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SYNOPSIS

An energy dissipation factor defined as ratio between the energy stored
in the structure at ultimate stage and that at yield point, is proposed.
Practical apolication of the factor is given for cqupled shear walls, assuming
an upper triangular load pattern to simulate the dynamic effect of earthquake
motion. This factor may be compared with ratio of energies expressed by the
ratio between the squares of the spectral velocities for a given critical
damping factor of a strong earthquake and a moderate one on which the code

is based.
INTRODUCTION

Previous earthquakes have demonstrated that energy dissipation is a key
factor in explaining the behaviour of structures during strong motion earth-
quakes. Reflecting this experience it has been suggested that aseismic design
should consist of twe steps: (1) elastic design sccording to codes which gene-
rally simulate moderate earthquakes, and (2) 1limit design Tor stromn: earth-
quekes. The first ustep is already accomplished by using well established prin-
ciples in the theory of structural dynamics. For the second step design proce-
dures based on energy considerations have been proposed, but they seem to be
to sophisticated for design practice. The need for simplicity in practical
design requires that the second step should take the form of pseudo static
method as well. Many codes avoid the second step, by reyuiring a ductility
factor and by introducing a penalty for structures not meeting these require—
ments. These requirements have only a qualitative basis without any quanti-
tative criteria to predict the strength of the earthquakes for which the
structure will resist at limit. In modern structures the nonstructural ele-
ments have a very low ability to dissipate energy and may be neglected. For
such structures a more rational criterion to qualify quantitatively the ability
of a structure to resist at limit a given earthquake may be formulated on
energy basis. The proposed energy dissipation factor is defined to be the
ratio between the elastic energy stored plus energy dissipated by plastic de—
formations when the structure reaches its limit stage, and the elastic energy
at yield point stored in the structure. This factor may be then compared with
the ratio of energies expressed by the ratio between the squares of the spec-
tral velocities for a given critical damping factor of a strong motion earth--
quake and a moderate one on which the code is based.
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The paper presents the practical application of the energy dissipation
factor in designing coupled shear walls (see Fig. la). The ability of these
structures to dissipate energy by plastic deformation is a direct function of
the rotational ductility factor at the coupling beam supports. Given charts
may be used directly to establish the energy dissipation factor for coupled
shear walls and associated with it, the rotational ductility factor of coupling
beams. The charts were celculated for an upper triangle lateral load pattern
which is very often used to simulate the dynamic effect of earthquake motion.

For analysis of the coupled shear wall the laminar approach was applied.
In this technique the coupling beams formed by vertically arranged uniform
openings in a wall are replaced by infinetisimal elastic laminas of equivalent
stiffness (see Fig. lb). The ultimate stages will depend on the slenderness
of the wall. For low structures plastic hinges at coupling beam supports may
develop over nearly the whole height of the wall, before one of the ultimate
stage criteria are reached i.e. rotational ductility factor at coupling besm
ends, deflection or drifi. In slender structures the plastic hinges may deve-
lop only in the middle part of the height while in the upper and lower parts
the behavior is elastic. Assuming as unknown functions the axial forces in
the walls and denoting with Qg, Qp and Qi = the axial force function in re-
spectively upper, middle and lower zones, the solution of the problem is in-
volved with solution of two second order differentisl equations for the upper
and lower zones and an algebraic equation for the middle zone. From solution
of the equations with the corresponding boundary conditions results [1,2]:

Q=YW HS{A sh BE ~ Bg ch P3¢ ~ [£/3 -§2+2(§—1)/B2]/32} (1)
Q= Qs(&1) + qy H(E-E)) (2)

Q =yWH {Al sh BE+ By ch B¢ - [(&/3-¢ +2(€;~1)/Bz]/r32§ (3)

where Ag, By, Aj, Bi = coefficients to be determined from boundary conditions;
qQu = ultimate laminar shear which may be expressed as functlon 05 the yield |
rotation Py of the coupling beam at support, quy = 12 E I* @ /(hc%), and
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The plastic rotatlon angle at the supports of the 1am1nas along the
middle zone where plastic hinges have developed is. glven by (see Fig. 2):

9o = Wy +ede, “ (6)
and accordingly, the rotational duﬁtlllty of the critical coupling beam end
will be 7 1)
(cpP max. pr)/@) t ' 7
The graphs in Fig 5 shcw ‘he value of I as function of B for variou§ vaers.
of € = qu/qe max:~ where qe dax © maximum elastic shear in the lamina(at yleld).
Recent researches [3,4] have shown that standard reinforcing of coupling beams
may supply a rotational ductility factor of 4 and with special diagonal
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reinforcing it may reach the value of 12.

The plastic energy dissipation factor is defined to be the following
retio . . w /E (8)

P uy
where Ey = elastic strain energy in the structures at yield point in the
critical coﬁpling beam and By = total energy (elastic and plastic) at ulti-
mate stage. The values of dp as function B and for various values of €
and A= Y HA?L/B2 are shown in Fig. 4 . The ability of a structure to supply
the necessary dissipated energy for a strong earthquake will be established
by comparing dp with the retio of energies induced in the structure‘by a
strorg and moderate earthquake on which the design code is based. This ratio
may be expressed as the ratio between the squares of the spectral velocities
of respective earthquakes for a given critical damping factor.

Numerical Example. A box shaped symmetrical shear core of 18 story containing
identical openings in opposite walls is considered [4]. The energy dissipation
factor was evaluated for six different assumptions taking into account the
reduction in stiffness due to cracking of the beams and shear walls. Case A:
Beams and walls crack free. Case B: All beams cracked (70% reduction in stiff-
ness), walls crack free. Case C: All beams cracked, shear wall 1 in tension
cracked (30% reduction in axial stiffness, 50% in flexural stiffness), shear
wall 2 in compressicn free of crack. Case D: All beams cracked, shear wall 1
ir compression free of crack, shear wall 2 in tension cracked. Case E: All
beams cracked, shear wall 1 in tension cracked, shear wall 2 in compression
cracked (reduction of 25% in flexural stiffness only). Case F: Identical with
case E changing between them wall 1 and 2. The ratio between the squares of
spectral velocity of El Centro 18 May 1940 earthquake and an average spectral
"&'elocity[S] is approximated to 2.72 = 7.29. Assuming a maximum rotational duc-
tility factor of 12 for the coupling heam end, the following energy dissipation
factqrs and cverall ductility factors are obtained: Case A: dp=3.5, M= 2.1,
Case B: dy=7.0, lo=3.4. Case C: dp= 8.0, hu=3.4. Case D: dp=6.1, ju< 9.1 .
Case E: dp=5.,29/~=2,9° Case F: dp=3.99 M =2.7 . It is to be mentioned that
the decrease in stiffness of the coupling beam and shear walls has a positive
effect on energy absorption capability which is more evident on the energy
dissipation factor than on the overall ductility factor.
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