STUDY ON ARRANGEMENTS OF ASEISMATIC ELEMENTS
By SUKENOBU TANI®

1. Introducticn.

This paper is the report on ctiffness and lateral
force distribution in the frame with aseismatic elements
(bracings or walls). It has been well known that aseismatic
bracings and walls to arrange in the frame are very effective
against earthquakes. However, we have few studied the
subjects on the reasonable arrangement of aseismatic
elements. Aseismatic elements to be arrange continuously
to a vertical direction have been recomended customarily.
But, this arrangement has some weak points as follow;
Structural planning is restricted, and in addition to, lateral
force distribution of aseismatic elements decreases at the
higher portion of the structure. Sometimes, contrary effect
come out.

This paper showes that dispersive arrangements of
aseismatic elements at each story increase freedom of plan-
ning and make uniform lateral force distribution at each
story, so that we may rationalize the arrangement of
aseismatic elements.

In the first, we will discuss theoretically stiffness
and lateral force distribution on the continuous arrangement
which have been adopted customarily, and in the next, we
will discuss those of the dispersive arrangements and
indicate the results of the experiment used the steel model.
Lastly, we will discuss the character of the arbitrary
arrangements by means of Stress-Controlled Calculation and
compare the above results with the experiment used the
achlilite model.

2, Stiffness and Lateral Force Distribution on Continuous
Arrangement of Aseismatic Elements.

Stiffness and lateral force distribution on the contin-
uous arrangement in elastic range will be required by finite
differences and be discussed.

(2.1) Stiffness and Lateral Force Distribution on Contin-
uous Arrangement of Bracings.

Consider the structure that is the symmetric plan, as
shown in Fig 1. It is assumed that the each of frames is
connected with rigid floors at each story. The elevation
of the frame is shown in Fig 2. In A and D frame, bracings
are arranged continuously, and the other hand, B and C frame
are open frames. The assumption is that the axial force
acting on the pairs of column in A(D) frame is equal to
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each other in the absolute value and contrary in the sign.

When the angle of deflection of column caused by the
bending deformation at the n-th story is deno;ed by mRan
and that of beam iS mBan » mBan 1S equal tO mRan . The
relation between the deformation and the stress at n-th
story is expressed as follow,

nRan—mRacr-11= %%%%? Q)

where, ¥a=Dbending moment at the n-th story in A frame
Asm=column area at the n-th story in A frame
E = modulus of elasticity
h. = story height at the n-th story

If the shearing force at the n-th story in A frame 1s

denoted by Qan . .
MAn =>:_\QA‘.‘R—£ }

Ma(n-t)-%Q“ﬁt
When h, is the same at each story, hs, may be replaced

@

by h.
Substituting Egs. (2) in Eq.(1)
2 $
nRan— mRan-1)= ‘7&;%‘2‘! g: Qan €))
similarly,
. 2 s
nRA(n-l)“nRA(A-a)‘ E%;%;é’f ’g QA 4)

when Aan 1S the same at each story, it is replaced by A.
Subtrating Eq.(3) to Eq.(4), if (n-1) is replaced by n,

mRacren=2mRant mRac-0=—mKa Qan O
t 3
where, "K"KZE'LF (bending softness coefficient) (6

%hen the beam is much larger than column on stiffness,
the shearing deformation in A frame is,
ﬁ’.

Ran = 7
sia A..:ﬁ.: CMaO) Qan (N

where, sRiy=shearing deflection angle at the n-th
story in A frame.
Ay =Dbracing area in A frame -
. Ia=moment of inertias of column in A frame
é. -;Ijnith of bracing
==inclination of bracin
denoting <K, as follow, ine

2

K= A TE (shearing softness
4EI, (6+ 1. o60) coefficient ) ¥
Substituting Eq.(8) in Eq.(7)
sRan=sKa Qan (Ta)

Then, as the total deformation is the sum of the bend-
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12g and the shearing deformation, the below expression is
given,

mAan + SRAn.== Ran 9
similarly, in B frame
_ mRen+ sRen= Ren o)
If Rap=Rga=K., combining Eq.(5) and Eg.(7a),
Rinei 2R Ren-177 Ka@acnery~ (mK st 25 Ka) Qant s Ka Qacn-iy (12)

Bince B frame is open, the deformation of B frame may
be considered mainly the shearing deformation, so the fol-
‘lowing expression is given, .

&
sRen=Ren=Rn= 37ET; @Qen a3)
where, Ig=moment of inertia of column in B frame.
sKg is denoted as follow,
a

sKe = 24—.'& Ie (4)
Substituting Eq.(14) in Eg.(13)
Ra=sKs Qen (3a)

Combining Eq.(5) and Eg.(7a), but Eg.(1l5) is given by
using Eq.(17) .
Renen=r Rt Ren-n=(24-8)(S+1)P-(2A-B)Pn (15)
where, |
p= 2+(mKa+2s Ka)sKe_

1+ ‘ﬁ- ‘ 16)

- Ka - ma+2a K

A '+ E 1N ] ? B , + S\g
dant Qan= @n=(S-N+1D P - "
The sJ%ﬁ%ioﬂnof ﬁq.(ls) is, : o
Ru=C inAPns-Ca coshpnr 2828 (5+1-n)P ()

[ ) P
(o coshP=—7%5)
where, ¢, and ¢, are constant to be determined by boundary
conditions. In the boundary conditions that i1s the fixed

end at the base of the 1lst story and is the framed struce-
ture of the S-th story, C, and C, are given as below,

Cm T, (Poooh s~ cosh(s-19) - Ul coshaP-ProskY)

' (aaR 2P-PainA L)ook SP-Cadh(S-1)Y)- (cok2P-Peoch N FainAS P-ainh(S-1)F)
—U (PainhsP-ainhS~-1)P)+ Ua(ainh29-Painhe) &

Ca™ Cainf29-Proint oo s F-cooh(s-1)9)-(coshaPpeooh s )(PainASg-oirhi(s-1YF)

"here: g((s-DA-5B-3L ((s-»-1s} ) P
Ur(B-2A-383B (#~2)] P @)

= I+(m&A+$KA)"‘R"“. B=mKatsKs
F b+ 4R ’ N

If Ry, has been required, Qp, may be obtained. Consid-
ering Qu=Qn— Qan, lateral force distribution ratio on A
frame against B frame may be obtained as follow,

: AN
Dn= -%I;- : (@)
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is the resmits of numerical calculation, the following

~haracter is indicated.
1.7he higher the story became, the smaller lateral force

distribution ratio became,

2.The distribution ratic took a negative valiue at the
higher stery of the structure which had 9 or 10 stories.

3, The fewer the story order became, the larger the dis-
trivution ratio at lst story becane.

4. At the story of the same order from the top, the fewer
the story order became, the larger the distribution ratio
became.

£. At the lower story, the shearing deformation was large,
and at the higher story, the bending deformation was large.
(see, Fig. 4,5,6,7). ,

(2.2) Stiffness and Lateral Force Distribution on Continuous
Arrangement of Aseismatic Walls.

Same as in the bracings, we may obtain the egquation to
give Rn on this case., In A frame, instead of Aan that is the
column area, the equivalent column area A, is adopted and
is given approximately as follow,

An=Aan+ Lo (22)
where, Aw.=horizontal sectional area of the aseismatic
wall (t.-2), conseguently, the bending softness coefficient

nK.q is, 2

Ko — 24 .

mivp = ZE!" , (23)
also, the shearing softness ccoefficient (K, is, '

Ha=2EGT2 (24)
where, V = Poisson's ratio ,
# = constant to be determined by the shape of the
section.

Stiffness and lateral force distribution were the same
results that had been obtained in the bracing. (see Fig. 8)

3. Stiffness and Lateral Force Distribution on Dispersive
Arrangement of Aseismatic Elements.

(3.1) Calcuiation of lateral Force Distribution Ratio by
means of Simultanous Equation,

Cons;_‘.der.the general aseismatic bracing's arrangement
as shown in Fig. 9. The shearing Force acting at the n-th
Story in A frame is denoted by Qusn, and at the n-th story
in B frame is denoted by Qg., where,

QantQ@en=Qn (25
The relation between the angle of deflection caused by the
bending deformation and the shearing force at the n-th
Story in A frame is .

. t
mRan~mRA(-1)=mKan 21 Qai @6

where, »Kin=the bendi -
A Frams » nding softness at the n-th story in
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mBan=the angle of deflection caused by bending
deformation at the n-th story in A-frame
Similarly, at the n-th story in B frame

S
mRen~mRamn-n=mKen 3 Qei 2n
where, ,Kga=the bending softness at the n-th story in
B frame

mRga=the angle of deflection caused by bending
deformation at the n-th story in B frame.
Also, the relation between the angle of deflection
caused by the shearing deformation and the shearing force
at the n-th story in A frame is given by the following

eguation,
sRAn."_-' sKan® QAr\ (28)
where, (K,,=the shearing softness at the n-th story in
A frame

sRan=the angle of deflection cavsed by the shear-
ing deformation at the n-th story in A frame
Similarly, at the n-th story in B frame.
sRen= sKan* Qan (&%)
The total angle of deflection is obtained by summing
the angle of deflection caused by the bending deformation
and the shearing deformation, and that is

mRan+ sRan= Ran (30)
and, wmRen+ sRen=Ran : (31)
then, as,in Eq.(30) and (31), Rant+Rgn
- mRant sRan=mRantsRen (32)
mRa1, mRaz,--------- ,mRan---,mRas can be required from Eq.(26).
Similarly, mRei,mRea,~------- ,mRen--- ,mRg; are required from E

(27). Substituting the value of them, Eq.(28) and Eq.?29)
in Eq.(32), the following equatiom At the n-th story may be
obtained,

($MKAL+$MK55.)QAS+( E?;mKAi_'i‘ zr::.\KB‘_) QA(S-!)  emmmm -
+($‘KAL+$MKN)QM"")+{($"‘KM‘* E?ZMKBL)‘*'(SKAn*‘sKM)} @.an

+( ﬂme‘.ﬁ- i:iMKM)QA(n-D"' """"""""" + {mKar+ mKs1)Qar

=( Zthai)Qsﬂ-( $mKn¢) Qes-n¥-----—=—- +( Z'::'MKB«',) Qen+)

+( Z:\-ZMKBL*' sKen) Qnt ( '"ZfimKat)Q(n.-l) ity +( i:mKa\l) Q-
+(nKe) Q, 33)

Consequently , the shearing force at each story in A
and B frame may be required from setting up the simultaneous
equations to be equal to the story orders in a number, and
the? lateral force distribution ratio may be determined from
Eq.(21). ,

As the results of numerical calculation, the following
facts is indicated.

1.In the continuous arrangement of aseismatic elements,
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the lateral force distribution ratio was smaller than what -
considered only the shearing deformaticn at the same story
on the higher portion. In the structure that had many
stories, the distribution ratio at the higher story tock a
negative value.

o. When aseismatic elements was arranged dispersively
at one story at least, the distribution ratio at each story
was larger than that at the same story on the above condi~
tion 1. But, the parts of continuous arrangement kept the
the character of itself.

3. In uniformly dispersive arrangements of aseismatic
elements, the distribution ratio at each story was nearly
equal to what considered only the shearing deformation.
(see Fig. 9,10,11,12,13)

(3.2) Comparison of Stiffness on Arrangements with Steel
Model,
The stiffness may be compared on arrangements of
aseismatic bracings with the model of a steel framed struc-
ture in which is inserted bracings, as shown in Fig. 14,15.
The equivalent external force is given parallel to the
ridge direction at each story, so that the following facts
is indicated.

1. In the continuous arrangement of aseismatic bracings,
the deformation is the largest of all, that is to say,the
stiffness is the smallest.

2. In the uniformly dispersive arrangement of aseismatic
bracings, the deformation is the smallest, that is to say,
the stiffness is the largest.

3.In the arrangements which exist between 1 and 2, the
deformation exists between 1 and 2, so that the stiffness
exists between 1 and 2. (see Fig. 16)

4. Stiffness and Lateral Force Distribution on Arbitrary
Arrangement of Aseismatic Elements by means of Stress-Con-
trolled Calculation.

In the case that aseismatic elements are arranged
dispersively, the determination of lateral force distribu-
tion is required from setting up the simultaneous equations
about the each of arrangements as discussed in the former
chapter. But, that method is difficult, and then the
practical method will be introduced in this chapter. This
is the method to require lateral force distribution from
being aware of both the stress of aseismatic elements and
columns on arbitrary arrangements of aseismatic elements.
This method is styled "Stress-Controlled Calculation”.
it Stgss-ﬂontrolled Calculation may express the bending
axiﬂmst ons on arrangements of aseismatic elements with the
datemt?gs of the each of columns, and their shearing
Sogorm ons are expressed with the axial stress of aseis-

p ool amtséh Then, observing the each stress discribed
In this metrs e calculation may be put gradually foreward.
| method, basing the aseismatic elements and the shear-
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ing stiffness of general frames, lateral force distribution
of arbitrary arrangements may be required by multiplying the
correct coefficients caused by the relative bending defor-
mation.

Consequently, to determine latsral force distribution
is comparatively easy in any arrangement. Also, through the
medium of the stress of the structural elements, the un-
reasonable stress condition may be discovered on & way of
the calculation, so that, reasonable lateral force distri-
bution may be determined by controlling the stress with the
alteration of the cross section. According to this method,
to determine a cross section is be possible, too, if the
distribution has been known.

(4.1) Stiffness and Lateral Force Distribution by means of
Stress-Controlled Calculation on Arbitrary Arrangement of
Bracings in Elastic or Plastic Hange.

In this chapter, we will derive the fundamental ex-
pression to determine lateral force distribution on aseis-
matic bracings which are symmetric arrangement in elastic
or plastic range. Now, when aseismatic bracings to be
arranged at the n-th story in A frame have reached the
yield stress6, , and exist in the perfectly plastic range,
the angle of deflection based on the shearing deformation
is, (Fig. 17)

sRan=Kon'sRo= Kon" ‘E—J%"z—é';"‘ (34)
where, Kon = —%%:L . (35)

Then, the total angle of deflection at the n-th story
in A or B frame, that is Ranor R.n, may be given as below,

RAV\“(E QQJ\) KonT E.l, Z Y 36)

Ren= 9_52{1 Qent EL igah hoi a7
where, Ran=Rgn 2nd if Ahn=Aan“An s

(2285 Kon+ 2 52 (Suim Gad)hi} Ao fagen 8
Then, Eq.(38) gives the following equation for lateral
force distribution at the n-th story Dn,
Dn= a n?\ = :ﬁ:ﬂ ‘Masn = SDBn. SRES- McaBin &)
where, (Ks,=shearing softness coefficient at the n-th

story in A frame('ﬁ—ﬁ
sKgn=shearing softness coefflcient at the n-th

story in B frame( é

sDan =lateral force distrlbution coefficient of
shearing deformation at the n-th story in A
frame

sDpn =1lateral force distribution coefficient of
shearing deformation at the n-th story in 3
frame.
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— the correct coefficient caused by the ;ela‘give
Ao bending deformation of lateral force distribu-
ion of B frame for that of A frame at the

n-th story.
where,/uwm is given as below,

=1

i
== — - o
/B [K 4 2n28n, g(&rﬁ}a)ﬁi] 40
on -2. 6-"

Fhen the axial stress of the aseismatic bracings at the n-th
story is denoted by &un, the following expressions 1S ob-
tained, :

if 6,86, (in elastic range) -------- 6o=67n, Kon=1 .
if 62.>6,(in plastic range)-------- 67,=63, Ko=§'—§“" >1 @
in the above, if Hfi=R , Kon 1S ‘ st
—sRan _ 20l ¢ £H (Qen\_ G
on= 50 - 20 (LR (2R0) - 25 (ORm i) (42)

¥ith the above way, lateral force distribution of
tracings in elastic or plastic range may be required. That
is to say, when MUpgn=1 1is assumed, the lst approximate
value of D. may be given from Eq.(40). The distribution 1is
obtained by repeating the similar calculation. Next, we
derive the fundamental expression to determine the distri-
but%on on aseismatic elements which are asymmetric arrange-
ment.

In Fig. 18, the center of rotation is a point 0. The
distance between that point and the each of A,B,C,D,1,Z,
at the n-th story is denoted by Xan, Xen, Xen, Xon, Yin»
Yan . The relation between the total angle of deflection
Ran and Rp, at the n-th story in £,B frame is shown below,

Ran= Rgn ()x(f‘;)r- Ren* Xcagin ' 43)

then, when the bracings which arrange at the n-th story in
A,3 frame is in plastic range, Raan and Rg, are shown gener-
ally below, v :

n

Ran=sKan' Qan-Kon— .Eéf P 6;,?&,; ) @4
Ren= sKen'Qgn *“ng ?2.; Cact; ' | . @45)

Substituting Eq.(44) and Eq.(45) in E (43), lateral
force distribution Deagyn 1S g;*?en below, & .

_ 8m —sDan __sDai .
Dusin 3 sDan /1B = :D;x - X¢agan M nByn _
=Dlaein Xcag)n (46)

where,

. __ sDan
Diasin = fp—:!’-‘; M amyn

Masm= L |
( Kont 355_12{_-5__ 5 Sncke ~ (3 63ehd) Xean }] &0
An ;
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then, Ken and X¢aem are given as below.

im&-—(ﬁ,mm)x A8
Qer\_2sD ALTLL 8 (G378
Kon= [sDan Xcapom ( :n SE.QAn Qan }] 48

Kon= [ 3 Duamn+ Deceynt 6 Diomn+2D0s)n {}_Q_é_;_&\)_} ] @)

i+3 D(Aa)n D(ce)n"3 cha)n

Like the above, the expressions to determine lateral force
distribution in the. case of accompany with a rotation are
somewhat complicated. But, the distribution may be requir-
ed from the repeated calculation to have been discussed in
former. The numerical calculation is shown in Fig. 19.
This result corresponds to what has beern discussed in the
former chapter.

(4.2) Stiffness and Lateral Force Distribution by means of
Stress-Controlied Calculation on Arbitrary Arrangement of
Aselgmatic Walls in Elastlc or Plastic Ransge.

The fundamental equation to determine lateral force
distribution on aseismatic walls of the symmetric arrange-
ment in elastic or plastic range, may be required similarly
with the way of bracings. (Fig. 20) Now, when the asels-
matic walls to be arranged at the n-th story in A frame
have reached the shear yield stress and exist at the per-
fectly plastic range, the angle of deflection.based on the
shearing deformation is,

sRan=Kon' sRo=Kan- 2 (1+1) L= (50)

where, #={ 1s assumed. In this case, the total angle of
deflection at the n-th story in A, B frame, that is Ran, Ran,
is given as below,

{2(|+D)?o}_ Kon*‘“‘z' Z':‘:I Sahe N
R—an——-—z—gﬂfr——Qan +—21-g:?|6’ Ry (52)

where, Rp,=Rgn and if AM-: Agn=Ap,
{2( 1+W) T Kor\:i" -—-E (GZL 6—5(_)‘&.(,} A '%" an 53

Then, Eq.(53) gives the following equation to determine
the distribution at the n~th story,

%ﬂ: ':“:f\‘/“( Byn = :D';" Measm (54)

where, the correct coefficient is

= ' 5

i I é}(«s*--saom] %)
ATEDTN To

When the axial stress acting on the aseismatic walls at the

n-th story is denoted by TZu.n.
1f Twns7%(in elastic range)----- To=Twn, Kon=I }’

(56)
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if 7..>7.{in plastic range)----- 'ZM=’ZQ,K,,=S£‘;" > )

Also, if R=%, K,, is given as below,

R £ 1 (AR /Qen\ <Porpe . o .

Lixe the above, lateral force distribution on aseis-
matic walls in elastic or plastic range, may be required.
The method of th:s calculation corresponds to that of
bracings. The fundamental equation to determine lateral
force distribution on asymmetric arrangement may be treated
as Egs.(46)~{49).

The numerical calculation is shown in Fig. 21.

{(4.3) Comparison of Experimental Results of Achlilite
¥odel and Results of Stress-Controlled Calculation.

We indicate the experimental results on stiffness and
lateral force distribution with the achlilite to hold
bracings, as shown in Fig. 22. When the horizontal lcad
apply parallel to the plane direction of the arrangement
shown in Fig. 23, stiffness of each type which is expressed
by the horizontal displacement at the highest story, is
shown in Fig. 24. The ordinate shows the number of bracings
to be arranged in the each of ridge direction that has 3
spans. According to this results, the maximum horizontal
displacement was shown at the continuous arrangement, and
the minimum value at the uniformly dispersive arrangement.
Fig. 25 (a) ~ (d) show leteral force distribution modulus
Anon the arrangements of beam direction. In that figure,
solid lines show experimental values and dotted lines are
valvues by Stress-Controlled Calculation. According to the
above, the profit of dispersive arrangements has been indi-
cated, and the experimental results almost correspond to
the values of calculation. The above does not contradict to
the results with the steel model or the numerical calcula -
tion discussed in the former chapter.

(4.4) Fundamental Equations of Stress-Controlled Calcula-
tion on Reinforced Concrete Construction.

Considering the character of reinforced concrete which
contains the shearing deformation of aseismatic elements
and the bending deformation mechanism on the whole struc-
ture, in order to revise the equivalent axial stress of
kzracings and columns, we introduce newly the correct coef-
ficient of shearirg stiffness and bending stiffness. And
then, Stress-Controlled Calculation is revised like the
ggﬁewﬁg .’;i ggssible tg gxpress the change of lateral

stribution cause arrange i the
of the external force, d angepents with the change
The above result is shown as follows,

N = 2an _ (D )
D“‘ﬁ;—n‘ (SSD‘::\):. AlLcagyn

(58)
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f‘ma;n-«-—- _ s% on ’xfaam _ -
ey BB TECE T ]
Lan
sfan

where, sg,=correct coefficient of shearing stiffness at the
n-th story in A-frme.

skga=correct coefficlent of shearing stiffness at the.

n=th story in B frame.

mBpai=correct coefficient of bending stiffness on com-

pressive axial force of column at the i-th
story in A frame.

whgy=correct coefficient of bending stiffness on com-

pressive axial force of column at the i-th
story in B frame.

wkyi=correct coefficient of bending stiffness on

tensile axial force of column at the i-th
story in A frame.

wlgi=correct coefficient of bending stiffness on

tensile axial force of column at the i-th
story in B frame.

6 i=compressive axial stress of column at the i-th

story in A frame.

Ggai=compressive axial stress of column at the i-th

story in B frame.

Bami=tensile axial stress of column at the i=-th story

in A frame.

6a;=tensile axial stress of column at the i-th story

in B frame.

(sDm)y=1initial shearing stiffness at the n-th story in

A frame.
(Dw=1initial shearing stiffness at the n-th story in
B frame.

The results of calculation on the continuous and dis-
persive arrangements is shown in Fig. 26. We may know the
character of lateral force distribution on each arrangement
with the change of external force.

€. Conclusion.

In this paper, at first, the continuous arrangement to
have been adopted customarily was discussed and that lateral
force distribution was required newly by finite difference
and the contrary effect was indicated. At next, uniformly
dispersive arrangements are especially effective, was indi-
cated. At the later, Stress-Controlled Calculation was
introduced, that is what may require easily lateral force
distribution on arrangements of aseismatic elements.

Through the examples, lateral force distribution on the dis-
persive arrangements was shown.
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We thinx that the freedom on sturctural planning in-

crease by means of using stiffness and lateral force dis-
tribution on the arrangements of aseismatic elements.

1.

2.

5.

Te
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