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Myths and Fallacies in
Earthquake Engineering

— Conflicts between Design and Reality

t his long been recognized that our codified approach-

es [or seismic design bear a comparatively tenuous re-

lationship to expected performance. Design is based on

a static “snapshot” simulation of the dynamic event,
using methods extrapolated from approaches felt to be ade-
guale and conservative for gravity load design. A major dif-
ference between gravity load effects and seismic response is
that ultimate strength should never be developed under grav-
ity load, while it is almost certain w be developed under seis-
mic response, typically at a level of excilation that may be a
fraction of the design level for seismic attack. Further, al-
though ductile seismic response implies greater dependency
on displacements than forces. we still. as a marter of conve-
nicnee and wadition, design for specilicd force levels, and
treat displacements in a comparatively cursory way.
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When the design approach is hased on carefully consid-
ered philosophy, as in the capacity design approach pio-
nzerad in New Zealand and gradually becoming accepted in
many other seismic regions, excellent results are to be ex-
pected because the design structure is comparatively insen-
sitive to the various assumptions made.

It uppears, however, that the enormous approximations in-
volved in scismic design are perhaps becoming less appreci-
ated, rather than more, as sophisticated analytical lechnigques
become specified by codes and accepted into common de-
sign practice, as a matter of routine. [n the United States, and
1 suspect elsewhere, this has resulted in a wndency for the
functions of analysis and design to be separated and per-
formed by different specialists, The analyst is responsible lor
muodeling the structure and running the lateral force analysis
— typically a 3-D modal analysis process. Results from the
analysis are presented Lo the designer who determines mem-
ber sizes, reinforcement guantities (if reinforced concrele
construction), and detailing aspects. The analyst is typically
more involved in the analytical process than in the correct
simulation of member churacteristics, with potential dan-
gers, The result of the separation ol design and analysis tends
to be that analysis drives the design process, rather than the
reverse, which might seem 1o be more appropriaie.

There is also room to examine current design and detailing
practice, much of which is also extrapolated from gravity
load considerations. Occasionally, this process can lead us in
directions that are inuppropriate for seismic behavior. Even
when tenets of structural performance are based on purely
dynamic characteristics, such as encrgy dissipation under
cvelic response, the directions we are accustomed o taking
are not necessarily the best for survival and damuge control,

In this paper. some of the accepled seismic design and
analysis procedures are identified as “myth” or “fallacy™ —
an overstatemenl perhaps, 1o make a rather dry lopic seem
more interesting. Nevertheless, a critical examination of the
bases of our design processes is always apprapriate, since the
origins of these are often obscure, und lost in the history of
design practice, or worse, in code committee minutes. Some
of the points to be made are well known, others perhaps less
s0.

The elastic spectral analysis fallacy

The fundamental basis of seismic design is still the assump-
tion that an clastic (or modified elastic) acceleration re-
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Spectral acceleration

Perlod
Fig). 1 — Design acceleration response speactrum.

sponse spectrum provides the best means [or establishing
requined performance of a structure, The limitations of the
approach are well known, and accepted because of the de-
sign convenicnce and the lack of a viable design aliernative.
A case can be made that this is a fallacy, and thul viahle de-
sign alternatives exist, or could be developed with compara-
tive ease,

To summarnze the limitations:

|. Response is based on a “snapshot™ of structural re-
spanse; that is. response al the moment of peak base shear lor
an equivalent elustically responding structure. Duralion cf-
feels, which tend to be period-dependent, with short-period
structures suffering a greater number ol response cyeles than
long-period structures. are not considered. The merits of us-
ing modal combination rules 1o provide some insight into
higher mode effects seems hardly worthwhile when these
will have o be considered by largely empirical rules later in
the {'apﬂ.city design process,

2. The relationship between pﬂh displacement response of
clastic und inelastic systems s complex, and more variable
than commaonly 1LLL131L1.!, Varjous rules, such as the "equal
energy” and “equal displacement” rules, ara commonly em-
ployed, bul without much consistency or logic. I we consid-
cr 4 typical elastic acceleration specirum, as in Fig. |, four
distinct zones can be identified.

Al zero period, displacements of elastic and ductile sys-

F

s

(a) Structure

=

Fig. 2 — Bridge bent axample

o

tems cannol. by definition, he related, The structure will he
subjected o peak ground aceeleration (PGA), regurdless of
ductility capacity, and will fail il'a lesser strength than that
corresponding to PGA is provided. In the rising portion of
the acceleration spectrum, displacements of inelastic sys-
tems are preater than those of elastic systems with equivalent
initial stiffness, and the “equal-energy” relutionship has
some application.

In the initial stages of the falling portion of the acceleration
spectrum, clastic and inelastic displacement responses are
olien similar, leading fo the “equal-displacement™ rule. As
the structural flexibility increases stll further, the “equal-
displacement™ rule tends w become increasingly conserva-
tive. At very long periods, there is essentially no structural
response Lo the ground motion, and the concept of an abso-
lute displacement (independem of period or ductility) could
be advanced. where the relative displacement of the center of
mass of the structure is equal to the absolute peak ground
displacement.

Different codes rely on starlingly different relationships
between elastic and inclastic displacements. In the United
States, the relationships between force reduction [actors
(), \LiHII'IiL lound facrors (1.4), and design rli-.p].iLLanL'-.
(A x iR )included in the Uniform Building Code’ ap-
prmchf:m be interpreted as implying that inelastic displace-
ments are expected 1o be about 50 percent of equivalent
elastic displacements. At the other end of the spectrum,
many Central and South Americun codes rely on the equal
energy approach, with a base ductility of about 4, This im-
plies inelastic displacement about 130 percent of equivalent
elastic displucements. Although we accept displacement ca-
pacity to be more fundamental 1o seismic response than
strength, it appears that diflerent groups of experts cannot
agree within a lactor of 3 as [0 what these should be, from a
siven elastic acceleration spectrui.

Aldthough these points have been recognized and partially
considered in codes thal deline inelastic spectra with vari-
able ratios between elastic and ductile coordinates, such as
NZS 4203 ¢ confusion is still almost universal,

3. The elastic acceleration approach places excessive em-
phasis on elastic stillness characteristics of the structure and
its elements, As discussed subsequently, we are less carclul
thun we should be in determining these chamclenistics. The
question remains as o whether beter alternatives might be

--é'PI-

(b} Plastic displacement
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considered. | beligve that thev can. and that a more consisieni
approach may be achieved by complete inversion of the
design process.

IL should be noted that although many researchers have
discussed displacement-based design, the processes de-
scribed are in fact stll strength-based. Mochle. for cxample,
discusses the relative merils of ductility-based und displace-
ment-based design, bul in his comparison, the starting point
is sUill a given stremath and stiffness (and hence period) with
the difference being whether displacements or ductilitics arc
chacked. As acknowledged by Mochle, when properly car-
riec out, the two approaches are dircetly equivalent. Tn the
appruoach desceribed here, strength and stiffness arve the end
product of the design process, rather than the starling point.

The procedure is initially illustrated by relerence Lo the
simple multicolumn bridge picr shown in Fie. 2, for which
displacement-based design is comparatively straight for-
ward, A sel of clustic displacement response spectra for dil-
ferent levels of equivalent viscous damping are required
{(Fig. 3a). These can be generated in much the same wiy a8
elastic acceleration responsc spectra. The shape, with a res-
onanl region as shown in Fig. 3a, with reducing displace-
ment response ai large periods is characleristic of
displacement spectra (Fig. 3b).

The sequence ol operstions involves the fallowing steps:

1. An initial estimate for the simuctural vield displacement
A, is made. Since final resulis are not particularly sensitive
to the value assumed, A, could be based on a (ypical drift an-
gle of about B, = (.005. For a building design, a lower value
would generully be sppropriate,

2. The limit to acceptable plastic rotation of critical hinges

is determined. This will be a function ol the impornance of

the struclure, the scetion geomelry, and an acceptable level
of transverse reinforcement. For the bridge bent of Fig. 2,
hinges are assumed to develop at top and bBotom ol the
columns,

3. The maximum acceplable structural plastc displace-
ment A ul the center of seismic force, corresponding to the
plastic rotation limit of the most critical hinge, 1% [ound from
considerations ol wechanisms delormation,

4. A first estimiule of tolal acceptable structural displace-
ment isthus A=A +A .

. An estimate of effective structural damping is made,
L‘lased on the implied displacement ductility level 1L, = A /A,
(Lig. 4), where curves are given hased on wp|c1l |13, SEEresis
charactenistics for structures with beam hinges or column
hinges, respectively.

g+ damping
105
0%
E Wk Lol
-4:“.----..-.—.... -
i A rrchuced
= 1 displocement
g :
eqsl :
displacesmant]
1
equal emergy |
A
Ta Periad

(a) Design displacement spectra
Fig. 3 a and b — Displacement response spectra for design.

6. With reference to elastic response spectra lor the st
(e.g., Fig. 3a), the effective response period can now he esti-
mated. The effective stillness of the substitute structure at
maximum response can thus be found from:

L i (3]
r=1In 'K
4nt
as K = ?—_2.'1-1‘ Ef..].l.

and the required structure vield strangth, or base shear capac-
ity is:
Vo= KA Eg. 2

7. With a knowledge of the required shear capacity, the
member sizes can now be proportioned, and an initial esi-
mate of reinforcement made. The elastic stilTness can thus he
calculated. and a relined estimate of the vield displacement
obtained.

&, The total displacement. structure ductility, and hence ef-
lective struclura] damping are thus revised, and steps 4 - 7 re-
peated until a stable and satisfactory solution is obtained.
Individual flexural strength requirements lor polential plas-
tic hinges are finalized. based on staties,

The approach outlined has considerable fexibilily, since
plastic hinge rotational capacity can be relaled W transverse
detailing (or vice versa), and the design is not dicrated by
somewhat arbitrary decisions about force-reduction factors.

It would appedr that this method of displacement-based
design could also be applied to mulii-story frame or shear
wall buildings. provided some additional assumplions are
made. The two critical picees ol informution reguired are (1)
the relationship between maximum interstory deift and sormec-
tural displacement at the height of the center of seismic
force: and (2) the shape of the lateral force veclor 1o be ap-
plied. These aspects are illustrated in Fiz. 5 for an idealized
frame ol # slories cach ol cqual height f. The center of seis-
mic foree is approximarely at 23 of the building height. and
the maximum displacement at this height can thus be ex-
pressed as: \

A=A +<nh K Eq. 3

Demping Reotio
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-
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(b) Actual displacement spectra (Brawley 1979, 3157)
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Fig. 4 — Equivalent viscous
darnping vs. displacement duciility level,

where K € 1 defines the nonuniformity of drift up the build-
ing height and 8 is the maximum acceptable rotation of the
plastic hinges and henee the maximum story drift angle, On
the basis of inelastic unalyses of lrames, Paulay and
Priestlev® recomumend thar the distribution of drifi should be
assumed Lo be that shown in Fig, 5c, where the drift in the
lower half of the stories is equal (o twice the average drift at
the roof level. Assuming further that this distribution can
also be applied to the plastic component of drfi, Eg. 3 can be
simplified Lo

A=A +0.5nh Ely Eq. 4

That is, K=0.75.

Tt is suggested thal improved estimates of plastic drifi
would be obtained by elastic analysis of a substiute strie-

ture® where stiffness of members containing hinges is re-
duced in proportion W their expected ductility. Hence, if
heam hinges are expected Lo have rotational ductilities of y,
= 7 (which might correspond Lo a structure displacement
ductility of u, = 4) then the appropriate stiffness Tor the
beams in the elastic analysis would be: K = K /i, = 0. 14K .
The adeqguacy ol the design can thus be checked by a lateral
elastic analysis of the substitule siructure.

If the inelastic displaced shape cun be approximated by
Fig. Sc. it follows that the vector of laterul inertial forces o
be applicd 1o the structure should also take the same shape.

The displacement-bused design approach appears attrac-
tive in principle, but will need to be checked by specific ex-
amples covering a wide range of structural types and periods,

The refined analysis myth

It was noled al the start of this paper that structural analyses
for design purposes have become more sophisticated in re-
cent vears, with the consequences that the analysis and de-
sign functions are frequently separated and carricd oul by
dilferent people. The reason for the increased sophistication
in the analysis is principally related to the availability of
powerful computers rather Lhan a perceived inadequacy of
earlier and simpler analysis technigues.

Although 3-1d modal analysis is undoubtedly wselul in
structures with unusual or irregular geometry, it is doubtful
if it produces better results than those obtained from simpler
methods — say lateral analysis bused on an assumed lateral
[orce distribution. The mvih here, then, is that refinement of
the analysis produces more “accurare” resulis, It is appropri-
ate to consider the refinemem of the analytical process in
light of the approximations stll remaining.

Elastic modal analysis essentinlly relics on the equal-dis-
placement approximation, since it is not feasible o use dil-
ferenl force-reduction faclors associated with  different
modes of elastic response. As noled previously in reference
to Fig. 1. this is appropriate for a comparatively narrow band
ol periods,

Deflection profiles [rom elastic modal analvses tend to un-
derestimate drift levels in the lower stories of a building, As

e e T T T T - -
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Fig. 5 — Maximum response of a frame building.
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noted earlier, it is fell that agreement could be improved by
use of & substitute structore approach.

Elastic analyses are generally based on approximations of
member stiffness that should be considered gross, even in the
claslic range. As an example of this, let us consider that the
columns of the lowest story of the ITame shown in Fig. 5aure
reinforced concrete GO0 x 600 mm (24 x 24 in.) columns, re-
inforced with 8 — TI28 (28 mm [1.1 in.] diametar) bars wiﬂ}
vield sirength of 435 MPa (70 ksi). Concrete swength is [,
= 31 MPa (4.5 ksi). It will be normal in the analysis 10 as-
surne that all three columns at the lowest level have the same
stilfness, though it is possible the central eolumn might be
allocated a slightly higher stiffness heacause of increased ax-
ial load. It would seem o be impossible to allocare different
stiffnesses o the two outer columns when multi-modal re-
sponse 1s considered.

For the sake ol argument, it is assumed that the outer col-
umnns carry gravily loads of Py, = 0.2 F A, and that seis-
mic axial forces of P =+ 02 f A, can be expected. Fig. 6
shows moment-curvature relationships for the compression
and tension columns, including the effects of varying axial
foree as the laleral base shear increases, and Lhe relationship
assuming a constant axial force of P = (.2 .f’:ﬁ o Onset of
first vield of tension reinforcement and attainment of a com-
pression strain of € = 0,003 are also noted.

Taking the yield condition to correspond to a curvature of
about (10084 m (0.003/4t) — which is the vield point lor 4
hilinear approximation to the P =1().2 _.r':."1=::ur'-'i: we find
that the effective stiffness of the compression column is
more than twice that of the tension column. As a conse-
quence, Lthe distribution of elastic forces in the lower stories
is likely to be substantially dilferent from that predicled by
the “refined” elastic analysis. Note, however, that it would
be comparatively straight forward to consider these effecis in
an equivalent lateral force approach,

In some design codes (e.g.. ref, 2), it is permissible to re-
distribute up w30 percent of moment from a tension column

A
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Fig. 6 — Influence of axial force on moment curvature
relationship for rectangular eolurmn (1 kMm = 8.85 kip-in.).

Loy a compression column. 1t is perhaps of interest o note that
using the 30 percent redistribution rule, force levels predict-
ed by constant-siiffness analysis for the tension column
could be reduced by 30 percem of the average of the tension
and compression column capacities. This results in a mini-
mum permissible strength of 600 kNm (442 kips-f1) for the
tension column, or about 15 percent higher than the capacity.
Diesign based on variable stiffness would, however, not re-
guire any redistribution beyond that naturally resulting from
the stilfness differcnee. 11 should also be noted that the redis-
tribution limit of 30 percent is set to avoid excessive ductility
demand. Although it will be seen thai the ension column
does in fact reach yvield at a cuorvature 16 percent lower than
the P=02 f ‘.'A case, the onset of crushing (very conserva-
tively cﬁlimalccf al g, = (LO03) veeurs al a curvalure more
than twice that for the P =0.2 £ A_column. and more than
three times that for the compression column, Ultimate curva-
tures are similarly affected. Thus, at least so far as the ten-
sion colunn s concemed, the 30 percent limit (o
redistribution woulid seem guile unreasonable and the eritical
condition is likely to be the compression column, whose duc-
tility demand we imagine to be reduced by the redistribution
process (herein appears another fallacy).

The strength/ductility trade-off fallacy

The current design emphasis on force-based design, together
with the general adoption of the equal displacement approx-
imation leads us w the nateral conclusion that required
strength. §, and displacement ductility demand, p,, are relat-
-ed by the exprassion:

5« W, = constait Eyg. 5
for a given structure or critical element, with the usual caveat
that for short-period structures, the approximation may be
inappropriate.

The fallacy of this ohservation becomes obvious when we
mvert the logie, Consider that we are desipgning a structural
element. say a bridge column, and we decide that, as de-
signed, the duclility eapacity (and henee in o more basic
sense the displacement capacity) is inudeguate. As a consc-
quence, we decide to increase the strength to redoce the duc-
tility demand, We do this by increasing the longitudinal steel
ratio. and keeping the section size constant. Have we really

n
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Fig. 7 — Dimensicnless change in structural response of
cantilever bridge pier as a function of longitudinal
roinforcement ratio.
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{2} Elastic-perfectly plastic

(b} Degrading stiffness (Takeda)
[r.c. column hinge]

{c) Nonlinear elastic
[unbondaed prastrassing)

Fig. 8 — Response for differant hysterstic models including P-A effect,

improved anything? Probably not — the equal-displacement
approximation still says we reguire the same ultimate dis-
placement capacity, even though the dectility demand has
apparently been reduced, and it is cemainly not ¢lear that in-
creasing the longimdinal reinforcement ratio has increased
the ultimate displacement.

In fact. quite the oppeosite is more likely. Fig. 7 plots the re-
sults of varying longiudinal reintorcement ratio for circular
columns with axial load ratio (L1 _,F:.-lx. Resulis for moment
cupacity, stiffness, ductility capacity and ultimate displace-
ment are expressed in dimensionless form by reference 1o the
value pertaining o a “standard” longitudinal ratio of p, =
O0015, Ieowill he seen that s p, is increased, the uliimate
mament capacity (M) increases almost proportionately, bul
the vltimate displacement capacily reduces somewhat (by
about 10 percent at p, = (LO3), and the ductility capacity re-
duces even more. OF course, the areument also contains a
fullacy, since the stiffness (K ) has increased almost as much
as the strength has. and thus the period will have changed.
Nevertheless. it is unlikely that this stiffness variation will
have been mcluded in the original caleulations, and the re-
quired increase in ultimate displacement has clearly not been
achieved. It can even be reasonably argued that if we were
worred about the ductility or displacement capacity, we
would have been better off reducing the reinforcement ratio.
ancd hence the strength.

The energy myth

One of the more pervasive myths in earthguake cngineering
is that energy dissipation should be muximized to obtain op-
fmum seismic response. In this myth. it is supposed thar we
should strive wwards oblaining hysteretic characteristics as
closely approximating elastic/parfectlv-plastic (EPP) re-
sponse as possible, Although there are situations, particular-
Iy those involving very shorn period structueres where this is,
in fact, desirable, there are many cases where better response
can be oblained with apparently less desirable loop shapes.

Fig. # compures three idealized hysteresis loop shapes:
clastic/perfectly-plastic, degrading stiffness model typical of
a reinforced concrete column hinge,” and the bilinear elastic
characteristic theorctically appropriate for a plastic hinge
with unbonded prestressing tendons.” Response is shown
bath with and without P-A,

Consider first the response without P-A effects. If response

i5 in the “equal-displacement™ domain of Fig. 1. the peak re-
sponse displacements of the three systems are likely to be
very similar i cach has the same initial stiffness, In actual
lact. the displacements of the EPP system will on average be
d little smaller than the other two, but the difference will not
he great. Let us assume thal a maximum drifil of 2 percent,
correspending 1o a displacernent ductility factor of p, =35 is
ubtained. Afier the carthguake, the residual drift of the EPP
systern could be as high as 1.6 percent. that of the column
hinge about 0.9 percent, and the bilinesr sysiem of Fig, #c
will retuen to its inilial position. Which system has exhibited
beter response? 1L s at least arsuable that residval displace-
menls are ultimately more important than maximum dis-
placements. given the difficulty of straighteming a bent
building aller an carthguake.

Consider now the influence of hysteresis loop shape on ro-
sponse as affected by P-A effects. MacRac has rather con-
vincingly shown® that the wendency for instability under P-A
15 stromgly related to the shape of the loop. In Fig. 8. the in-
fluence of P-A moments on the inelastic response shape is
shown by dashed lines. With the EPP loop of Fig. 8u, re-
sponse al a given instanl of the seismic response has resulied
in a residual deformation corresponding to point B. The
structure will oscillate with the elastic stiffness about this
point votil response acceleration sulficient to develop the
yield strength oceurs, As will be seen in Fig. 8a, the acceler-
alion required to make the system reach the upper vield line
is much less than that for the lower vield line. [ is thus prob-
able that plasticity will develop in the dircelion of increasing,
rather than reducing residual displacement. With a long du-
ration and un EPP loop shape, the system s inherently unsta-
ble under P-A effects.

With the degrading stiffness mode] of Fig. 8h, and a resid-
ual delormation corresponding to point B, the lower yield
line is closer to the zero acceleration line, and is thus more
likely 1o be attained than the upper yield line. The system is
thus inherently stable, since the probubilitics of inelastic de-
formation faver decreased residugl set. MacRag® has demon-
strated the validity of this argument with a very large nuimber
of dynamic inelastic time-history analyses.

Since the system in Fig. 8e is elastic nonlinear, there are no
residual displacements to be considered, and the system is
stable for P-A effects.

It should alse be noted that for longer period structures,
where P-A effects are likely to be significant. the equal dis-
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plucement rule would indicate that £-A effects are unlikely
to significantly increase the mevimun displacement of the
stable systems signilicantly. This is also supportad by time-
history unalyses, Forthe EPP systeny, which is inherently un-
stable ns noted, neither the equal displacement nor equal en-
ergy rules can be applied, since the inerease in maximuom and
residual displacement is strongly influenced by the duration
of the carthquake record.

One should not, of course, dismiss the value of hysterctic
encrgy absomption. However, itis ¢lear that current cmphasis
on the loop shape is overstated. Steel structures, with defor-
mation characteristics approximuling EPP loops, have a
greater lendency for undesirable deformation response than
the equivalent reinforced concrete structures.

The distribution of

flexural reinforcement fallacy

The discussions to this point have largely related w analysis
issues, However, it is clear thal many aspects of design and
detaling could also bear eritical review. The remainder of
this paper will examine o few issues specilically relaled o
reinforced concrets design, though more could be identified,
botly with reinforced concrete and with other marterials.

Cine of the most pervasive [ullacies relates 1o the way we
distribule reinforcermnent in beams of ductile moment-resist-
ing frames. By use of moment redistribution, we Ireguently
end up with positive and negative moment demands that are
equal. or nearly so. We then place reinforcement in two
bands, as close 1o op and bottom respectively of the beam,
as shown in Fig. %a, in the mistaken view that this provides
the most efficient distribution. Wong et al.” have shown that
essentially the sume moment capacity can be achieved by
distributing the total amount of relnforcement down the sides
of the beam (Fig, 9b). Fig. 10 compares the fAexural strength
of the allernative distributions of Fig. 9, as a function of the
mechanical reinforcement ratio p £/ f, . where p = A Jbhis
the total reinforcement ratio. The stremgih differences be-
tween the distributions arc insignilicant.

There arg, however, good reasons for adopting the disti-
bution of Fig. Yh. Congestion at beam-column joints of two-
wiy Irame construction is considerably eased. o grester pro-
poition of the joint shear force can be associsied with the di-
agonal concrete strul, thus reducing the demand for joint
shear reinforcement, and flexural overstrength resulling
[rom straim-hardening of reinforcement is reduced. This la-
ler point conld be taken advantage of by reducing the over-
strength ratio wsed to develop member lorees in the capacity
design process. thus resulting in desian efficiencies.
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(a) Conventional
roinforcement

(b} Vertically distributed
reinforcement

Fig. & — Arrangemants of longitudinal reinforcement in
paams.

Design efficiency could also be improved by more appro-
priate use of strengih reduction factors in the basic capacity
design equations, which can be generally stated as:

0.5 2ma § Eq. 6
where 5, is the nominal strength of o particular action (ex-
ure, shear, ete.}, §_is the strength required for thal action re-
sulting from the basic analysis ussumplions, ¢ is u strength
reduction factor applicd w S, to provide a dependable
strength, and @ and 0 are dynamic amplification and over-
strength factors, which again relate to the analysis assump-
Lions. design efficiency. and action considered.

Currently in seismic design.” we associate a strength re-
duction factor to the busic Nexural strength of plastic hinges,
but not to members or actions protected by capacity design
principles, on the basis of perceived conservatism in the val-
ucs of @ and ¢ corrently specified.

It would appear that the logic may have thus been inverted,
It is clear that we do pot peed a Nexurul strength reduction
factor for plastic hinges. since small variations in strength
[rom the specified value will only result in simall variations
in ductility demand. As noted in relation Lo Fig, 7, increasing
the reinforcement content, which is the end result of applica-
tion of a Mexural strength reduction factor, may not improve
owerall safety.

However, il'we wish o wotally proscribe nonduclile inelas-
lic deformation (e,g.. shear) we need a high degree of assuri-
ty that the dependable strength of that mode cannot be
excecded, 1IN we believe strength reduction factors need wo be
associaled with that action (e.g., shear) as a result ol pussible
nonconservatism of design eguations. or possible material
under-strength, then these Tuctors should be utilized in the
capacity design process. IF the product @ o is felt to be such
that no strength reduction factor is needed, this implics that
@ is too high. and should be reduced.

This may seem to be a maner of semantics, since the end
result would probably be linle different in current design
praclice. However, if design 1s 1o be permitied in accordance
with more advanced analyvtical processes (e g lme-history
analysis to determine expecled dynamic influences once
strength of plastic hinges has been determinad) then values
lor @ and & might become determined by the results of the
amalysis process. In this case, it would be belter to have the

0.ig P
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fe G0
&
e 008 Vertically
- disiribuled

.05 =1
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Fig. 10 — Dimensionless flexural strength for beams with
conventional and verically distributed reinforcement.
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varighilily ol design sirength properly associated with the
correct Purnmeters,

Of course, the process could be greatly simplified if we did
awity wilh streneth reduction (aetors completely, as is the
case in Jupanese design. The value of @ would thus be inher-
ent in the squations for strengrh. It is hard 1o see thar we
would lose much in the process.

The shear myth(s)

Shear design of reinforced concrete is so full of myths, falla-
cies, and contradictions that it is hard to know where to begin
in an examination of current design. Perbaps the basic myth
central Lo our inconsistencies in shear design is et of shear
itself.

It has been argued that we tie ourselves imo intellectual
kinots by separating Nexure and shear, und considering them
essentially independent entities. Compression field theory as
developed by Callins et al." is an attempt to integrate the ae-
tions. Similar artempts have been made elsewhere.'" The fact
remains, however, that ib s very convenicenl o separate the
Texural and shear actions, The more fundamental approachs
es are not only inconvenient from a design viewpoint, but
also do not produce notably beter agreecment with experi-
mental results — particularly when shear strength of ductile
linear members characteristic of framed souctures s
considered.

Our understanding of the mechanisms ol shear transfer in
plistic hinge regions seems particularly weak, If we consider

(b) The 45 degree truss mechanlsm

Fig. 11 — Shear tranzfer in beam plastic hingss.

February 1997

i heam hinge adjacent to a column. as depicted in Fig_ | 1, the
design assumption is that concrete shear mechanisms such as
ageregate mterlock. dowel action. and compression sheuar
transler wre undependable, because of the potential presence
of o full depth flexural erack (see Fig. 1la)y, Hence shear
st be entirely wansferred by a 43 degree wuss mechanism,
tnvolving ransverse reinforcement (Fig. 11b),

Upon reflection. the two halves of this assumplion (wide
(ull depth erack: truss mechanism) are motually incompati-
Ble. The truss mechanism of Fip. 11h, whether based on 45
degrze or some other angle, relies on the development of di-
agonil compression struts, stabilized by vertical wension in
the stirmups or ties, and changes in the Tongitucinal heam ten-
sion and compression resultants at the “nodes” (formed by
intersection of the tie and diagonal forces).

If a vertical section is taken at any position. the vertical
componenl ol the dizgonal compression [orces continmeony
aerass e secton must equal the shear force transferred by
the rruss mechanism. At the eritical section at the column
face, there 15 a full depth fleswral crack Tormed by inelastic
action in the two opposite directions of response. As a con-
sequence, there can be no dingonal compression forces
crossing this section, and the shear carried by the truss mech-
amsin must also be zero.

This apparent, and obvious, dilemma bas been “rational-
ized” by the assertion that the imterscetion of diagonal eracks
(Fig. 1 1a) allows the cracks 1o dilate and close in the middle
section of the beam, thus permitting diagonal compression
struts o develop. There are two concerns o adopting this
solution:

First, if dhingonal compression can develop across this
crack, then perhaps the assumption that V' = ( should not be
made since at least part of the rationale For discarding V. has
been eliminated. Sccond. the assumplion of diseonal com-
pression implies a reduction o apparent exoral sirength of
the section.

Consider equilibrivmn of the stress resuliants in Fig, 11b,
The resultant of the dingonul compression forces may be as-
sumed o aet af midheight. TFa 45 degree truss is assumed. its
vertical and horizontal components muse both be equal to V
as shown, The flexural compression [orce acts at or near the
center of compression reinloreement.

Willwout the dingonu] compression, the momenl capacity
s

M.=Tid-d" Eq.7
I the dingonal r;nl'n|'nr|.':xhi:.::al'| foree is incleded, the moment
capacity reduces to:

el —d")
Vi -

M, =T(d-d)- [:‘--%J;;:-:ﬁ Eq. 8

Weglecting the dead lomd shear, assuming equal moment
capacity at opposite ends of the beam, and a beam length of
el - ') I

Vs —— Eg. B
=) |

L

hence ﬂ'f” =M =e)=— or M, =
T i

|

M, Lg. 1

V1 +

T

In g deep beam with (say) .« = 4. this implies a 20 percent
reduction in moment capacity. which is not supported by ex-
perimenti] resulis, Even willh more slender beams (say v =
[ (1) the moment reduction should be evident. Note that when
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dead-Toad shear is added, negative momen! capaeity should
be further eroded. if the truss mechanism were correct.

Since this behavier is not apparent in experimental results.,
it would appear that reliunce on alternative mechanisms is
needed. If a full depth erack can develon. it is difficull wo es-
cape the conclusion that all shear must be carricd by dowel
action. IT this is the case, the primary shear lransfer function
ol transverse rainforcement in the plastic hinge resion must
be Lo reduce the unsupported length over which dowel action
of the longitudinal reinforcement occurs, hence incressing
the shear thal can be wanslerred.

Rutional models for the amount of shear reinforcement re-
quired can be developed, which arc very different from those
resulting from the truss model, Critical aspects include diam-
eler of longitudinal reinforcement (the bigger the better), and
location of the first stirrup from the column face — which
should be as smull as possible,

As mentioned, there arc muny other inconsistencies in
shear design, A particularly troublesome one is the way in
which we treat the enhancement of shear strength by axiul
compression. Our codes indicate that the degree of enhance-
menl depends on whether the structural element is a beam, a
column, or a wall. and whether the axial compression comes
from applicd gravity forces, or [tom prestress. Differences in
influcnce of more than 100 percent are possible. Since the
dilferences appear Lo result from semantic definitions, a de-
gree of skepticism is appropriate.

Development of reinforcement fallacy

The final example considered is the way in which we consid-
er development of reinforcement. Develapment is & calch-all
term wsed to describe embedment or anchorage. splicing. and

{a) Column base lap splice (b) Kree joint

{c) Calumn top

(d) Column mid-height
lap splice

Fig. 12 — Anchorage and splicing of reinforcement,

Mexural bond, The same equations, with modifiers in some
cases, are wsed to describe the three situations. Although this
1s convenient for design. it is unlikely 1o be realistic in prac-
lice, considering the wide number of possible situations oc-
curring. as illustrated for a bridge column in Fig. 12, A
tumber of rather different conditions exist depending on lo-
catiom, whether or not confinement is present, and whether
or not the splilting cracks assumed in the hasic development
lengath equation cun actually develop,

The fundamental basis of the basic development length
equation can also be questioned. Until recently [n the ACI
eode, this length was given by:

1, = 00194, 1 £./f, Eg.11

Where A, is in mm? and £, and £ are in MPa. Modifiers arc
included to represent the influence ol cover, bar spacing, lo-
cation in Lhe conerete pour, confinement, eic. Fig. 13 shows
the ratio of basic development length to bar duler:r o, for
LS. bar sizes, for [, = 414 MPa (60 ksi). und fl=225MPu
(3.3 ksi). In Fig. 13, the equation delinitions are in American
Standard units, Tt will be scen that the basic development
length increases in terms of number of bar dismeters as the
diagmeter increases. In lact, considering the range of bar siees
used in the United States (#3 - #18. 375 - 226 in. [10 - 57
mum| dia ), Eq. 1] implies the dimensionless development
length increases by a luctor of six, or the aerual development
length increases by a factor of 36. Tests on scale models do
not support a seale depandency of this natre.

To some extent, ol course, the modification Mctors applied
t0) g reduce the apparent scale dependency, but it would ap-
pear from Fig, 13 that the fundamental basis of our develop-
ment calculations may be flawed. Rewming to more
lundnmental approaches results in equations that are more
intellectually suistying,™ and fit the duta better.

Conclusions

A somewlut irreverent exuminubion of aspects ol scismic
analyxis and design has heen presented. In onder to establish
inconsistencies und inaceuracies commonly sccepted by the
design profession, 1 number of the exumples have becn de-
liberatcly overstared. A crilical review of this puper will
show that some of the arguments are at best simplistic, if not
flawad,

1t should be emphasized that it is not contended that cng-
rent seismic design practice, particularly the version adopted
in New Zealand. is unsafe, If this paper has a message or

i
. ACI 3158-89
60 - ”-““‘b'}f'f’{?:\}/ o P Y
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-1 i I} CALTRANS,
), 0.0004d,1, ACL 318-83
20
—1 Mode 11—— Mode 2 ———— 7 ——
Ber £ 678910 12 14 18
o — T 0
o 0.5 1.0 1.5 2.0 X

Oor Diemeter, o,

Fig. 13 — Basic davelopment length, for deformed bars In
tension (f_ = 3.25 ksi; £, =60 ksi). f_
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conclusion, itis simply the following cautionary note related
to the tendency for increased complexity in analysis:

Given the wide range, and occasional gross nature of the
assumplions and approxinations inhervent in seismic design,
we might be better keeping the design and analvsis processes
simple enough so thal we still understand what we are doing.

A second, and more serious (perhaps!) point brought out at
the start of this paper related to displacement-based design:
If we accept that displacements are more important than
forces, it is time we started basing our designs on displace-
menl rather than acecleration spectra.
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