, one for each
of the three deformational degrees-of freedom which are Ul, U2 and R3. Ul and U2 are
the degrees-of freedom parallel to global X andr global Z axes respectively and their
effective stiffness is given by (3.4) where E is the modulus of elasticity for reinforced
concrete, I is the moment of inertia and L, is the length of NLLink element. R3 is the |
rotational degree-of freedom around global Y axis and its effective stiffness is givén by

(3.5). The force-deformation relationships of these springs are independent of each other.

12E]
3.
LP

U =U,= (34

R3 = . : o (35)

ForV= 100KN, E = 30000 Mpa and L, = 0.8 m the results are given in Table 3.1.

The analysis model for a structural wall element should represent the strength, -
stiffness, and deformation capacity of the wall for in-plane loading. It can be seen from
Table 3.1 that as far as the scope of this thesis is concerned, enhanced equivalent coluﬁn
model is acceptable for modeling structural walls. With respect to finite element model the
error in top diéplacement is oﬁly 1.57 per cent for aspect ratio 8 and the \error is 1.58 per
cent for aspect ratio 4. So, throughout this thesis enhanced equivalent column model is

used for modeling purposes.
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Figure 3.1. Structural wall models
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Table 3.1. Comparison tabie for Model 1 and Model 2

I ' Top Base Moment
Description of Model Displacement (m) (KNm)
a Finite Element Model for 150x20 0.3440| - 12000
- Structural Wall
9 b Equivalent Column Model for 150x20 . 0.3452 12000
= Structural Wall
c Enhanced Equivalent Column Model 0.3494 / 12000
for 150x20 Structural Wall
- a Finite Element Model for 300x20 0.0443 12000
o Structural Wall :
g b Equivalent Column Model for 300x20 0.0446 12000
2 Structural Wall ;N
' c Enhanced Equivalent Column Model 0.0450 . 12000
for 300x20 Structural Wall : _

3.4. Plastic Hinge Rotations
3.4.1. | Design Target Displacemént Profile of 150x20 Structural Wall
First step in obtaining target displacement pfoﬁle is the determination of plastic

hinge length L. For wall height hy, = 12m, wall length l,, = 1.5m, lorigitudinal bar yield
stress fy = 420 Mpa and longitudinal bar diameter dp = 14mm.

L,=0. 2x1.5+0. 044(3 x12) 0.65m | " (36)

L,= 0.08(§x12) +0.022x420x14/1000 = 0.77m _ 3.7 |

L, is taken as 0.8m. Elastic modulus for longltudmal bar is 200,000 Mpa. So,
longitudinal bar y1e1d strain is:
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8y=

f, 420 »
== =2.1E7 .
E, 200000 (38)

By assuming that the neutral axis depth is the half of the wall length, yield
curvature is found by (3.9) - :

b=2€11,=2x2.1E¥1.5 =28 E* I/m (3.9

Elastic displacement profile is then obtained by (3.10)

b
6,=¢ h ——= 3.10
= (3.10)
Forh;= 3m , A =0,012m
Forhy= 6m , Aez =0,042m
Forh3= 9m , A= 0,085m
Forhy=12m , Ay = 0,134m
Elastic rotation at plastic hinge . is calculated by (3.11)
6,=9,L, =28E7x0.8=2.24E >rad (311

By taking rotational limit Oim = 0.02, plastic displacement profile is readily
obtained by (3.12) -

L .
A, = Bim -Be{h,- —i) ‘ (3.12)

Forh;= 3m , Ap; =0,046m
- Forh,= 6m , Ap;=0,099m
"Forhs= 9m ,A;=0,153m
Forhy=12m , Aps=0,206m
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The target displacement profile is given in (3.13)
A=A+ A4y ' - (3.13)
Thus, target displacement proﬁle is calculated as:
Forh;= 3m , A; =0,058m
Forhy= 6m ,A;=0,141m
Forh3= 9m , A; =0,238m
For hy=12m , Ay =0,340m

3.4.2. Design Target Displacement Profile of 300x20 Structural Wall

For wall height hy, = 12m, wall length l, = 3 m, longitudinal bar yield stress
fy= 420 Mpa and longitudinal bar diameter dy; = 14mm.

L,=0.2x3+ 0.044(§-x12) =9.52m ' (3.14)

L,= 0.0S(%le) +0.022x420x14/1000 = 0.77m (3.15)

L, is taken as 1.0m. Elastic modulus for 10ng1tud1nal bar is 200,000 Mpa So
longitudinal bar yield strain is: '

.- Sy _ 420
Y7 E_ " 200000

s

=2.1E7 | : (3.16)

By assuming that the neutral axis depth is the half of the wall length, yield
curvature is found by 3.17)

&> Boazici Oniversitesi Kﬁtﬂpha“?Si
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Elastic displacement profile is obtained by (3.18).

Forh;= 3m
Forh,= 6m
Forh;= 9m
Forhy=12m

0, =4h -

, Aer =0,006m
, Az =0,021m
, Aes = 0,043m
» Aea = 0,067m

¢yhi2
2h

w

" Elastic rotation at plastic hinge 6. is calculated‘by (3.19)

0, =¢,L,= 1.4E7%1.0 =1.40Erad
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(3.17)

(3.18)

(3.19)

By taking rotational limit fjim = 0.02, plastic displacement profile is readily

obtained by (3.20).

Forhj= 3m
Forh,= 6m
Forhs;= 9m
For hy=12m

, Ap1 = 0,047m
, Apz=0,102m
, Az =0,158m

, Aps =0,214m

The target displacement profile is given in (3.21)

A=Aeit+Api

(3.20)

(3.21)
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obtained for cantilever structural walls having section dimensions 150x20 and 300x20, a
series of moment-curvature analyses are conducted for the sections defined in Table 3.2.
To inspect the effect of reinforcement content, both of the sections have designed with
minimum and maximum reinforcement. Concrete compression strength is selected as

| - 25 Mpa, while longitudinal bar yield stress is selected as 420 Mpa. Longitudinal bars are of

Thus, target displaqement profile is calculated as:

Forh;= 3m

Forh,= 6m

Forh3;= 9m
"Forhy = ,1 2m
- Analysis

In order to check the accuracy of the target displacement profiles which are

14mm in diameter.

calculate EI effective and effective yield moment, the nonlinear moment-curvature is

idealized providing that the area below the nonlinear curve and the bilinear curve is

, A1 =0,052m
, A2=0,123m
, A3 =0,201m
,Ay=0,281m

" Table 3.2. Section details of structural walls

Section Deﬁniti_bn ;:#:g:’; 32?1;(18"?; Loizritﬁzri]r:al
Size Steel

150x20(min rein) 6 14 0.83%

150x20(maxrein) | 12 14 1.44%

300x20(min rein) 6 14 0.49%

300x20(max rein) 12 14 0.80%

Results of moment-curvature analyses are shown in Figures 3.2 and 3.3. To

approximately equal to each other. Results are shown in Table 3.3,
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Once the moment-curvature analysis results are obtained, \cantilever structural walls

can be modeled as defined in Section 3.2. The EI effective values are divided by Modulus
| of Elasticity which is 30,000,000 KN/m?2 for C25 Concrete. The moment of inertia
obtained is the effective moment of inertia Igrand itis a fractlon of gross section moment
of inertia Ig. So, a modification factor is calculated by (3.21) for each of the sections and

the stiffness characteristics of the model are modified accordingly.

MF =24 (3.21)
I
4
- Table 3.3. Moment-Curvature analysis results
v Effective . Effective
Section Definition El Effective EYfIfZlc(:jtise ' Yield thAlct:rnr:::l? Yield
KN-m2 KN-m2 Moment KN Curvature
KN 1/m
150x20(min rein) 2.9‘3E+05 9.42E+02 707 792 0.00241
v 150x20(méx rein) 4.89E+05 1.33E+03 1200 1330 ~0.00245
300x20(min rein)  1.41E+06 4.28E+03 1761 1948 |. 0.00125
300x20(max rein) 2.30E+06 5.55E+03 2800 3052 0.00122

/

The pre yield and post yield modification factors as well as the calculated
directional stiffness values for NLLink elements are shown in Tables 3.4 and 3.5

respectively

When the medel is constructed for each of the sections, it is pushed until the base
moment reaches to effective yield moment. At thaf point, displacement values for each of
the storey is read and noted as elastic displacements. Also the rotations at NLLink
elements are noted as elastic rotations. For the post yield stage directional properties of the .
NLLink elements are modified with the ones in Table 3.5 and the system is further pushed
until the total top displacements coincide with the ones of design. Total displacement
profile and the total rotations at NLLink elements are noted The results are given in
Tables 3.6 and 3.7. |
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Figure 3.2. Moment-Curvature relationships for section 150x20
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Table 3.4, Pre yield modification factors and NLLink directional properties

El Effective | | Effective Ig M.F. R3 Uz
KN-m2 m4 m4 KN-m KN/m
150x20(min rein) | 2.93E+05 | 9.77E-03 | 5.63E-02 | 0.1736 |[3.66E+05| 6.87E+06
150x20(max rein) | 4.89E+05 1.63E-02 | 5.63E-02 | 0.2898 |6.11E+05| 1.15E+07
300x20(min rein) | 1.41 E+06 4.70E-02 | 4.50E-01 | 0.1044 [1.41 E+06 1.69E+07
300x20(max rein) | 2.30E+06 | 7.67E-02 | 4.50E-01 | 0.1704 |[2.30E+06| 2.76E+07

Table 3.5. Post yield modification factors and NLLink directional properties

R3

El Effective | | Effective ig M.F U2
KN-m2 m4 _m4 ' KN-m KN/m
150x20(min rein) | 9.42E+02 | 3.14E-05 | 5.63E-02 | 0.0006 1.18E+03‘ 2.21E+04
150x20(max rein) | 1.33E+03 | 4.43E-05 5.63E-02 | 0.0008 |1.66E+03 |3.12E+04
300x20(min rein) | 4.28E+03 | 1.43E-04 | 4.50E-01 | 0.0003 4.28E+03 | 5.14E+04
300x20(max rein) |- 5.55E+03 | 1.85E-04 | 4.50E-01 0.0004 5.55E+03 [ 6.66E+04

3.44.- Conclusioh

As can be seen from Tables 3.6 and 3.7 analysis and design results are in

conformity and it can be concluded that the mathematical model for assessing the target

displacement profile is satisfactory. Although yield moments vary with different

reinforcement content, the difference in modification factors and NLLink directional

properties altered the situation so that reinforcement content does not affect the ultimate

results in terms of total displacement profile and total rotation. Another important factor is,

reinforcement content has very limited effect on yield curvature, and on the other hand the

‘variation in section dimensions has some effect on yield curvature in terms of deviation

from design. For section 300x20 the deviation from design is 12 per cent however, the

deviation is 17 per cent for section 150x20. This means for squat walls design estimation

for yield curvature is more accurate than that of the slender walls.
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3.5. Comparison of Original and Revised Target Displacement Profiles

Graphical representation of the target displacement profiles calculated according td
original mathematical model and revised mathematical model is demonstrated in Figure
3.4. Disagreement in terms of top storey displacement is considerable especially for the
slender walls. Also an important note is, according to revised mathematical model top-
storey displacement is decreased with the increase in length of structural wall. This is as it
should be due to stiffness change; however original model gives results on/ the contrary.
The deformation level of 300cm length structural wall is higher than that of the 150cm
length structural wall. This anomaly is due to the elastic design in slender walls as

discussed in Chapter 2.

Also base shears are calculatéd according to procedure stated in Chapter 1. 100 ton
mass is assumed to be lumped at each storey level. By taking each storey 3 m tall four
stories are considered to maintain conformity with pre-calculated target displacement
profiles. The results are stated in Figure 3.5. In the original model design base shear of the
150cm length wall is nearly twice of fhe 300cm length wall. It is againrbecause of the

elastic design in slender walls.

It is important to note that base shear is almost not affected from wall aspect ratio in
revised mathematical model. This is due to combined effect of decreésed deformation
demand and increased ductility demand in higher wall lengths. Increase in ductility
demand is because of the reduced elastic curvature in squat walls. So, reduced elastic
rotation gives room to more plastic rotation within a specified rotation limit. Hence, this
increase in ductility and effective damping give rise to additional energy dissipation
change in seismic demand due to stiffness change. This effect is not captured in code-
based design procedure and as a result of constant force reduction elastic base shear is

reduced with decreased stiffness.
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4. REVISED EFFECTIVE DAMPING

4.1. Kowalsky Effective Damping

The damping relationship is derived considering the effect of ductility on damping
and is related to the hysteretic energy absorbed. The relation is given in (4.1) and it is
based on the Takeda [2] hysteretic model, Figure 4.1, for an unloading stiffness factor of
" 0=0.5 and a bilinear stiffness ratio of =0.05. It also includes an additive term of 5 per cent

viscous damping.

_ » 1—3:9_5.—0.05 J7N .

B,y =100/ 0.05+—YHs L@
, - -
Force

Displacement

Figure 4.1. Takeda degrading stiffness hysteresis
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4.2. ATC 40 Effective Damping

The damping that occurs when earthquake ground motion drives a structure into the
inelastic range can be viewed as a combination of viscous damping that is inherent in the
structure and hysteretic damping. Hysteretic démping is related to the area inside the loops
that are formed when the base shear is plotted against the structure displacement.

Hysteretic damping can be represented as equivalent viscous damping.

The equivalent viscous damping, B, associated with a maximum displacement of
dpi, can be estimated from the following Equation where, 8, is the hysteretic damping
represented as equivalent viscous damping and the term 0.05 represents 5 per cent viscous

damping inherent in the structure (assumed to be constant).
B, =B,+005 (4.2)

Hysteretic damping, (3,, can be calculated as:
. - D 4.3
B=7 @y

Where, Ep is the energy dissipated by dampiné and Eg, is the maximum strain
energy. The physical signiﬁcanée of the terms Ep and Eg, in Equation (4.3) is illustrated in
Figure 4.2. Ep is the energy dissipated by the structure in a single cycle of motion, that is,
the area enclosed by a single hysteresis loop. Es;, is the maximum strain energy associated

with that cycle of motion, that is, the area of hatched triangle.
To enable simulation of imperfect hysteresis loops (loops reduced in area), the

concept of effective viscous damping using a damping ‘modification factor, «, has been

introduced by ATC 40 [7] . Effective viscous damping, B, is defined by:

By =KB, +5 | 44
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- The k-factor is a measure of the extent to which the actual building hysteresis is
well represented by the parallelogram of Figure 4.2, either initially or after degradation.
The k-factor depends on the structure behavior of the building, which in turn depends on
the quality of the seismic resisting system and the duration of ground shaking. Structural -
behavior Type A represents stable, reasonably full hysteresis loops most similar to Figure
4.2, and assigned a k of 1.0 (except at higher damping values). Type B is assigned a basic «
of 2/3 and represents a moderate reduction of area (k is also reduced at higher values of
Betm- Type C represents poor hysterétic behavior with a substantial reduction of loop area

(severely pinched) and is assigned a k of 1/3.

apij-— — — — — — — —

//

i

ay._ //
/

Spectral Akceleration
N
N\
N
N

Spectral Displgcement

Ep

Figure 4.2. Derivation of damping for spectral reduction

The ranges and limits for the values of k assigned to the fhree structural behavior
types are given in Table 4.1. ATC 40 states that the formulas are derived from tables of
spectrum reduction factors, B, specified for the design of base isolated buildings in the
1991 UBC, 1994 UBC and 1994 NEHRP Provisions. |

" 4.3. Comparison of Effective Damping _

‘Proper estimation of effective damping values is very impbrted in assessment of

earthquake demand since spectral reduction factors are derived from these effective
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damping values. A comparisoxi is done between the effective damping values proposed by
Kowalsky | [5] and ATC 40 [7] for different displacement ductility ratios and setting
bilinear stiffness ratio to 0.05. The results are given in Table 4.2 and illustrated in Figure
4.3, Effective damping values presented by ATC40 are taken as reference because the
value of k for structural behavior Type A (goed behavior) is derived from the spectrum
reduction factors specified in the Uniform Building Code (ICBO 1994) and the NEHRP
Provisions (BSSC 1995) for the design of new isolated buildings. The values of k assigned
to the other two types are thoughf to be reasonable for average and poor structural

behavior.

Table 4.1. Values for damping modification factor, k

Structural |
Behavior | Bo (percent) K
Type ,
Type A <16.25 70
0.5(a.d . ~d.a..
>16.25 1.13- (a,d, -d,a,)
apidpi
Type B 25 067
0.446(a,d . —d . a_,
>25 0.845 - (a,d, —d,a,)
' al"'dpi
TypeC | AnyValue 0.33

As can be seen from Table 4.2 and Figure 4.3 for low ductility levels the effective damping
values proposed by direct displacement based design procedure is close t.o'the ones
proposed .by ATC40 for structural behavior Type C. The effective damping values of
'DDBD are between ATC40 Type C and Type B structural behavior types for ductility
ratios greater than 3 but always closer to Type C. In ATC40, Type C buildings are defined
as poor existing buildings whose primary elements make uphoncomplyin.g lateral force
systems with poor or unreliable hysteretic behavior or average existing buildings whose

1
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primary elements are combinations. of existing and new elements, or better than average

existing systems but subjected to long shaking duration.

From the definition above it can be concluded that effective damping values
presented by direct displacement based design procedure are very conservative since the
range of this design procedure covers only new buildings. So, in this thesis effective
damping values of ATC40 structural behavior Type B are used. Typé B buildings are
defined as essentially new buildings whose primary elements make up an essentially new
lateral system and little strength or stiffness is contributed by noncomplying elements but

~ the building is subjected to long shaking duration.

Table 4.2. Comparison of effective damping values

Beff
y DDED ATC 40
. TYPEA |TYPEB |TYPEC
1.25 8 17 13 9
1.50 10 24 18 1
2.00 13 31 24 15
3.00 17 36 27 17
400 19| a7 27| 18]
6.00 21 37 27 18
8.00 22 37 27 18
10.00 22| - 37 27| 17
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5, REVISED DIRECT'DISPLACENIENT BASED DESIGN

5.1. General

The response of reinfbrced concrete structures to strong earthquake motions is
influenced by two basic phenomena: reduction in stiffness and increase in energy-
dissipation capacity. As earthquake motion forces the structure tollarger displacements, its
stiffness decreases and its capacity to dissipate energy increases for 4the area within the
hysteresis loop increases depending on displacement attained. Both effects can be related

to ductility defined as the ratio of ultimate to yield displacement.

The direct displacefnent based design approach utilizes as its starting point a target
displacement which is discussed in Chapter 2. Once the target displacement is defined
* substitute structure approach [3] is utilized to characterize the nonlinear behavior of an -
inélastic System With equivalent properties of effective stiffness and effective damping,.
The effective damping characteristics of a building can be obtained from ATC 40 [7]
approach-as stated in Chapter 4. '

The seismic input for Direct Displacement-Based Design is expressed in the form
| of Acceleration-Displacement 'Response Spectra (ADRS). The spectral displacement
values for the ADRS is obtained by multiplying spectral acceleration values of Standard
Format (Sa vs T) Response Spectrum by T> / 4n*. |

Capacity is a repfesentation of the structure’s ability to resist the seismic demand
and capacity spectrum is obtained by dividing the horizontal ordinates of force- _
displacement curve by First Mode Participation Factor for top displacement (v2) and by
dividing the vertical ordinates of force;displacement curve by Effective Pafticipating Mass
( M.) which are given by Equations (5.1) and (5.2) respectively. ¥, is the mode shape for

the building and it is assumed to be an inverted triangle normalized to unity at the top

storey.
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DM *y, |
Yo=Y, * L—— - 5.1
ZM *? 4
i=1 '
Me=7n*m* ‘ : (52)

nl i=l

Graph1ca1 representatlon of this conversion from equivalent force-dlsplacement

(capacity) curve to equlvalent capacity spectrum is shown in Figure 5 1.

e . &

@ At AN God ‘ Asys

Figure 5.1. (a) Capacity curve ; (b) Capacity spectrum for substitute structure

Once the 5 per cent damped (elastic) response spectrum is bonverted to ADRS
format, it is reduced by dividing ARS and DRS values with damping coefficients Bs orBr,
depending on the period to obtain damped (inelastic) response spectrum

2,12 - o
B For Short Period (T<T: 54
s = 321-0,681n(8,,) , (T<Tz) - 69
1,65

= For Long Period (T>T: (55
LTRA-04n(E,) o erenedPT o (59)
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For structural behavior type B Be values which are a function of slope ratio and
ductility ratio are given in Table 5.1 [7].

Table 5.1. Effective damping in per cent for structural behavior type B

Slope Ratio
Ductility | = o 0.4 0.3 0.2 0.1 0.05 0
o . . 0. . 1 | o
10 ) 10 | 12 16 | 23 27 29
8 9 11 13 | 17 24 27 29
6 10 12 15 19 | .25 27 29
4 11 14 17 21 25 27 29
3 12 4 | 17 21 25 27 29
2 12 14 16 19 22 24 25
15 11 12 14 15 17 18 18
125 ) 10 10 1| 12 13 | 13

12

10 [
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> .
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——ElasticDemand @ ----- Inelastic Bemand ~  ———Equivalent Capacity Spectrum j

Figure 5.2. Demand and capacity spectrums

When-the target spectral displacement is entered on the inelastic demand si)ectrum,
performance point is readily obtained and the line which is drew from origin to
performance point is the capacity spectrum for substitute structure. Ultimate base shear
can be dalculated either multiplying correSponding spectral acceleration by effective mass

Me or multiplying target spectral displacement by effective stiffness.
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V.= Sa*Me (5.6)
V= Kyp*Ags | 67

Where, effective stiffness and effective period is given by Equations (5.8) and (5.9)
respectively. o is the slope of the Equivalent Capacity Spectrum.

4z
Keﬂ‘ = T—zmej, (58)
eff
Toy=27/ @ o (5.9

Design base shear is the yield base shear which can be calculated as the following:

Base Shear

Vi — —— —

Vi—

1
|
|
' |
' |
| |
l

Yy

A

Bu Displacement

Figure 5 3. Idealized force displacement curve

‘If we designate the slope ratio as r then:

=r-t | - (5.10)

By rearranging the Equation (5.10),
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1 A, —A,
= (5.11)
Wy AW, -V)
By setting Ay/Ay as ductility ratio,p, the Equation (5.11) becomes,
1 -l (5.12)
v, V,-V, :
Or conversely,
V.,
V,=—2* — o (5.13)
ru—r+1

A series of structural wall building design examples are performed to explore the |
" accuracy of design with regards to the pushover analyses practiced to designed buildings.
The buildings of 4 stories are composed of structural walls of equal lengths. Each storey is
3m tall and the storey inertia weight is 950 KN/storey. Walls are uniformiy 20cm thick
Concrete compression strength is 25 Mpa. Longitudinal bar yield stress fy = 420 Mpa and
longitudinal bar diameter dy; = 14mm. The building is designed for seismic zone 1,Z2 type
soil. ( Ag=0,4 ; Ta= 0,15 sec ; To= 0,40 sec) F |

5.2. Building Design Composed 150x20 Structural Walls

For structural wall having section dimensions 150x20, target displacement pfoﬁlé

was readily obtained in Chapter 3 which is given below:

Forhij= 3m , A= 0,058m
Forhy= 6m ,A;=0,141m
Forh;= 9m ,A;=0,238m
Forhy=12m , A4=0,340m
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- Figure 5.4. Plan view for building composed of ISOXZQ structural walls

Again from Chapter 3, elastic displacement profile is:

Forh;= 3m , A =0,012m
Forh,= 6m , Ae» =0,042m
Forh3= 9m , A3 =0,085m
Forhy=12m , At =0,134m

Displacement ductility ratio is then obtained from Equation (5.14)

A, 0340

A, 0134

=254 A7)

From Table 5.1 for ductility ratio 2.54 and slope ratio 0.05, the effective damping,

Besr,is 25.6, hence damping coefficients Bg and By are calculated as:
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2,12

=35 =211 For Short Period (T<0.4 5.15

* 7 3,21-0,681n(25.6) or Short Period (T<0.4) (5.15)
1,65

L

- =168 - For Long Period (T>0.4 5.16
231-0,41In(25.6) or Long Period (T>0.4) (-16)

Inelastic response spectrum is the reduced acceleration-displacement response
spectra, ADRS, with proportion to damping coefficients calculated above. First Mode
- Participation Factor for top displacement (yn) is calculated in Equation (5.17)

D.97*(1+0.75+0.5+0.25+0)

i=l

y, =1% =133 (5.17)

D97*(1% +0.75* +0.5% +0.25% +0%)
i=l ,

- Target spectral displacement in other words system target displacement is then:

A, =20 =934 26m o (5.18)
. 133 -

When we enter the system target displécernent to ineIastic response spectrum,
performance point is obtained and the equivalent capacity spectrum is drawn from origin to
performance point which is shown in Figure 5.5. The vertical ordinate of the perfonnanée
point is read as 0.80m/sn”. Effective participating mass is calculated by (5.19) and ultimate

base shear is given in (5.20).

M, = 1,33%2":97 % (1+0.75 +0.50 + 0.25 + 0) = 320tons (5.19)

i=1

¥V, = Sa*Me=0.80*320=256KN S (520)
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Figure 5.5. Response and capacity spectrums for buﬂding composed of 150x20 structural

walls

Design base shear is the yield base shear, and for slope ratio 0.05 and dlictility ratio

2.54 the design base shear is then:

256
0.05%2.54-0.05+1

= 238KN , : (5.21)

5.3. Building Design Composed 300x20 Structural Walls

For structural wall having section dimensions 300x20, target displacement profile

was readily obtained in Chapter 3 which is given below:

Forh;= 3m ,A;=0,052m
For 112 = 6m ,A;=0,123m
Forhy= 9m , A3 =0,201m
Forhy=12m , A4 =0,281m
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- Figure 5.6. Plan view for building composed of 300x20 structural walls

Again from Chapter 3, elastic displacement profile is: ‘

Forh; = 3m
Forh,= 6m
Forhs= 9m
Forhs=12m

, Ae1 = 0,006m
, A2 =0,021m
, A3 =0,043m
, Aea =0,067m

Displacement ductility is then obtained from Equation (5.22)

ﬂ:

A, 0281
A,, 0,067

=4.19

51

(5.22)



5

" From Table 5.1 for ductility ratio 4.19 and slope ratio 0.05, the effective damping,

Besr,is 27, hence damping coefficients Bg and By are calculated as:

212 »
= ’ =219  For Short Period (T<0.4 5.23
S 7321~ 0,681n(27) or Short Period (T<0.4) (, )
1,65 ' .
L 1.72 For Long Period (T>0.4) (5.24)

T 231-041(27)

Inelastic response spectrum is the reduced a{cceleration-displacement response
spectra, ADRS, with proportion to damping coefficients calculated above. First Mode
Participation Factor for top displacement (y;) is calculated in Equation (5.25)

D 97*(1+0.75+0.5+0.25+0)
i=1

Y, =1%

- =1.33 (5.25) .
D°97*(1* +0.75> +0.5% +0.25> +0%)
L=l

Target spectral displacement in other words system target displacement is then:

=20 2028 oo | (5.26)
Py 133 ‘

When we enter the system target displacement to inelastic response spectrum,
performance point is obtained and the equivalent capacity spectrurri is drawn from origin to

performance point which is shown in Figure 5.7.

The vertical ordinate of the performance point is read as 0.87m/sn’. Effective

participating mass is calculated by (5.27) and ultimate base shear is given in (5.28).

M, = 1,33%2":97 *(1+0.75+0.50+0.25+0) = 320tons (5.27)
=1 '
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Vi = Sa*Me=0.87%320=278KN ; (5.28)
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Figure 5.7. Response and capacity spectrums for building composed of 300x20 structural

walls

Design base shear is the yield base shear, and for sldpe ratio 0.05 and ductility ratio
4.19 the design base shear is then:

_ 278
% 0.05%4.19-0.05+1

= 239KN , (5.29)

The design base shear calculated in Equation (5.29) is too small for a structural wall
having length of 300cm so to provide a comparison between design and pushover analysis,
the building is redesigned by increasing storey inertia weight to 3255 KN/storey. Hence the

effective mass for the building is:

Me=1,3’3%2332*(14-0.75+0.50+0.25+O)=1103t0nsj (5.30)

i=1 .

Then the ultimate base shear is calculated from:
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V, = Sa*Me=0.87*1103=960KN

(5.31)
So, for slope ratio 0.05 and ductility ratio 4.19 the design base shear is then:
Voo 260 =828KN (5.32)

T 0.05%4.19-0.05+1
54, Design Results and Conclusion

In the preceding sections, three building conﬁghfations have been designed. One
was a building composed of 150x20 structural walls (Figure5.4) which will be referred as
Design A and the other one was a building composed of 300x20 structural walls (Figure
5.6) which will be referred as Design B. Design C is identical with Desigﬁ B but its storey
inertia weight is set to 2000KN/storey to enable push over analysis on the building
- composed of 300x20 structural walls. The outputs for the designs A, B and C are '

summarized in Table 5.2.

Table 5.2. Summary of design results

Design Base Shear (KN) Displacement| Effective ?'yasrtqe;?
Reference Design Ultimate Ductility Damping (%) Displ?rcr::;,ment
A 238 256 2.54 256 0.26
B 239 278 419 27.0 0.21
C 828 960 419 27.0 0.21

As can be seen from Table 5.2 displacement ductility ratios for design A and B are
2.54 and 4.’19 respectively which means the ductility demand for the stiff structure is
higher. This is expected since the yield curvature is directly affected from wall length; the
yield curvatﬁre of a 300x20 structural wall is one half of the yield curvature of a 150x20
structural wail. That is why the elastic rotation, which is the integration of curvature along

the plastic length, is smaller in stiff walls so, for the case 300x20 structural wall there is
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more room for plastic rotation until total rotation reaches to limit stafe which in turn causes

high ductility demand. Thus confinement detailing is more critical in stiff structural walls.

‘When we inspect ultimate base shears, we see that the ultimate base shear for |
structure B is higher despite the fact that with high ductility attained effective damping
value is higher than that of structure A which in turn means higher damping coefficients.
But as the System target displacement of structure B is lesser than structure A, the vertical
ordinate of the performance point, which is spectral acceleration, is higher in structure B.
Hence, ultimate base shear which is effective mass times spectral acceleration is higher in
- structure B. On the other hand, the design base shears 6f both structures are nearly equal.
This is again because of the high ductility attaihed in structure B.
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6. PUSHOVER ANALYSIS

6.1. General

In Qrder' to assess ‘pervformance of the design procedure, pushovér analyses are
performed to the buildings designed in Sections 5.2. and 5.3.

‘The analyzed buildings are of 4 stories and they are composed of structﬁral walls of
equal lengths. Each storey is 3m tall. The storey inertia weight is 950 KN/storey for
building composed of 150x20 structural walls and 2000 KN/storey for building composed
of 300x20 structural walls. Walls are uniformly 20cm thick Concrete compression strength
is 25 MPa. Longitudinal bar yield stress fy = 420 MPa and longitudinal bar diameter
dy1 = 14mm. The building is designed for seismic zone 1, Z2 type soil. ( Ag=0,4 ; Ta=0,15 -
- sec ; Tg= 0,40 sec) |

/ Structural Walls aré modeled according to enhanced equivalént column model
which is  reviewed in -Chapter 3. To simulate the global building response equivalent
columns are constrained to each other. The design base shear is distributéd along the
. stories assuming that first mode shape is the inverted triangle. Reinforcement content for
the structural walls is selected so that their yield strengths are identical with the ones of
design to provide conformity with design and analysis. Directional properties of SAP2000
NLLink elements and modification factors for frame sections are calculated according to

results obtained from moment-curvature analyses.

Once the system is constructed it is pushed with inverted triangle loading'
normalized to unity. Displacement values for top storey and base moments fofnied in the
NLLINK elements are noted. /System is further pushed until the step 1 base moment of
any of the individual NLLINK element reaches to structural wali yield moment which is

found from moment-curvature analysis. An amplification factor o is calculated from (6.1)
and all values V(top displacement and base shear) noted in step 1 are mult}plied with o.
The directional properties of plastified NLLink are changed with its post-yield properties

and system is reanalyzed for the inverted triangle loading normalized to unity. o is the
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required amplification factor for the next NLLink element to reach its yield moment and is

given by (6.2);

M)’
o, = YA : ; 6.1
1
- M, -Mqe _ 6.2)
T
Vs

Pushover continues until the system becomes unstable and for each o4 factor top
displacement and base shear values are calculated to construct force-displacement curve in

other words push-over curve.

di= djoy+daop+....... +d;0; ’ (63)
Vi= Vigg+Votat o AViog (6.4)

d; : top displacement for i" step

V; : base shear for ith step

Once push-over curve is _built, it is converted to capacity spectrum by dividing the
horizontal ordinates of force-displacement curve by First Mode Participation Factor for
top displacement ,y,, and by dividing the vertical ordinates of force-displacement curve by

Effective Participating Mass, M,. Capacity spectrum is plotted on the same chart with 5

per cent damped (elastic) résponse spectrum converted to- ADRS format. In first ite:aﬁon ’

trial performance points are selected to be the end point of the capacity spectrum and

spectral reduction factors are calculated.

When the spectral reduction factors are calculated, demand-spectrum can be plotted
énd the intersection of the capacity spectrum and demand spectrum is our new
performance point. Since the area bounded with capacity spectrum and performance point

is changed reduction factors changed, so we plot new demand spectra reduced with new
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reduction factors. This process is repeated until the displacement dy+1) is within 5 per cent

of displacement dy;, then the point 2p(i+1), dp(+1) is the final performance point.

Base moments for each NLLink element are calculated at where the system is
pushed to final performance point. Since we know the elastic and plastic rotational

.stifﬁless’ of NLLink elements total rotations can be calculated from (6.5).

07, = L4 + =4 . ' (6.5)

Where, |

Mjy: Yield moment of structural wall

| M,: Total moment of structural wall when the system is displaced to performance point
Ry Pre-yield rotational stiffness for NLLink element

| Rgpy: Post-yield rotational stiffness for NLLink element

6.2. Pushover Analysis for Building Composed of 150x20 Structural Walls

For the building given in Figure 6.1 contributions of perpendicular walls are
neglected and walls parallel to earthquake direction are modeled according to enhanced
equivalent column model in Sap2000 [8]. As stated in Chapter 3, enhanced equivalent
column model is appropriate for the purposes of this thesis, and simulating non-linear

behavior of a structural system is easily maintained by this equivalent model.

For the inverted tnangle loadlng normalized to unity at top d1splacement base
shear is 0.625 KN and base moment is 5.37 KNm for each of the structural walls. Since our
design base shear, which was found in Chapter 5, is 238 KN; for building composed of
150x20 structural walls in the earthquake dlrectlon the amphﬁcatlon factor is then:
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238

Q) =—n =95 ‘ (6.6)
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Figure 6.1. Plan view for building composed of 150x20 structural walls \
By rearranging Equation (6.1) yield base moment is calculated by Ecjuation (6.7).

M, =M@, =537*95=510KNm - (67)

To maintain conformity with analysis and design a 150x20 structural wall which is
effective yield moment is 510 KNm is designed.

According to Figure 6.2 EI effective is 2.08E+5 KN-m* and yield EI effeé'tive is
5.82F+2 KN-m’. Hence, the calculated modification factors and NLLink directional

properties are given in Table 6.1.

Pre-yleld modification factors and NLLink dlrectlonal properties are reentered and
the system is pushed with 1nverted triangle loading normahzed to unity at top storey. Top

storey displacement is read as 1.17E-3 m and elastlc top storey d1splacement is then:
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A, =117E-3*95=0.11m . ' (6.8)

Table 6.1. Modification factors and NLLink directional properties for 150x20 structural

wall
El l R3 U2
Effective | Effective g M.F. KN-m KN/m
KN-m2 m4 m4 '

Preyield 2.08E+05 | 6.93E-03 | 5.63E-02 | 0.1233 | 2.60E+05 4.88E+06

Postyield 5.82E+02 | 1.94E-05 | 5.63E-02| 0.0003 |7.28E+02 | 1.36E+04
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Figure 6.2. Moment-Curvature relationship for 15020 structural wall

Once the elastic top storey is found, post-yieid NLLink directional pfoperties are
entered to the model and system is again pushed wfth inverted triangle loading normalized
to unity at top storey. The top storey displacement is 0.0933m; base shear and base
moment for each of the structural wélls alre. 0.625KN and 5.37 KNm respectively. For

ultimate moment 562 KNm, the ampliﬁcation factor o4 is given by Equation (6.9
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_M,-Ma, 562-510

a,= i, =337 9.7 | | (6.9)
Ultimate base shear’vis calculated from:
V.=4*(Ve, +V,a,) = 4*(0.625*95+0.625 *9.7) =262KN (6.10)
Ultimate displacement is given by:
Au=Aa, +Aa, =1‘.17E—-‘3*95+9.33E—2*9.7=1.02m ' 6.11)

Force displacement curve is plotted for the structure and it is converted to capacity
spectrum by dividing the horizontal ordinates of force-displacement curve by First Mode
Participation Factor for top displacement, y,, and by dividing the vertical ordinates of
force-displacement curve by Effective Participating Mass, M. By assuming the ﬁ:st mode
_shape as inverted triangle normalized to unity at top storey vy is found by Equation (6. 12).

D97*(1+0.75+0.5+0.25 + 0)
i=1 "

y =1% =1.33 (6.12)

3197%(12 +0.75% +0.5? +0.25% +0%)

i=1

Effective partibipating mass is given by Equation (6.13), taking storey inertia mass
97 tons. '

M, = 1.33%297 *(1+0.75+0.50+025+0)=320t0ms  (6.13)
i=1

Spectral yield displacement and ultimate ‘spectral displacemént are given by

Equations (6.14) and (6.15).
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A ‘
Sy =—L= 011 _ = 0.083m (6.14)
Y. 133 )
Sy = A, _L02_ 0.767m - : (6.15)
1.33 :

Spectral yield acceleration and ultimate spectral acceleration are calculated by
Equations (6.16) and (6.17).

, vV ' o

Sy =—> —28——074m/sn2 (6.16)
M, 320 ;

S, = 4 —@~O 82m/ sn® ‘ (6.17)
M, 320

Force dlsplacement curve and capacity spectrum are 111ustrated in Flgure 6.3 and

Figure 6.4 respectively.
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Figure 6.3. F orcke-displacement curve for structure composed of 150x20 structural walls ,
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Figure 6.4. Capacity spectrum for structure composed of 150x20 structural walls

VIn the first iteration spectral displacement and spectrél acceleration for the first trial

performance point is selected as 0.29m and 0.77m/sn? respectively according to equal
| displacement apprdximation. Hysteretic damping is then calculated from Equation (6.18)
which is given by ATC40 where, S&; is the spectral displacement and S,; is the spectral

acceleration for the performance point selected.

0.637(S,,84 ~S4S4)  0.637(0.74%0.29 — 0.083 *0.
- (SaySai =Sy Su) _ 0.637(0.74*0.29 - 0.083 0.77) _ 430, 6.18)
SuSy 0.77*0.29 |

For hysteretic damping, 3, greater than 25 per cent, damping modification factor,

K, is:

0.446(S,,S 5 —S4S,)

=0.845 - -
" SuSa

(6.19)

0.446(0.74*0.29 - 0.083*0.77)
077%029 .

K =0.845— =0.54
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Effgctive vi}scous démping, Besr, is then:
By =xBy+5= 0.54 ¥43+5= 28.72% ' (6.20)
Hence damping coefficients Bs and By are calculatéd as:

2,12
ST321-0 ,681n(28.2)

=2.26 For Short Period (T<0.4) (6.21)

1,65
L7y 31-0,411n(28.2)

=175 For Long Period (T>0.4) (6.22)

Elastic response spectrum converted to ADRS format is reduced with damping

coefficients calculated above and is plotted on the same chart with capacity spectrum.

Spaectral Acceleration (m/sn2)
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o J___.;_._:._____L_.__.__L_____...__.._i_...__._
«

08

Spectral Displacement (m)

[~——ERs ——-cAPsPEC ----- ITER1 ]

Figure 6.5. Flrst 1terat10n demand and response spectrums for bulldmg composed of

150x20 structural walls

‘As can be seen from Figure 6.5 our new perfon’nanc‘e point is the intersection of

inelastic response spectrum and capacity spectrum. Spectral displacement of the
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performance point is read as 0.236m and spectral displacement is read as 0.761 m/sn’.

'Hencg effective damping for the second iteration is:

g - 0.637(S0ySa = SaySu) _ 0.637(0.74*0.236 - 0.083%0.761)
0 S.S. 0.761%0.236

=39% (6.23)

For hysteretic damping, ,, greater than 25 per cent, damping modification factor,

K, is:

0446(S de dy m)

K =0.845- (6.24)
SaiSdi ‘
* — *
o= 0.845 — 0.446(0.74*0.236 — 0.083*0.761) - 0.57
0.761*0.236 :
Effective viscous damping, Beg, is then:
By =By +5=0.57%39+5=272% (6.25)
Therefore damping coefficients Bs and By, are calculated as:
2,12 .
s = =2.20 For Short Period (T<0.4) (6.26)
3,21-0,681n(27.2) , ,
1,65 . _
=1.73 For Long Period (T>0.4) - 6.27)

LT 231-0411n(27.2)

Flgure 6.6 represents the updated inelastic demand spectrum together with the

inelastic demand spectrum found from iteration 1.

Spectral displacement of the performance point is read as 0.253m and spectral

displaécment is read as 0.760 m/sn’. Therefore hysteretic damping for the third iteration is:



| 5. = 0.637(S4Su =S4, S.) 0.637(0.74* 0.253 — 0.083 * 0.760)
= =
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(6.28)

=41%
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‘s
45 e e e e
e
1 "
i3
R
s 3\
&3 ! \ N _ B
§ Y
E 34— _._~_‘.l“.....__ .....
8 R
= ‘\
< N
‘E 2 Ao - -
s,
& 15 s,
1 ST ST o
e ——————— _______—._.:_'Z:_'_'-f:"'_-"‘:-=-'—,¢-p_.__..,.:7_._=;___ ————
- BRI PP
05 e et e e - - -
o - - - . T
0 005 ot 015 02 0.25 03
’ Spectral Displacement {m)
|[===capspeC -~--- ITER1 —- —-ITER2]

035

‘Figure 6.6. Second iteration demand and response spectrums for building composed of

" K, 1s:

150x20 structural walls

For hysteretic damping, £, greater than 25 per cent, damping modification factor,

0.446(S S, —S. S
K=O.845—‘ ; ( ay"™ di dy ax)
SaiSa'i

0.446(0.74* 0.253 — 0.083 *0.760)

=0.845—
X 0.760%0253

=0.56

Effective viscous damping, B.y, is then calculated by:

By =KBy+5=0.56%41+5 = 28%

(6.29)

(6.30)
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So, damping coefficients Bs and By are calculated as:

212 ,
B =224 For Short Period (T<0.4 631
S~ 3,21-0,681n(28) | orShorteriod (T<04) (631

1,65

B =1.75 For Long Period (T>0.4 6.32
* 7 231-0,41m(28) ror Long Period (T>0.4) 6.32)

According to Figure 6.7 for third iteration spectral displacement for performance
point is 0.242m and spectral acceleration is 0.763m/sn’. Since the deviation between
performance points from iterations 2 and 3 is 4 per cent, th1rd 1terat10n performance point

is the final performance pomt.
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Figure 6.7. Third 1terat10n demand and response spectrums for bulldmg composed of
150x20 structural walls

, The base shear at which the building is displaced to performance ‘point is given by
Equation (6.33).Where S, is the spectral dlsplacement at performance pomt and M, is the

effectlve mass.,
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V,=8,*M,=0763*%320 = 244KN (6.33)

The amplification factor at which the building is pushed until performance point is
- calculated by Equation (6.34) '

2.4 (6.34)

o, = = =
P4xp 4*0.625
Base moment at performance point is then: l
M,=Ma, +M,0, =537%95+537%2.4=523KNm (6.35)

So, total rotation of the plastic hinge is given by Equation (6.36)

M, M,-M, 510  523-510
26E+5 7.28E+2

= 0.0198rad (6.36)

6.3. Pushover Analysis for Building Composed of 300x20 Structural Walls

For the building given in Figure 6.8 contribiitions of perpendicular walls are
| neglected and walls parallel to earthquake direction are modeled according to enhanced

equivalent column model in Sap2000 [8].

For the inverted triangle loading normalized to unity at top displacement; base
shear is 0.625 KN and base moment is 5.31 KNm for each of the structural walls. Since our
design base shear, which was found in Chapter 5, is 828 KN; for building composed of
300x20 structural walls in the earthquake direction the amplification factor is then:

g 828 _
1 4%0.625

331 ; 637)



69

4 Earthquake N
Al v
1300
300 350 i 350 300
P1 300/20 P1 150/20 P1 300720
S S
<t <t
®— =2 | I [ =
0 0 0 0
< < < N
(=] (3 (=1 B (=2
41 1] 4V [4¥]
8 V] o [1V] o g
< o o o o <
P1 300/20 P1 1S0/20 P1 300/20!

3A00 350 %Ov 350 - 300
6 o b b 4

Figure 6.8. Plan view for building composed of 300x20 structural walls

By rearranging Equation (6.1) yield base moment is calculated by Equation (6.7).
M, =Ma =531%331=1758KNm ' (6.38)

To maintain conformity with analysis and design a 300x20 structural wall which is
effective yield moment is 1758 KNm is \designed.

According to Figure 6.9 EI effective is 1.41E+06 KN-m’ and yield EI effective is
4.28E+03 KN-m®. Hence, the calculated modification factors and NLLink -directional

properties are given in Table 6.1.

Pre-yield médiﬁcation factors and NLLink directiongl properties are reentered and
the system is pushed with inverted triangle loading normalized to unity at, top storey. Top

storey displacemeht is read as 1.74E-4m and elastic top storey displacement is then:
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A, =174E -4*331=0.058m (6.39)
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Figure 6.9. Moment-Curvature relationship for 300x20 structural wall

Table 6.2. Modification factors and NLLink directional properties for 300x20 structural

wall
El I N R3 | U2
Effective | Effective ig M.F. KN-m KN/m -
KN-m2 m4 m4

Preyield ,
(Elastic) 1.41E+06 | 4.70E-02 | 4.50E-01] 0.1044 | 1.41E+06{1.69E+07

Postyield 4.28E+03 | 1.43E-04 [ 4.50E-01| 0.0003 |4.28E+03 | 5.14E+04

Once the elastic top storey is found, post-yield NLLink direcfional prbperties are
entered -to the model and system is pushed with inverted triangle loading normalized to
unity at top storey. The top storey displacement is 0.0159 m; base shear and base moment

| for each of the strﬁctural walls are 0.625KN and 5.37 KNm respectively. For ultimate
moment 1945 KNm, the amplification factor o is giyen by Equation (6.40) | '



71

oM, -Me 1945-1758
M, 5.31

=352 (6.40)

Ultimate base shear is calculated from:

Vv,= 4% (12 + V,0,) = 4%(0.625%331+0.625* 35.2)= 915KN .(6.41)
Ultimate displaceinent is given by: ;

Au=A@, +A,a, =1.74E - 4*33]1 + 1.59E —2%352=0.62m | (6.42)

Force displacement curve is plotted for the structure and it is converted to capacity
spectrum by dividing the horizontal ordinates. of force-displacement curve by First Mode
Part1c1pat10n Factor for top displacement, y,, and by dividing the vertlcal ordinates of
force-displacement curve by Effective Participating Mass, M.. By assummg the first mode
shape as inverted triangle normalized to unity at top storey Yais found by Equation (6.43).

, 2.332%(1+0.75+0.5+0.25+0) ,
Yy =1%—2 , — =133 (6.43)
| D0332%(12 +0.752 +0.5% + 0.25% + 0?)
i=1 '

Effectlve partlclpatmg mass is given by Equation (6.44), takmg storey lnertla mass
332 toms.

M, =133= Z332*(I+075+050+025+0)-1104tons C (644)

i=l

Spcctral yield displacement and ultimate spectral displacement are given by
- Equations (6.14) and (6.15).

8, ==X =" _ 0.044m | (6.45)
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S, =B8e 062 0 om | (6.46)
1.33 |

n

Spectral yleld accelera‘uon and ultimate spectral acceleratlon are calculated by
Equatlons (6.16) and (6.17).

‘ v,
Sy =t 1—81‘% =075misn® . (647)
= A—Z‘— = 191% =0.83m/sn* (6.48)

e

Force displacement curve and capacity spectrum are illustrated in Flgure 6. 10 and

Figure 6 11 respectlvely

1000

TO0 e e e e e o e e e e e e o

Base Shear (KN)
g 8

[l

I

\

!

i

}

0 0.1 02 03 04 05 08 . 07
Top Displacement (m) :

Figure 6.10. Force-displacement curve for structure composed of 300x20 Strugtural walls
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Figure 6.11. Capacity spectrum for structure composed of 300x20 structural walls

In the first iteration spectral displacement and speciral acceleration for the first trial
performahce point is selected as 0.19m and 0.78m/sn® respectively according to equal
displacement approximation. Hysteretic damping is then calculated from Equation (6.49)
which is given by ATC40 where, Sy is the spectral displacement and S,; is the spectral

~ acceleration for the performance point selected.

. 0.637(S, S =S5 Su) _ 0.637(0.75*0.19-0.044%0.78)
- _

= 46% 6.49
S8, - 0.78%0.19 » o (649

- For hysteretic damping, By, greater than 25 per cent, damping modification factor,

K, is:

0.446(S,,S,, -5, 5.,
i = 0.845 - 220805 =54 Su)
SaiSdi

(6.50)

0.446(0.75*0.19 — 0.044*0.78)

 k=0.845- =0.52
=0845 T 0.78%0.19 }
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Effective viscous damping, f.g, is then:
By =KBy +5=0.52%46+5=28.9% ‘ (6.51)
Hence damping coefficients Bs and B;, are calculated as:

B, = 212 =2.30 For Short Period (T<0.4) (6.52)

3,21-0,681n(28.9)

1,65
LT 231-0 ,411n(28.9)

=177 ForLongPeriod (T>04)  (6.53)

In ATC 40 maximum value for Bs is defined as 2.27 for structural behavior type B,
so Bg value is set to 2.27. Elastic response spectrum converted to ADRS format is reduced
with damping coefficients calculated above and is plotted on the same chart with capacity -
spectrurﬁ. |
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Figure 6.12. First iteration demand and response spectrums for building composed of
| | 300x20 structural walls
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~ As can be seen from Figure 6.12 our new performance point is the intersection of
inelastic response spectrum and capacity spectrum. Spectral displacement of the
' 'performance point is read as 0.23 m and spectral displacement is read as 0.78 m/sn’. Hence

- effective damping for the second iteration is:

0637(S ySd ~S5S4) _ 0.637(0.75*0.23 - 0.044 % 0.78)
.S, , 0.78*0.23

0~

=49%  (6.54)

For hysteretic damping, @, greater than 25 per cent, damping modification factor,

K, is:

0.446(S,,S; - S,,S,;)

- k=0.845- 6.55
SaiSdi ' ( )
* *
K= 0.845— 0.446(0.74*0.23 - 0.044 078) ~051
0.78*0.23
Effective viscous damping, S, is then:
By =6, +5=051*49+5=300% (6.56)
Therefore damping coefficients Bs and By are calculated as:
212 \ - |
o= =2.36 For Short Period (T<0.4) (6.57)
3,21-0,681n(30.0) _ ’
165 . . -
B, = =1.80 For Long Period (T>0.4) (6.58)

2,31-0,41In(30.0)

In ATC 40 maximum value for Bs is defined as 2.27 and B; is defined as 1.79 for
structural behavior type B, so Bs and By, values are set to 2.27 and 1.79 respectively.
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Flgure 6.13 represents the updated melastlc demand spectrum together with the

inelastic demand spectrum found from iteration 1.
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Figure 6.13. Second iteration demand and response spectrums for building composed of

300x20 structural walls

Spectral displacement of the performance point is read as 0.223 m and spectral

- displacement is read as 0.784 m/sn”. Since the deviation between performance points from

iterations 1 and 2 is 3 per cent, third iteration performance point is the final perforrriance

point.

The base shear at which the building is displaced to performance point is given by

Equation (6.59).Where S, is the spectral displacement at performance point and Me is the

effective mass.

V,=8,*M,=0.784*1104 =865KN

©(6.59)

The amplification factor at which the building is pushed until performance point is

calculated by Equation (6.60)
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oY =
a, =—— =T, =14.8 (6.60)

Base moment at performance point is then:
M,=Mze, +M2ap.= 5.31*331+5.31*14.8 =1836KNm (6.61)
So, total rotation of the plasﬁc hinge is given by Equation (6.62)

M, M,-M, 1758 . 1836-1758
R 141E+6  428E+3

=0.0195rad (6.62)

3py
6.4. Comparison of Design and Analysis Results

When foimulating target displacement profile it was seen that yield curvature is a
function of wall length, se elastic displacement profile is different for various structural
wall sections. To better understand the effects of wall length in the design procedure

150cm and 300cm length structural walls were considered.

While evaluating the acceptability of desigﬁ, two criteria are considered: (1)
conformity in system target displacement, (2) conformity in total rotation in plastic zones.
Pushover analyéis results in terms of total rotation in plastic zone are so that they perfectly
match the design total rotation lumt Deviation is only 1 per cent for building composed of
150x20 structural walls and 2.5 per cent for 300x20 structural wall building,

When we look at system target displacements, we see similar agreement \ﬁvithv
design and analysis results. Error is 7 per cent and 6 per cent for buildings composed of
150x20 and 300x20 structural walls ‘respectively. Divergence is probably due to the
estlmated elastic displacement profile and due to deviation from presumed slope ratio of

0.05.
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7. CONCLUSIONS AND RECOMMENDATIONS

The objective of ﬁe displacement-based design is to provide a rational seismic
design based on a pre selected performance level. There are two key points in the design
procedure, which are: (1) A mathematical model to estimate target d1splacement profile;
(2) an effective damping as a measure of energy dissipated through hysteresis loops. A
procedure for displacement-based design presented by Kowalsky [5] was examined and it
was seen that the original mathematical model used in estimation of target d1splacement
- profile leads designer to elastic design for especially slender walls. Also effective damping
was found to be conservative when compared to ATC40 procedure s0, ATC40 proposed
effective damping values were used. Original mathematical model in estimating target
displacement profile was revised by setting the total rotation that takes place in plastic zone
as design restraint. Target displacement profile was than reformulated to snep shot the top |
- storey dlsplacement at the instant of limit rotation at base. To assess the goals of design, a
series of designs and analyses were performed on structural wall bulldlngs with vanous

wall section conﬁguratlons The outcomes are as the following:

i.  Target displacement profile suggested by Kowalsky [5] includes elastic rotations at
top storey level which is proportional to the wall height. For higher wall aspect
ratios this top storey elastic rotation increases so that there is left limited room for
plastic rotation within a specified drift limit. Therefore, ductility ratio decreases to
an extent that it becomes an elastic design for high wall aspect ratios. For this

| reason yield base shear increases as stiffness decreases, which is in direct contrast
to code proposed demand spectrum. »

ii. F or a given section dimensions, variation in strength in other words reinforcement ‘
content has almost no effect on displacement profile of the wall and total rotation in
plastic zone. However it is seen that, target displacement profile est1mat10n In walls
having greater lengths is closer to the actual deformation pattern.

iii.  Effective damping values proposed by Kowalsky [5] are conservative and they
generally match Type C buildings which are defined as poor existing buildings by
ATCA40 [7]. Therefore, effective dampmg values for Type B buildings, which are -

new buildings subjected to long shakmg duration, are- used
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There is a direct relation between wall length and ductility demand. Ductility

demand of walls having higher lengths is greater so confinement detailing is more

critical in such walls.

‘The design results are in tolerable limits with respect to pushover analysis results

but relatively high divergence in terms of system target dlsplacement stems from

error in estimation of elastic displacement profile. Since mathematical model for

. estlmatmg elastic d1sp1acement profile is based on the double integration of

curvature along the wall height, a more detalled work on curvature is

recommended.
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