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, of reinforcing steel for the seismic response of concrete
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DETAILI NG OF REINFORCED CONCRETE -STRUCTURES
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FOR EARTHQUAKE RESISTANGE =~ - .

/

/

Lo -

D. Stav;opouloi

"7 ABSTRACT

/

Earthquakes are one of nature“;,greétest hazards
to life on this planet. - Throughout historic time they have
caused the destruétion of'coﬁntless cifieﬁiand villaées‘on
nearLy e#ery gontineﬁt. " This earthquake hazafd'has been'

the main driving force behind the development of analytical

* méthods for predicting the response offstrucﬁures to earth-

quakes.  This report.presents a brief overview of the dyna-
mic analysis procedures and the seismic response of struc-

tures. . The main emphasis of the report is on the'detailing

structures. -
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Gross sectional area of concrete . .

Area of tension reinforcement
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Area of compression reinforcement

Depth of equivalent rectangular stress block, ampli-

tude, acceleration «

Constant '
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axis at ultimate conditions, damping coefficient ’

Damping coefficient matrix - ' S
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Inertia force
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pémping force vector /
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Compressive strength of concrete '
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"Mass- matrix

Moment \ .
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time
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Total acceleration
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Ground acceleration
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Initial velocity
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‘tention.

INTRODUCTION

. Concrete‘has certain intrinsic advantages over
other cOnstruction ﬁuﬁe;ials. It 4s highly versatile, ‘can
be cast inté a variety‘of shapes and offers the possigility
of .a wide range of architectural finishes. Concrete i;.also
kno&n to have good durability and fire rgsistance. When
properly reinforbed, concrete structures having built~ih
continuity ppqvide a rigid-frame gction which prevents. the

development of undesirable story drifts or vibrations. How-

ever, because of its relatively hgavy weight and low duc-,

tility, reimforced concrete structures have some disadvan-

.

N . . . . ) by
tages when built in regions sceptible toc severe earthquake

€

gfphnd,shaking. Based on thede.characteristics, and on the

observed damage induced by moderate and strong earthquakes,

it has been suggested that concrete struétures are particu-
. . ’ , *'

larly vulnerable to earthquakes. However, asgBreslerl

points ouE,‘many concrete sgzyctures~have‘withstood severe
earthquakes without significant damagéx‘ipgggsting that
there is nothing(inherenf in concrete structures which“makes

them particularly vulnerable to earthquakes.‘ Regardless of

the material used, properly- designed and detailed structures

: . C .
~ will perform well: Therefore, the design and construction

t

.of seismic resistant concrete'structures require special at-

3.

*Numbers refer to references at the end of thi§ réport. "
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One remedy for these types of failure is proper detailing °

_ of . the reinforcement, or, according to some designers, pro-

.. quake excitation provides the key to the solution of this

In designing a building against severe earth- ' %
quakes, economic considerations usually require that the - - f
large seismic energy input to the building be absorbed
and dissipated throﬁghilargg but controllable inelastic
deformétions of its séructuré.. Howevér, thése deformations

4 '
should be limited to values which would avoid inducing se- :

vere damage to either ‘structural and nonstructural elements. :
To achieve a large energy absorption and dissipation capa-

r .
city, the sources for potential types of structuralk.brittle

ORI e

failure should be eliminated. Therefore, it is necessary
to prevent premature crushing and shear of concrete; sudden 4 f
cracks gnd simultaneous fractures of steel which occurs in “
the case of members with extremely low reinforcement ratios;
sudden loss of bond and anchoragea premature crushing and/or
splittiné of the concrete cover accompanied by local buck-

ling 6f the main reinforcement:xand the possibilit§ of dyna- :

mic instability resulting from large lateral drifts.

Among these types of failure, two, which have been
n . A v

the cause of severe local damage and even collapse of many C

structures during recent strong earthquakes% that.are most

undeéirable, are local shear and bond (aﬁchofagé) failures.

3

vide more material. ‘However, a uniqﬁe feature.of'the ¢arth-

° B

”

)



problem. In contrast to the other loads considered in

structural design - wind, -gravity, hydrostatic, etc. -

the intensity of the earthquake loading depends on the
properties of the structure. Thus, adequate earthquake

resistance may be provided by either increasing strength

. or by the unigue seismic design éqncept of reducing stiff-

ness and thereby reducing the forces to be resisted. This

additional approach to earthquake design imposes a great-

er need forcunderstéﬁding of etructu:al behavior in earth-
quake'enéineering than in any other field of civil engin-~
eering design. Seeminglf minor changes in the framing
system or in design details may have an bverwhelming in-
fluence on the seismic performance of the structure, and
merely addlng more material w111 not guarantee satlsfact-

LY
ory performance. -

A It is because details are part of the key to .
good earthquake design that this report was undertaken.
It is hoped that the report will be of value to the writer

and to those who believe‘ﬁhat, principles rather .than rules
L . L . il
are more important in engineering design. . o

N
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“ | SEISMIC RESPONSE OF STRUCTURAL MATERIALS

INTRODUCTION_

'Structure response to seismic motion is complex.
‘The response isfinterdeéendently affected by the characteris-

N . tics of the input motion (frequency, 5mplitude, phaée rela-

tionships, and duration), the stiffness characteristics of

the foundation materials, and the dynamic response character—. ' 1
istics of the strﬁcture. The input motion pu;ge’f:equencies‘

and their distribuéion can have a majér effecf on earthquake ;'
responsé.( in géneral, howevef, as the amplitude of the inputﬁ

motion intreases, the response of the structure increases..

3
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ThlS chapter is pr1nc1pally concerned in present-
ing a basxc understanding of the dynamic- response charac-
teristics of structures, in order to obtain the maximum

benefit from even the simplest method of seismic analysis.

N

ELASTIC SEISMIC RESPONSE OF STRUCTURES

The way in which a structure responds to a given
dynami% excitation depends on the nature of the excitation
and the dynamic characterlstlcs of the structure, i.e. on

the manner in which 1t stores and dlSSlpateS vibrational

.energy, Seismic ‘excitation may be described in terms of

displacement, velocity or acceleretien vary}pngitgéthe

time. .When this excitation -is applied to tte base of a-
lstructure, it produces a time-dependent.response'in each
element of the structure which may be described in terms

of motions or forces.

Consider a simple structﬁre, such as that shown'
in Figure.l.1l; the dynamic characteristics of such a system
are simply described by its natural period of vibration T,

(or frequency w) and its damping.ﬁ. If subjected to a har-

. monic base motion described by u, = a sin wt, the response

g
of the mass at top of the spring is fully described in Fi-

gure 1.2. “Qhe ratios of response amplitude to input ampli-

tude are shown fdr displacement Ra,~veloeity’Rv, and accel-

- "

i U
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'lts natdfal period and damplng. Flgure 1.4 is a-plot of the

he forcing function w'aﬁd the natural freduency3 of the

/
Y
S Stem w_ e i ’

The significanceiof the natural period or fre-
queﬁcf of the structure is demonstrated by’ the large ampli-
fications of the inpﬁt motion at or near the resonance con-
ditions, i.e. when w/w, = 1. Figure 1.2 also shows the dm—

portance of damping particularly near resonance.

e

J ' If the structure of Figure 1.1 is Subjected to a

ground motion of the type given in Flgure 1. 3, it will be
» 7/

excited 1nto motion of acceleration response accordlng to

/

L Y
motLOn/of a series of s1ngle-degree—of freedom structures

with dlfferent natural perlods and damplng.
;
; ‘ .
/ Most structures are more complex dynamically than
/. o« ) ,

the single-degreefof-freedom system discussed ebove. Multi-
/ ’ ,

,/ story\buildings, for example, are better represented as

. mhlti-degree-of-freedom structures, with one degree of free-

‘dom for each story, and one natural mode and period of vibra-:

t;on for each story (flgure 1.5). The response history of'

any element of such a structure is a function of all- the modes

" of vibration, as well as of its position withln the overall

structural configuration.

Nt fore av

oo 3 wer
\

caiinies




Further discussion of both single and multi-degree-

of-freedom systems follows in Chaptér 3.

9 ’ /“‘\V,\<K//£3‘
3 10 13 - T . |

TR (sec)

Figure 1.3 1940 El Centro earthquake ground motion: acceleration,
velocity and displacement in north-south direction

7’

30

S 1

-response, g,

10 ' ‘ i SR
-2 =0:02 T

1 . 2 3 4

Acceleratioa

Period, T (vecs)

Figure 1.4 Elastic acceleration response spectra of north-south
PR ., component of ‘the 1940 El Centro E.Q. for a series of
single-degree-of~freedom structures with different
natural periods and damping -(from reference 4)
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' sooner the strain hardening effect sets in. ' Strain soft§n4

‘stress or strength with increasing strain (Fig. 1.6 .a and c).

Fat ma an , /
! .
o] m_ lub ,
v |
F me | }lue :
| f ,
T77777 777777777777 ' -
Wy, 1y W, T WyTyt
MODE 1 MODE 2 MODE 3

Figure 1.5 Multi~degree-of-freedom system subjected '
to dynamic loading ¥

INELASTIC SEISMIC RESPONSE OF STRUCTURES

The typical stress-strain curves for various

materials under repeated and réversed direct loa&ing shown

i

» |
in Fiqure 1.6 illustrate the qﬁief characteristics of in-
elaStic dynamic behavior, namely: plasticity, strain hard-

ening, strain softening, stiffﬁess degradation, ductility,

and energy absorption. '

1
' 1

Plastieity, aS'exhibited by mild steel (Figure

1.6 a),-is a.desirable property in that it is easy to simu-’

PPN

late mathematical??“gﬁﬁmg;ovides;a convenient control on the
loaa developed by.a~member. Unfortunately, the hlgher the

grade of steel, the shorter the plastlc plateau, and the )

»

ing is the opposite of strain hardening, involving a loss of

[N ——
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materials under repeated and reversed loading.

(a) Mild steel, monotonic (or reptated axial) ‘loading.
(b) Structural steel under' cyclic bending. ;
(c) Unconfined concrete, repeated loading. p

(d) -Doubly reinforced concrete beam, cyclic loading. o

(e) Prestressed concrete column, cyclic bending.
(f) Masonry wall, cyclic lateral loading..

¥

Figure 1.6 Elastic and inelastic stress-strain Eehavior ©of wvariou '
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Stiffness degradation is an important feature of

inelastic cyclic loading of concrete. The stiffness as

measured by the overall stress/strain ratio of each hyster-
esis loop of figures 1.6 (c) to (f) is clearly reducing with
/

each successive loading cycle?

The ductility of a member or structure may be de-

. fined in general by the ratio: v !

3 g e

ﬂﬂ? “pDeformation at failure

fé“

Deformation at yield

In various uses of this definition, "d%formation" may be
measured 1n terms of deflection, rotation or curvature. The
numerlcal value of ductlllty will be dlfflcult to calculate
dependrng on the exact combination of applied forces and
moments. Deformatioﬁ et yield, also preeents aifficulty“
when tpe load or moment-deEOrmation”curve is not elasto-

plastic.. In such a case, Park6 suggests that the deforma-

-

. tion at yield be taken'as the deformation calculated for the

structure assuming elastic behaviour up to the strength ‘of
the structure in the first load application to yield (Flgure

1.7). Ductility is qenerally desirable in structures because

‘of the gentler and less explosive onset of failure than that

occurring in brittle materials. The favourable ductility of

" mild steel ﬁay be seen from Figure 1.6 (a) by the large value-

- of ductility' in direct tension measured by the ratio esu/r:sy

L . - - | “‘ E

A
<
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: 1nelast1c loss of. strength.‘

12

Load
/

Py p= — — =,

<

[

7 s
pefoxﬁation at yield g

/(/// / L E-;
. /&//Diéplacémept““m
/ .

u

Bl = = = = 2
[

figure 1.7 Possible definition‘for deformation at yield when
load~displacement relationship is curved.

This ductility is particularly useful in seismic problems
qebause it is accompanied by-an increase in strength in the

inelastic rdnge. By comparison, the high value of compres-

sive ductility for plain concrete, expressed by the ratio

n

scu/ecy in Figure 1.6 (c) is far less‘useful_because of the
Steel has the best ductility

propertles of normal bulldlng materlals, while concrete can

be made moderately ductile with appropriate relnﬁorcement.

A high energy absorptlon capacity 15 a desirable

‘property of earthquake-resistant construction 1nsofar as.a

2

substantlal part of the energy is temporarlly stored by the ’

» structure in elastlc straxn energy and kinetic energy. *as "

an elucidation of the seismic energy of structures, consjider
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.. MATHEMATICAL MODELS OF SEISMIC BEHAVIOR

[

13

Figure 1.8 derived" from the, inelastic seismic energy of the
. . &? ) . s
Bank of New Zealand Building, Wellington? It is observed

. : . ., N
that after three seconds the earthquake motion is so strong

\ R - o

. that the yieid point is exceeded in.pafes of the structure

and permanent energy dissipation in the £orm of inelastic

°

strain energy begins. A brittle bgildiﬁg with the same yi®ld

strength, but with no inelastic behavior, would have beguﬂ to

5

fail after three seconds of the earthquake. 4

» ~

When examinihg the range and complexitf»of hyster-

.

‘etic behavior shown in Figure 1.6, the probléms involved in

. . ’
establishing usable mathematical stress-strain models for

realistic seismic analysis are obvicdus. The simplest models
: ‘ 7

othystegesis-that are- shown in Figure 1.9 are ;easpﬁﬁble for

. B + * v - v " e
design purposes when building in steelwork. For concrete,

P

" the problems of adequately predlctlng lnelasth\selsmlc res-

4

Q
ponse are daunting at the present time.

- " * & mathematical model, however, has been formulated,

baséd pon the mechanxcal charaqperlstlcs of: concrete under

[}

thls type ‘of strain reversal? A somewhat crude cyclic stress-

L3

straln.dlagram was adopted and the expﬁrlmentally obtalned
results are indicated by dashed lines (Flgure 1.10); the .

analytical results, by ‘solid lines. From the figure, it can
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*

be seen that the concrete mathematical médel does not com=-
pare favorably with the experimental curve. HoWever,‘it ~is
believed that for‘cyclic\ loadiﬁg, this relatively simple con-
crete model may be sufficiently accuraﬁe, since -the inelas-

tic behavior of ductile reinforced concrete is controlled

by the steel. T 7

\

/
2 7 i

o

(a) Elaste- pisatisc, () Blinear. (c) Rambery - Qogued.

Figure 1.9 Idealized hysteresis loaps, for cyclic

S behavior of steel
¢ soq e f[a()-(A) ] 00 .
’ 'l"l["zl("‘c')] ’
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Figure 1.10 Concrete model under-repeated loading
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A comparison of the éxpefimental and analytical R

results (Figure 1.11) is very encouraging. ' : B

153

.
tumvartuag (10 *Aanrim)

\ (o) TEST RESULTS : o o s
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(b) ANALYTICAL RESULTS

Figure 1.11 Comparison of experimental and anaiytiéal momenﬁ—average
curvature relationship
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LEVEL OF DAMPING IN BIFFERENT- STRUCTURES

1

Damping varies with the materials used, Fhe form of

the structure, the nature of the subsoil and’ the nature of the'
vibration. Large amplitide post-elastic vibration is more
heavily damped than small amplitude vibration, whilé buildings

with heaVy shéar walls and heav§ cladding and partitions have

IR
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,izeaterdamping.than lightly clad skeletal structures.

ere are many reports of dlfferences in damping in dif-
ferent modes of v1brat10n, but no underlylng pattern has
as yet been establlshed. The overall damplng of a struc-
ture ‘is clearly related to the . damplng characterlstlcs of
the subsoxl, and some allowance may be made for this in
more soPthtrcated ana1y315 involving 5011—structure inter-

actlon* Table 1 Y 1nd1cates representatlve values of damp-"’

ing for a range of constructlon. These values are suitable

" for normal response spectrum or modal analysxs in which Vls—

cous dampipg,'equal in all modes, is assuined.

L

v
>

*It 1s beyond the scope of this report to discuss soil-structure inter-

.action. The interested reader is referred to: Dowrick, D.J., "Earthquake

Resistant Design',. Sections 5.3.2.3 and 5.5.3, and. the references giyen
therein. " - -

.
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Table 1.1 Typical damping ratios for structures

5]

Type of construéﬁon

Damping .
percent of cnitical

Steel frame. welded, with all walls of

flexible construction 2 .

Steel frame, welded or bolted, with stiff

cladding, and all internal walls flexible 5

Steel frame, welded or bolted, with

concrete shear walls : 7

Concrete frame, with all walls of

flexible construction 5

Concrete frame, with stiff cladding and

all internal walls flexible ' 7
" “Concrete frame, with concrete or masonry :

shear walls 10
* Concrete and/or masonry shear wall buildings 10

Timber shear wall construction: } 15

Note '

)

18

T ke ik

- s

L N e R R

T e m e tame

(1) The term "frame" indicates beam and column bending structures as
distinct from shear structures. i

(2) The term "concrete" includes both reinforced and prestressed con- )
crete in buildings., For isolated prestressed concrete members such as
in bridge decks damping values less than 5 percent be appropriate, e.g.
1-2 percent if the structure remains substantially uncracked.

I3
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-+ ®  Chapter 2

© WETHODS OF SEISIC ANALYSIS

INTRODUCTION | ‘ s ;

There are many methods of determining seismic

forces ig“%tructures.‘ However, they may all be classified

/'(«\ﬁ\ .

into two“aistinct-categories: equivalent static force
analysis, and dynamic analysis.

\

This chapter is concerned with the brief presen-

tation of these two Eypes of énalysés.

soonid
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EQUIVALENT STATIC FORCE ANALYSIS

"
s

- The static force methods are approximate @ethodé

which &aVe been evolved because of the.difficulties involved - [

in carrying out realistic dynamic analysis. Codes of prac-

ti:f world-wide rely mainly on the simpler static force'ap—'

i

H

4

. %

pr(ach, and incorporate varying degrees of refinement in an 1
' 1

(-

attempt to simulate the.réal behavior of the structure.

Basically the static force‘approach';s a mqans¢of

determining ;he'tdtal horizontal force V-on the structure,

more commonly called basé.spear:

£

V' = ma ‘ ’ (2.1) =«

o et

-where m,is the mass of the stfﬁcturé and a is'éﬁe seisﬁic
“horizontal acce;eration} V is then appliedlté the st}ucture
by a simple rule describing its vertical distribution. 1In.
'buildings, this generally consists of horizontal point loads
at each concentratibn of mass (most typiéally the‘flpor '

levels) as indicated in Figure 2.1. The seismic forces and

momentst;n‘the stfucture are then determined by an&‘suitable

°

A} F: p—
\
Fz—. .
4 Ve R+ BeFy
Free . .
. any tr

Figure 2.1 Example of frame with equivalent static forces
' applied at floor levels

¥

'
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' . i . .
statical analysis and the results added to those for the
normal gravity load cases according to the code combina-
{ i as «

- tions.

)

In the 1975 National Building Code of Canada,

the minimum lateral seismic force Y is specified as:
vV = A.S.K.I.F.W.

. where the terms of this expression aré¢ defined as follows:

|
A is the assigned hdrizontal design ground accel-

eration for the zpne.in question. The values of A are 0.00,
0.02, 0.04, 0.68, for seismic zones 0, 1, 2 ahd 3 respec-

tively (Figure 2.2). . ' ' .

S is a seismic-response,factdr taken as 0.5/ %/T

bit not greater than 1.0. : ' .

T is‘the fundamental period of the structure,
taken as 0.05h, / /D or 0.1N where hp is the height above
the base, D is' the dimension of the building in 'a direction

parallel to the applied forces.

'K is ‘a numerical coefficient reflecting the in-
flueqce of the type of construction oh the damping, ducti-
lity and/or energy-absorption capacity of the structure.

Values of K are given in Table 2.1.

“w .. . -

(2.2)

it I kTSI F 2 e br tera v
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Table 2.1

Caselt

Type or Amagement of Resisting Elements

| Value
of K

Buidings wnth a ductile moment-resisting space frame?3
with the capacity to resist the total required force.

07

Buildings with a dual structural system consisting of a

. complete ductile moment-resisting space frame and duc-

tile lexural walls desigried in accordance wath the fol-
lowing critera:
The frames and ductile flexural walls shall resist the to-
tal lateral force in accordapce with their relative
rigidities considering the interaction of the flexural walls
and frames. [n this analysis the maximum shear in the
frame must be at least 25 per cent of the total base
. shear. .

0.7

Buildings with a dual structural system consisting'of a
complete ductile moment-resisting space frame and shear
walls® or stweel bracing dwgned in accordance with the
following criteria: .

(2) The shear walls or steel bracing acting independ-
ently of the ductile moment-resisting tpace frame
shall resist the total required lateral force,

(b) The ductile moment-resisting space frame shall have
the capacity to'resast not less than 25 per cent of the
required lateral force, but in no case shail the ductile
moment-resisting space (rame have a lower capacity
than that required in accordance with the relative
rigidities.

08

Buildings with ductile Aexural walis'¥ and buildings with
ductile framing systems not otherwise classified in’ this Ta.

‘ble as Cases 1, 2. 3 or 5.

1.0

Buildings with a dual structural system consisung of a |
- complete- ductile moment-resisting space frame with ma-

sonry igﬂlling designed in accordance with the following
criteria.

() The wall system comprising the infilling and the con-
fining elements acting independently of the' ductile
moment-resisting space frame shall resist the fotal
required lateral force.

(b) The ductile moment-resisting space frame shall have
the capacity to resist not less than 25 per cent of the
requared lateral force.

Buildings (other than Cases | 2,3,4 and 5) of (2\ continu-
ously reinforced toncrete, (b) structural steel, and (¢) rein-
forced masonry shear walls.

'(Ol
1.3

Biiildings of unreinforced masonry and all other structural
systems exr.épl Cases 1 to 6 inclusive and those set forlh in
able 4.1.9

20

Elevated tanks plus full contents, on 4 or more cross-
braced legs and not supported by 3 building, designed in
accordance with the following criteria:

(a) The mimmum and maximum value of the product’

SKI shall be taken as 1.2 and 2.5 respectively.

(b) For overturning, the factor J as set forth in Sentence
4.1.9.1.(14) shall be 1.0

(c) The torsional requirements of Sentence 4.1.9.1.(15)
shall apply. -

o

30

Col-
umn {

2

23
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' li
I is an importance factor taken as 1.3 for

schools and buildings designed for post-disaster services

and as 1.0 for all other buildings.

F is a foundation factor accounting for the in-
fluence of soil conditions. Values of F are given in

Table 2.2.

Table 2.2

Type and Depth of Soi#" F

Rock, dense and very dense coarse-grained soils, very sufl and hard
fine-grained soils; compact coarse-grained soils and firm and stuff
fine-grained soils from 0 to 50 ft deep ) 1.0

Compact coarse-grained soils, firm and stiff fine-grained soils with a
depth greater than 30 fi; very loose and loose coarse-grained soils

-and very soft and soft fine-grained soils from 0 to 50 ft deep - 1.3

" Yery loose and loose coarse-grained soils, and very soft and soft fine-

grained soils with depths greater than S0 ft ' 150
Column | L2

W is the dead load of the building plus 25% of

the design snow load. ’

«

Figure 2.3 indicates how the laterai seismic
forceav is distributed through the structure as equivalent
lateral static fd?ces. 1f the ﬁeight—to-width ratio of
the‘stru;turelis‘gfeater than 3, then part of the total
force V, up to lS%‘makimum, is.arbitrafi1y appiiedvto‘the
top of the structgfe. The purpose of tﬁis is to inc;ease

the shear in the upper parts of the structure to aébOunt

i
'

3
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for the increasing participation of the higher modes of vi-

bration in the response of taller, more flexible structures.

b

Fe W
s * ——
. Fy Wx ﬁ)Mi
< h‘ Fy wi )Mi| | hn
X ‘ .
| hy ‘ :
M
RPUNS B R R }
~— '
v Dv .

i "

Figure 2.3 Distribution of the lateral
geismic force V

4
It is also fecogniéed that the fundamental mode deflection

cufve departs from the assumed straight line as the‘struc-
ture deflection is due more to bending action rather thanii
shear deflection. This tends .to cause greater shears in
ﬁhe-tpp‘of the structure than would result f?om the so-

called "triangular distribution®

| | noy 2
F, = 0.004V (_n)
D
‘. hn < ,
F, = 0 for (-3)\ 3 -

(2.3)

(2.4)

5 e e ma pean S vt e s bl




PR s gasy o, e

26

h

B} n\
P, = 0.15Vfor(D/>3
(max.)
- W.h
F, = (V- F) X g
n
L W:h
A\ i=p *+ 1t :

HaVing determined the distribution of the lateral
seismic force V by the use of the formula (2.6), tk;g remain-
ing l;asic design criteria relate to the overturning moment
on the structure as a whole and at any horizontal plarie

&

(Figure 2.3).

-

The moment at any section ig given by:

M= My
'
~where . ' ;
. . n .
My = F(hp=hy) + I Fy (hy-h)
o « i=z
Al , ”
and h .
J = 1.0 ifT < 0.5 sec.
- | . . \
J = 1.1 - 0.2T if 0.5 = T <.1.5 sec.
J = 0.8 - if T > 1.5 sec.

]

The ‘torsional moments a";e computed Yby requiring
- that the design eccentricity at each floor be computfed by .

-4
~ N

(2.5)

(2.6) -

(2.7)

(2.8)




whichever of the following

b

equations produces the greater

effects: . B
'[’4 -
& = 1.5e +.0.05D, (2.9) |
X - - n - . g
r < %
R
or ey = 0.5e -‘9.05 Dy 3

4
S .t

where e is the computed eccentricity between thé centre of
mass and the centre of rigidity and D, is the plan dimension
-~ : :

of the building in the direction of- the computed. eccentricity.

> ¢

'
"

.

DYNAMIC ANALYSIS ) o .

o

For large or'QOmplex structures, stgticfﬁethods of

°

seismic -analysis are no longer accurate enotgh and a dyhamic
analysis is required. Various methods the been developed
_ for thgmdynamic seiémic“analysis of structures. They all" ;
hqﬁe in copmoﬁ the solution of .the equatiéns of métion,raS"
well as the usual static;l relationéhips g;‘equiiibrium and

°

.

0

:  stiffness.’

w

K ' -

-

The three main techniques currently used for dy-

namic analysis are:

v

o

1. Direct integration of the eguations of
- ' RN
o . " N X 3 e
motion by step-by-step procedures; ‘

’ e 2

. -




o : . L .
<’ . -ii. Normal mode analysis;

iii. Response spectrum analysis.

\Y ¢

s : : \ The direct integration technique provides the
most powerful and fnformative analysis fer any given earth-
quake motion. A time—dependenﬁ)fbrcing function (ehrth-

. quake‘acceloéram such as Figure 1.3) is applied and the
corfesponding response-history of the structure duf&ng the
earthquake 'is computed?* ‘That is, the moment and force dia-

. grams at each of‘a series of prescribed intervals through-
out thexqppliéd mo;ion can be found. Computer pfograms have
- beeﬁ writteh for both linear elastic and nonlinear inelastic’
méterial behavior, using step-by-step in@egration procedurés;

'However, linear behavior is seldom-ana;yzed by direct integ4 ) y

. ration as normai mode techniques are easier and nearly as |

accurate. Lo . . !

s ] The normal mode analy51s is a more limited tech+ s
nlque than dlrect 1ntegrat10n, as lt depends on artificially -
separating the normal modes of vibration and combinhing the

" . ~

forces and displacements associated with a chosen number of

them by euperposition. Because of theé use of superposition,

.‘ - . ‘. -\
N c *It is beyond the scope of this report to-pgesent this method of dynamic
analysis in detail. The interested reader however \istreferred to refer-
. ences 9 and 10 for a complete treatment of the subject.

)
»




29

 the‘teqhnique is limited to linear material behavior. .Al-

though mgdal analysis can provide dny desired order of ac-’

e

curacy for linear behavior by incorporating all the -Todal

responses, some- approximation is usually made by using only

the first few modes in an attempt to save computation time. -

~ . -
o [

The response spectrum technique is real£¥ a sim~
plified special case of modal analysis. - The modes of wi-

RS

‘bration are determined in period and shape and the maximum
response magnitudeé cofresponding to each mode are found by,
fefergnce to a responsé spectrum (such as the er shown in
Figure 1.4). An arbitradry rule is then used for superposi-

tion of the responses in the various modes (Figure 2.4).
. . m

¢3

92

1

Figure 2.4 Natural modes of vibration for a
three-degree-~of-freedom system

a

The resultant moments and forces in the structure’ correspond

to the envelopes of maximum values, rather than a set of

*

simultaneously existing values. Further discussion o#the

theory of dynamic analysis is presen}ed in Chapter 3.

3
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SELECTING A METHOD OF ANALYSIS

In the past there has generally been llttle ch01ce
in the method of analysxs, malnly because sultable and eco-
nomical computer programs have not been readily available.
To date, most earthquake—resistant structures have been ané-
lyzed with an equivaiént static load derived from a code of
practice. However, with an increasing numbe; of efficient
and economical dynamic analysis programs that have been

written for fast computers, many design offices are changing

to the use of dfnamic analyses.

|

It is difficult to give clear general advice on
. ’
selecting the means of ysis, as each structure will have

its own requirements. Table 2.3, however, gives a very sim-

~ple indication.of the apﬁlicability of the main methods of

analysis.

. Table 2.3 ! i
Simple indication on selecting a means of. analysis
) for different structures :

<. Type of structure ‘ ) Method of analysis

Small simple structures (1) Equivalent static forces : .
(appropriate code) .
{2) Response spectra
(appropriate spectrum) .
Progressively more " (3) Modal analysis
demanding structures (appropnate dynamic input)’
e 4 Non-hn;ar plane frame
. i (appropnate dynamic input)
Iﬁge complex structures (5) Non-linear 3 D frame i
. (appropriate dynamic input)

L

e

e
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. " Chapter 3

(5}

THEORY OF DYNAMICS AND SEISMIC RESPONSE*

INTRODUCTION s Lo : o

. The purpose of this chapté? is to discuss the
problem of formulating a mathematical model which satis-

'factorily' describes the behavior of a structure subjectefi

to damaging earthquake motions. T

1 Hdving given a general description in Chapter 2

‘of the main types of dynamic analysis used in earthquake
f*ihe basis of this chapter is a course on Structural Dynamics, taught

By Dr. Oscar A. Pekau it Concordia Uriversity, which the writer was
privileged to take during the course of his graduate study.

"
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engineering, a summary of the mathematical processes in-
volved now follows. Flrst the formulatlon of the dynamlc’
response equations employed in typical computer programs
will be discussed briefly, and Fhe usual approach to the

numerical solution of the equatjons will be qutlided for

single and multi-degree4of-freedom syétems; : . \
’ Fuller treatments of the follow1ng theory - have
been given by Blggs9, Clough and. Pen21enlo, and Newmark
nll,

qu Rosenbluet

SINGLE-DEGREE-OF ~FREEDOM SYSTEMS

i

To find the displacement histqry of a structure,

it is necessary to se;ve the equations of motion of the

system. There is one such equatioﬁ,of~dynamic equilibrium

for each degreebof freedom based on the fact that
/

gather

tv

. IF = ma g

(i.e. the summation,ofﬂferces is no longer zero, as in:
statics, but rather equal to tﬁe.mass times the accelera-

tion of the system) .

(3.1)

(3.2)

, L A
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A common representation of a single~degree-of~
freedom system is shown in Figure i,L, where F(t) is the
forcing fungtion varyiné with_time. 1f the system of
F;gure l,i is idealized as shown in Figure 3.1 (a) and con-

sidering the equilibrium of its free body (Figure 3.1l(b)),

!

A |
0 - \\
A . . .
. k . . mu .

! 4 4Aﬁ ‘ ku o= = .
A .. F(t) -~ F(t) -
A n '

P
v | . Q.—-——-
'—J(‘. cu
[@) $) . ta
3 N P A e R u
(a) v (b)

Figure 3.1 Idealized fixed base single-degree-of-freedom
system subjected to a time-varying forge

l
{
the equation of motion is given by -

- » mi + clt + ku = F(t)

‘where the dot (*) indicates differentiation with respect

'
H

to time.

@

(3.3)

For the case of earthquake excitation (Figure 3.2),

the only externéliloading is. in the form of an applied motion

‘at ground level. The total acceleration of the mass is

(3.4)

R Y T R
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§ "
/ k :
/ 3 14
xqﬁ « F(t) =0
A ! l—] m .:_——p-
e ] i‘
v total displacement ‘- ’ ‘ ‘ -
. I"l relative displacement (b)
. . ' i '
, ku =
‘ Bnm— . F(t) =0 v
Iy 5 —_—
:ﬂ.J ground dispiacement c?u_ .
, —
(a) X |
(c)
Figure 3.2 Single—deéree-of-freedom gystem subjected
to ground motion ,
Therefore, the equati&n of motion becomes
mi.+ mig + ch + ku. = F(t) = 0 (3.5)
or
mi + cd + kit = -milg ‘ . (3.6) .

A comparison of equations (3.3) and (3.6)'inai-
cates that the relative displacement, u (Figure 3.2), of
the maés in a system subjected to a time-varying base accel-
érafion, ﬁg,iis equal to the absolute displacement, u (Fi-
gure‘l.l), of the m&ss in a fixed-base system in which. the
mass is subjeéted to a time-varying force eqdél_to -mﬁg.3

The' quantity mug is called the effective load resulting from

‘[//Ege,base motion. \ , ‘

i
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’/ B

In order to solve the equation of motion (equa-

tion '3.6), first consider the case of free vibration with

'zerp damping. The eqguation of motion'bécomes

(1]
o

mi + k

or
i +o?0= 0 :
-
where ‘
’,'m2=k/m
or

J
is the circular frequency of this free vibration system.

The solution of equation (3.8) is
oy u = Asinw@ + Becosut

'solving for A and B, - ‘

f

u = %i'sinmt*?\uo qosdt oy

3 , 1

(3.7)

(.3.8)

-~ ¥%3.9)°

(3.10)

The resulting simple harmonic motion is shown ‘in Figu#e 3.3.

The period of the motion is .

T = 2n/w ' L

PR AR ol x, Wi a Mo nlI T L ETEIE 20200 Ll gt

= e e ok 4 . .
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5

and the amplitude is

-4
L.
[

e S v o

,EL__ \ 1 -t

Figure 3.3 Undamped simple harmonié motion of_aiﬁgle-degree—of-
freedom system given initial displacement; and velocity J

*

LR s T VRSN TOPUOITE’ VVSPR RA

For the damped sysﬁem, the equation of motion may

il

be written

4+ 2ceu + w2u = 0 . . (3.11)

from which (for moderate damping)

‘ Cu = e-cwt( Yg * tuug sinth.+Kﬁscostt‘) (3.12) |
. L. . mD o 5

B |
where T = —5%;— ‘is the damping‘ratio, -
and wp = ~w‘/(l - ¢2) is the damped circular frequency. i

To f£ind the regponse of a single-degree~of-freedom
system to an impulsive loading (Figure 3.4), the free vibra-
tion results may be used.

N L - . : ’
. o . . E |
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F : . :
* Impulsive foad B { ‘
mpulsive fgading .
J\‘ . ,

[ VR,

-

Somadle.

u(t). F dl sinwt

A\ 4—'. , A

uoaf F - - é

Figure 3.4 Response of single-degree-of-freedom system
to impulsive undamped loading . :

If the léngth of the impqls“e tj<< T, the period

OSSR

of vibration, it may be assuméd that ug = 0 and from impulse- . )
momentum

mAd = / F dt
therefore : . : L I

Using these values of ug and ug in equation (3.10) . -/
i
]
u /F At Sinwt i
. mw

For arbitrary loading (Figure 3.5), a series of .

impulses may be assumed. The displacement response due to

any' individual increment of loading ending at time t and of
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'
duration dr, can be written as

F(t)
du 3 *ginw(t - 1)dr
" mw
F-‘ N F('T)
|
| Fl p—t .
T _J-_,:_d‘l'
t' '
autt] K ’1 du(T)sFmT\dT sinwt!
response /?<
\ s t
te T+ (' ‘]

Figure 3.5 Reéponse of éingle—degree-of—freedom system
to arbitrary undamped loadin&

!

The total response to the arbitrary loading is the sum of

all the impulses of duration dr

U T F(T)
u(t) = ———— sinw(t - T)dz
' mw

This is an exact expréssion called the Duhamel inﬁggfal.

Because it'depends on the principle of superposition, it

. 1s applicable to linear structures only.

The response of damped single-degree-of—freedoh
structures to earthquakefmotlon may be derived from the

'Duhamel Integral as follows.

©
/. . \

« . - s
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" is the damped form of the Duhamel Integral which can‘be

- 39

F (1) :
- e"?(t'T)sinwD(t-r)dT (3.13)

u(t)
N mmD
' o

¢

P N )

rewritten in terms of the 'ground acceleration ﬁg(r) = F(t)/m,
taking w = wp, which is reasonable for small damping. Thus,
. ,
1

a(t) = = | Hge D ging (gmryde (3.14)
- w . /

!

o

B N N YUNIRT N WG

ietting V(t) equal the part under the intégral of equation

(3.14), the earthéuakg deflection response of aniumped mass
system becomes ‘

1 .
(3.15) °

u(t) = — Vv{t)
Cow ) = :
_.The forces denerated in the structure are found in terms of z
the effectivé&accéleratiOn
. o : - ;
Ua(t) = w2 u(t) (3.16)
. .
The effective earthduake force on the structure is then
Q(t) = mig(t) -
N .
= .mw? u(t)
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Therefore, : oA T

o' ° 9

Q(t) mwV(t) (3.17)

+

1]

Thus the effective earthquake force (or base shear) is found
in terms of the mass of the structure: its circular frequency,

and thé response function V(t).

MULTI-DEGREE-OF-FREEDOM SYSTEMS .

- ) >
In the dynamic analysis of mpst structures, it is
necessary to assume that the mass is distributed in more than

one discrete lump.- For most buildings, the mass is assumed

to be concentrated at the floor levels, and to be subjected

'

N

to lateral displacements only.

The number of Aegrees of freedom of a system is
defined. as the least number of‘independent displacement'bo—
ordinates necessary to completely determind the configura-

tion of the system at any instant.

' The“nge of lumped-mass models to represent the ac- '

N
tual distributed mass structure is a convenient device for

reducing the infinite number of degrees of freedom of the

structure to ‘a manageable few. This makes possible the for-
- /“ . N
mulation-of the force equilibrium of the system. in terms of

a set of ordinary differential equations instead of the

) ' ‘ . . -

@
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partial differential equations which would be required for ¥
the conﬁinuousQFystem. \ - 3
\ :-‘) ‘ Ve . ' . ;
To illustrate the multi-degreé-of-freedom analysis .
consiMler the three-story building shown in Figure 1.5. Each i
I L . ) N ‘ : !
story mass represéhts one degree-of-freedom, each_with an
equation of dynamic equilibrium g ’
. : * , ﬂ 3
) EIa +. FDa + FSa = Fa(t) '
4 ’ ~ y - Q
, ) ) 1
Fip + Fpp + Fgp = Fplt) . (3.18) ;
d - {4 AN
Fio * FDc + FSc = Fc(t)

v N ”
~

,
” .
0 . ¢

where FI, FD and Fs are the inertia, damping and elastic.
force }espgctively. o . ~

The inertia forces in'equation (3.18) are simplyge

Ia a a ° - . .
f i
Fie * MY “

* T, o




. 1ling generally exists between the coordinafés, complicating

‘dent upon the frequency and the dlsplaced shape, the flrst

.
-

d L ‘ . N 42 ‘ -~

Similérly for the damping and elastic forces ;.
‘ . b . :

.Fp' = Ca : ™ (3.21)

and
Fg = Ka . ' (3.22)
. ‘ \ | ;
It should be noted that ‘the massfgglrix is of diagonal form
fof a lu@ped mass éysﬁem, giving no cogpling between the
maésgs. In more gene;alized'shape coordinate systems, coup-

o " -

the solution. . :
ution : /

“

Using equations (3.20), (3.21) and (3.22), the

equations of dyndmic,gguiliﬁrium may be written geherally

!

as - ‘
Mi+ Ca+ Ku = F(t) L ‘ | (3.23)
~ ) . 3
This equation is(identical to ‘equation (3. 3), for a single- -

4 ro

*

deg;ee-of-freédom'system.

3& i ’
@ Ly
.

Ac the ‘dynamic response of a str ture is depen-

step in the analysis of a multi degree-of freedom sysiél is
o

to find its vibration, frequencies ‘and .mode shapes. F
: . ’ ] -
free vibration, there is no external force and no damping.

o f
. . . -
, . <
-
. . . . .




Equations (3.23) .then become

Mi+ Ko = O y (3.24)

but in free vibration, the motion is simple harmonic

u usinut

Therefore’

13

u

'-w2{sinut o (3.25)
where u represents the amplitude of yibratiéﬂ.

) .
' Substituting in equation (3.34) //

I

Ki - w2 M@ = 0 " ' (3.26)

v

equation (3.26) is an‘eigenvalue equation and is readily

~solved for w by standard computer programs. Its solution

]

for a system of N degrees of freedom yields a vibration
frequéhcy1wﬁ and a mode shape vector @n'for‘each of its N
modes. ¢, représgnts the relative amplitudes of motion

(Figure 3.6) for each of the displacement components in

’ iy .~ Figure 3.6 Natural modes of vibration of a three-degree-of-
-/(r; * , freedom systen

AR 0 T ¢ - . —
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) R
mode n. Equation (3.26) cannot be solved for absolute

values of ¢, as the amplitudes are arbitrary in free vi-f - .

bration.

‘

" An important simplification can be made in the

equations of motion because of the fact that each mode has
’l .

an independent equation of exactly equivalent f rm to that
for a single-degree-of-freedom system. Because|of the
orthogonality properties of mode shapes, gquafi n (3.23)

-

can be written

) 8,7 F(t)
v w 2y =
Yy + 2tpwnY, + wpfY, = °nT Moy . \ (3.27)
where Y, is a generalized displacement in mode n, leading
to the actual displacement. .. .
In terms of excitation by earthquake ground mo-
tion ug(t), equation (3.27) becomes ‘ .
P ' ~
. e l L] 2 - Ln ~..‘ N
Yo + 20pup¥y + epf¥y = ——— fg(e) (3.28).
, oy Moy . |
wherq'lLn is the earthquake participation factor and is
given by ot . ' . o
- Ty
by = 8 MI
in which 1 is a unit column vector of dimension: N.
® . :
'J\" , - _
-, ‘
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-

The solutlon of equation (3.28) may be ;&pe by

1 evaluating the Duhamel Integral o -
. . ‘
Yolt) = —— * — // g (t)e” n”n‘t ™ sinu, (E=1)dr (3.29)
\ by My wp 2 '

The displacement of f£loor (or mass) i at time t¥
is then obtalned by superlmp051ng the response of all modes

evaluated at this time t R

N
' ujg = El ‘?inYn(t) . ' ' ' (3.30).
n= A

>

7

. . : %\
\where ¢;, is the relative amplitude of displacement of mass
Id
i in mode n.
’ \

-

The earthquake forces in the structure may then
. o .

[

be expressedBin terms of the effective aecelerations

, ~

. e _ 2 v * - s .
Yn eee, (8) = un™¥n(¥) o NN

from which the acceleration at any floor i is
i N 4 l v

N (3 2 o . . I .
' Uy At) = w e Y () : o . (3.32)
lneff, n ‘an'n | ) L |

and the earthquake fSorce at any floor i.at time t is
1

‘Qiﬁ(t)\ = 'miwn2¢inYn(£$ B | . - (3.33)

E
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-

Superimposing all the modal contributions, the earthquake

forces in the whole structure are g%yen by
ae). = M Y (6) \ (3.34)

I LN

where ¢ is the square matrix of relative amplitude distri-
: 2 "i\

butions in each mode and mz is the diagonal matrix of u

for each of the n modes.

\
Y

Havin& determined’ the modal response amplitudes
of equation (3.30), the entire history of displacement and

force-respohse can he defiped from equation (3.34).

N
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Chapter 4

INTRODUCTION - - '

There is more informatioh available about the

seismic performance of reinforced concrete than any other

material. No doubt this is because of its widespread use

and becausg\pf the difficulties involved in ensuring its*\\‘

adequate ductility.

Reinforced concrete is generally desirable be-
cause of its availability and economy, and its stiffness
can be used to advantage to minimize seismic deformations

. |
and hence reduce the damage to:non-structure.
- A
. : -
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The purpose of this chapter is to define the
strength and deformation characteristics of reinforced
concrete members and to provide notes on the detailing

of these members for earthquake resistance.

»
PRINCIPLES OF EARTHQUAKE-RESISTANT DESIGN

The seismic response of structural materials has

been presented generally in Chapter 1, where some stress-

strain diagrams were presented. The hysteresis loops of

Figure 1.6(d) indicate that considerable ductility without
strength loss can be achieved in doubly re@nforced beams
having adequate confinement reinforcing. This is in dis-
tinct contrast to the loss of strength and stiffness de-

1

"1
gradation exhibited by plain unconfined concrete under re-

. peated loading as shown . in Figure 1l.6(c). However, even in

well reinforced concrete members, the root cause of failure

« under earthquake loading is usually concrete cracklng

Degradation occurs in the cracked zone under cyeclic loadlng.

Il"'

Cracks do not close up properly when the tensile stress
drops because of permanent elongation of treinforcement in
thé crack, and aggregate interlock is destroyed in a few
cycles. In hinge and joint zones reveréqﬁ diagonal crack-

' '
ing breaks down the concrete between the cracks completely,

and sliding shear failure occurs (Figure 4.1).

i it e o B 0 Lt s
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Eighre 4.1 Progressive failure of reinforced concrete hinge ) !
.‘5 zone under seismic loading ’

N Ny
L
P

o In reinforced concrete structures, the essential

fii P

“ * ‘ X 4 ' ¥ . [} f *
- -features of earthquake resistance are embodied in ensuring

the'fo1lo§ing: -

, o ‘ ‘ ]
(i) Beams should fail beforé columns; {

(ii) -Failure should be in flexure rather than

s shedr; .
&iii)._Préhature failure of joints between mem-

) ' , P
 bers:should be prevented; i

(iv) . -Dpctile:rather than Brittle failure shduld
be obtained.

LY

The ACI Codel? specifies strength factors which

' trf to ensure thgt‘beams fail before column#,-but this situ-
ation can be further facilitated by the use of mild steel
for the.longitudin;l rein'foj&cement’o_f'be“ams,~ and higher
‘strength steéls far cqumnsﬂi '

-
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To prevent shear failure occurring before bending
failure, it is good practice to éésign so that the flexural
steel in a member yields while the shear reinforcement is
working at a stress lesé than yield. In beams a conserva-
tive approach to safety in shear is to make the shear
strength equal to the maximum shear demanﬁs whicgncan b%

made on the beam in terms of its.bending capacity. N

i

Referring to Figure 4.2, the shear strength of

s} Muy \

(v)
langitudinal stee)

o o of
oool

h ) {c)
Al

Figure 4.2 Shear strength considerations for reinforced '
cancrete beams

»

y,

the beam should correspond to . -
v - Mul - MuZ Vv
) max : 1 D

where V, is the dead load shear force and

(4.1)

e e -

R S




Seen v

51
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Recently Paulayl3 éuggested that\the sheai can be carried
through the brékqp concrete zone by ‘sloping the main bars

(Figure 4.3) through the hinge zoﬁe towards a point of con-

traflexure at the centre of the beam. v
/ y
7 I 4
tuo tone, disgonal cracks 3
N E—
. / ,
A Point of contrafiexure ;,’

-
Figure 4.3 Prevention of ‘sliding shear in plastic hinge zones
using sloping main steel to carry shear after heavy

concrete cracking ’

DUCTILITY OF REINFORCED CONCRETE MEMBERS

TThé‘moé‘ tical way of determining the ducti-

lity demand io?.a reinfokXced concrete structure is by the

£

ultimate stress method. Simplified methods of determining

the hinge rotations in reinforced concrete frames have been

14 15

suggested by Hollings and Park™". These(techniques in-

volve the assumption of hinge mechanisms for the frame,
such as shown in Figure 4.4, and the imposition of an ar=-

t P s- “
bitrary'lgLeral deflection ductility factor u.on the frame.

e

These simple mechanisms are only guesses at the actual xo-
]

»

tational demands due to an earthquake. However, they are

~

likely to produce Better aseismic structures than if no

o

rotation assessment is made. ]

P
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: (a) Cojumn__Sidesway

- ’ Ve
*=5

Xu=Ultimate deflection
Xy=Deflection at tirs
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3

(b) Besm Sldinvaz | B
L Figure 4.4 Alternative plastic hinge mechanisms for a ty;;ical
' , . multi-storey frame ‘
| N ‘ Lo e L e .
h
!
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%

The available section dﬁctility of a concrete
member is most conveniently expressed as the ratio of its

curvature at ultimate moment Qu to its curvature at first

yield ¢§. The expression ou/¢y may be evaluated from —
first principles, depending-on the geometry of the sec-* .

L , )
tion, the reinforcement arrangement, the loading, and thea

stress-strain relationships .of the steel and the concrete.

Consider conditions at fig?t yield and_ ultimate

¢

moment as shown in Figure 4.5.
¥

For an under-reinforced section with no compres-

, -
sion steel, first yield will occur in the steel, and the

curvature is given by} r
. . e ’ £
. 8y
Y (1-k)4

Eg (1-k) &

a-

where '
ko= v[}pn)2-+ 2pn - -‘pn
provided o ’
. 20f, b
’ ‘f’c = —T'l $ - 7f|c
. k-

Y (4.2)

(4. 3)
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Referring to Figure 4.6, it-cén be\shown that

the ultimate curvature is

° _ cu _ B1Ecus
s u--——,—
c a .
whare
- Agf,,
a o Dty
855 b

and 8; may be taken according to the ACI Codelz. The

available section ductility is then ' - ,

v &

Q—u Ecud (l-k)Es } )

Qy cfy . ,

» O

For estimating,the ductility. available_ from reinforced

concrete in a strong earthquake, a value of 0.004 may be

b ! g . (] * 3
taken as representing the limit of useful concrete straln16

¢

For a doubly reinforced section, the ductility ‘

4

méy be determined in the same way as forlsinqu reinforcéd
sections but with allowances for the efféct of cqmpressioﬁ
steel raéio §'i The expressioﬁs for c’an& k become

‘a ,f :
S By

(p"‘p ") fyd

.. .85f¢ 8,

(4.4)

- (4.7)
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and

k = V/(p+p')2n2 + 200 + (p'd'/dﬂ n - (p+p')n  (4.8)

3

-

The above equations assume .that compression steel yields.

If this is not so, the actual va]/,u'e of the steel stress

should be substituted fgr fy. ' ;
> , .

" BEAM DETAILS : _ :

g

The significant provisions of the ACI Code]'\2 re- ' 3

lating to flexural!.’ members will be discussed in the follow-

N A
ing. 7 ' o ‘ .
+ g '

Referring to the details Of Figures 4.7 and 4.8,
\ N - '
- ‘ , \

Davelopment length

for at least Ag/3 Ay 74" : ol
'4—‘_‘1 / confinuous .

?

Development .
length ’

S
>
-

Ln/4 (minl} Point of ,L
= a— inflection

7 " 1
. / Cleor span,Zp

s ~—Stirrup ties Aye > Ae/2 . ' l
for splices ¥ - 1 200vdrty . T

<@
-

"Figure 4.7 Anchorage of beam reinforgmmt in beam
\gn:opposite side of column . |

e

) l )




58

Sticrup hes

. \ A d
d
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;ﬁﬁfiﬁﬁl_l_l_l_jiﬁﬁjljj

“

N

3l i‘—‘ p
4d 1‘ SMISE

Figure 4.8 Beam web reinforcement limitations,
‘min. bar size - #3

’

. y

. , . 3 , N . ‘
the limitations on flexural reinforcement ratio are
200 . .
" Pmin P
b
9 3 ‘
Pmax T 0:50 Py 1anced

e
* I3

Because the ductility of a flexural member decreases with

«

increasing values of the reinforcement ratio, p, the code

N - LT . . . ’ .
: 11@;ts the maxgmum value of this ratio to 0.50 of the ratio

!
corresponding to the balanced condition.

3+

"In order to allow for the po8sibility of the

Jpositive moment at one nd of a beam due tO‘eartbquaﬁe-
' - A : R
induced lateral displacement (Figure 4.9) exceeding the

negative moment capacity due to dgravity loads, the code

v

'requires a minimum positive moment capécity at beam ends

.
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REVERSE SEISMIC LOADING » !

Figure 4.9 Loadings for design of transverse reinforcement
in beams’ ' -

v

1

-

equal to 50% of the negative moment capacity,. i.e at the .

-t

end ‘
\ . . - Y 4
M(pos) = 0.50 M(neg) . ‘ ’
* It is usually noéypoésible)to'develop the yield
strength of a reinforcing bar from a framing beam within

the width of a column (except in very 1ar§e columns) .

Where, beam reinforcement can extend through a bo;umn, its
capacity i§ %eveloped within the compression zone of the
beam on the far side of the’ connection. Fpr exterior
coium;s, the;glexural reinforcemeﬁt in a.framing beam has
to be developed within the confined regions of the column.

‘For " such cases, standard 90° hooks are used plus whatever

extension is,neceséary to'develop the Bar, ths developﬁent

‘ i
4 . . ‘ 3
- 5 N
. '

k)
T . —
A - ‘ ~ ‘ e
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length being measured from the face of the column (Figure

4.10). |

"Typical gt both ends. Anchorage distance computed :

T A et e s R

Extend Y of neqotive movement / for f, and 1.754 or 16" min, :
reinforcement fo $L ar point 14 orI6 dia .
‘of inflection " ’
N or 12" mox: B K
% of greoter gmount of L
negative moment 4d 2" ]
reinforcemant ataither a9 ¢
° end or min. p=0.005, . g3
] — . e
€ X
€ E‘L 5 }"(" n :
£l Hib: - " "mi A ‘
.? 5 | Min'p=0005 24 dia or 12'min R jd
-N A i L1 . Iy 1
p SAnchorage distance 2 stirrup-ies of sphca’ /:’4,___\ Ve N
(Cut-off points staggered} nchoroge '
. ofte g0 2 shrrup-ties min~} fg,m"cg [
\ Min #3 stirrups @ ¥d 4d y 1
i / A
=N 4 ,Typical at both ends”/ v
Min web reinforcement
< us required by Eq65 |
Left end of beam. ' Right end of beam
Typical details for longituding! reinforcement Typical details for min web reinforcement i
" * . !
!
) A
' I Compute anchorage from .

X* p” face of column

. - Arc [~ .
- length -
, eng x p—=

2

. 12 bar:I z Beam .
o diam. & e “ " dimension ,
‘ min. t L. .
Min. clearance -— ’ ) ) :
B " ey : X* Varies according : .
‘ S o to column size. ,
At e .
Column ) . .
' dimension : . ‘

Figure 4.10 Typical longitudinal and web reinforcement
details for girders and beams on column lines )
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FRAME~COLUMN DETAILING S i
: : 1
The limitations on reinforcement ratio of columns ;
are (Figui'es 4.11 to 4.14): ;
!
. Pmin ‘l% .
: ]
Pmax - 6% L | f,
!
l Pe > 0'4 P i ‘;'In Ca;:-."n:‘v ]j
¥ ' ‘, ;;i ;
. . [ , l,(l::»::'m '
, 3 ‘ t ‘ “, Do : :
h2( 18 o t"'- - ' oy o
& cleor ht of column . r—— Tt

" TYPICAL WTERACTION DIAGRAM

A Y
Min volumetric rolio, pg,of spiral
confinement reinforcement
° !

. M
1045 (fi’-—n £ (Eq10-}
LV

’ N "

f
2002 =
ty | .

rd .
. A . 4 (
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i ttear ht of column

)

Figure 4,12 Corifinement reinf'orcement; at column ends - rectangular
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Figure 4.14 .Typical rectangular tied column bar details for
special ductile moment resisting frames )

However, the practical upper limit for‘thé.reinforcement ,:
‘ . L2l e

ratio is, 4% due to construction considerations and conve-

nience in detailing and placing reinforcement in beam~'

column connections.

In ordef to ensure that beams will fail ‘before

columns, the sum of the flexural strengths of the columns .

> '

ﬁeeting‘ét a joint should be greater than the sum of the

\




moment strengths af the framing beams in the same plane

(Figure 4.15). v
. v
( M:i + ‘“:n ) > (M:l + M:p
Mg, Me, .
' . ./’j§ )
: f ‘ . ‘ :
‘ ~MI:‘ (']L -DM:' M:‘ < : )M:r
. - — k,
— ‘ l,i v
' L M:b M:b 0 ‘E

Figure 4.15 "“Strong column - weak beam" frame . -
Wﬁen the axiél load of a coluﬁn exceeds' 0.4 ﬁb,jﬁs‘ |
special transverse reigforcement has to be provided near
'£he ends ﬁo ensure adequate strength -after loss of the
shell, should hinging take piace in- the columns. A migi—g
hum volumetric ratio of spiral reinforcemeht,‘ps,vequal
to 0.12 fe /fy is specifieé. This value will.usually go-

vern in the case of large columns. This confinement rein-

3 :
forcement is to be used throughout the entire length of
columns suppofting'discontinuous shear walls (Figure 4.16).
1 - \
- . r,/’\ . . l , . ) . .

Shearwall

Confinement reinforcement 3o be used
throughout entire .length ot columns

o

a
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It should be noted from the above that

: ¥
A £& \

o = 0.45(—2—1> — :

s A £ .

o Y ‘u

2 17 y

as given by the Codel provides insufficient confinement

“

SLAB DETAILS A o ;

oy N N

Reinforcement désigned‘for gravity loads in the

‘slabs of- beam-~and-slab type floqfs spanning in one or more

‘than one direction is usually adegquate to,énsure good per-

.

formance of the slabs both as a flexural member and as a

" N K F ‘ * . J
horizontal diaphragm. 1In view of the anticipated diaphragm.
action, additional reinforcement should be provided at the

sides and corners, of openings in slabs ‘as shown in Figure ' {

4.17. ’ - .
- )

, SHEAR WALLS

Shear walls are notmally tmuch stiffer than regu-

lar frame elements and therefore can be expected to be sub-

jected to correspondingly greater lateral forces during

-

response to earthquake motions. ' Because of their relative-

ly grééﬁer depth, their lateral-deformation capacity is
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limited, so that, for a given amount of latgral-displacement,
shear walls will tend to exhibit greater apparent distress
than frames. Because of this, and the fact that such ele-

ments possess a lower degree of structufﬁl redundancy than

’
2

frames of comparable Stiffness, codes have temded to pena-
lize shear walls. However, the satisfactory performance of
many shear wall and frame-shear wall struétures¥8 sﬁbjected
to actual earthquakes attest;w;o the reliability of struc-
tures which rely on properl& designed and well founded shear

walls for their lateral support. .

The principal provisions of the_Code12 relating

-

to ‘shear walls are shown in Figure 4.18.

0
¥ El
-

- ] EY

0 . * Min dutributed rainforcement ecch woy
e = 0025 Ag

3

L]

When Py > Q4 Py
—————

a
i ]

te) boundary clmims to carry all vertical loods

{b} confinement reinforcement to be used througn-
Ag oul hbight of boundary elements

d . ’
s , — ' . \ ‘.,
n WMnP.<04P!5

max fensie strass >0 Sf,
' ' ’ mn,A“ 2 (aog) M ,

ty
, .
S A .

‘ Eigure 4.18 Special shear walls *j.
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coupling beams reinforced witﬁ stirrups for shear in the

0

It is common practice nowadays to utilize the
lateral resistance of* adjacent shear walls by coupling them

together with beams at successive floor levels (Figure 4.19).

t

-

1
=
= E x
Veq % OHO
o -momim gl (L35 E (2L
b} H LEL A
t ' $ /_'Todl
A7
lo
?-Cqmoldal
} axes
1, L

Figure 4.19 A typical coup d shear wall structure and its
' ’ mathematCalpdaminar model

’
. Yo

. *
However, spectacular diagonal :tension failures during the

>

- .
1964 Alaska earthquake suggested that coupling beams of

-shear.walls may be inherently brittle componerits. . T

- 4

19,20

Experiments carried.out by Paulay ,'with\\

4

~ . ) ,
. conventional manner (Codelz), revealed that the flexural

‘yigld load could not be sustained under simulated seismic

load conditions., The concern for inadequate du¢tility in

coupling beams of earthquake resistant shear wall struc-

tures led to the investigation by Paulay21; pf a different

v

}

n
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arrangement of reinforcement as shown in Figure 4.,20.

r-wail
steel

R

i'0a spirai winain,

Vo cha ties —
3}

[

with 2°prten

2" ')
.

7~

-1

F—6

/

%

<Y

X1

3-*3
both
faces

‘ 8-"33urrups at 8°cra l

I—9”

" sd

+

Watl Reinforcement
13 not shown

"8

% ‘o

e

Figure 4.20 A prototype diagonally reinforced coupling beam

The disposition of internal forces that balance the exter-

,

n&l acﬁiogs, consigtent with seismic loading; are presented

in Figure 4.21. Using.the noﬁ;tion giv

Iy

.

{a)The Geome

(]
]
1
r
]
1
1

in the figure AS

¥

{b)External Actions

sl
<

o

try of the Reinforcement .  (c)Internal Forces

Figure 4.21 External actiong and internal forces iﬁ‘ﬂiagonhlly
) reinforced coupling beams ,

4

N
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B according-to'califoinia codes. ‘ .
. F 4 . 14 .

*. 9 Pigure 4.22 reveal? the superior perforhaﬁce of the

v, { ’ - o |
¢ N l \ .
3 : |
required to resist the external }wment M, or shear force
Vu =@_M‘L is obtained by g | N
-
) ) ®
. .
e . . . v . \‘ l
. AS = |2 ¢ | . o
l' I ) . 2fy5ina . . B (
‘ : ' i Sy A ¢ ’ ' . K o ,
where .
‘ 1
- g . R ' k | ’ | | ‘
. tane .= (h - 2da")/1 ‘ § {
I i i - ’
o ) /

S A comparison of thewfailure pattern shown in ' ,
dia-
1

L 2

Vﬁ‘gqna%ly reinforced‘coupling beams. ‘ .

‘¥

. ! ’ “ - ' r 4 “, - | '
. ), Figure 4.23 suygests a typical detaiIiFSr coupy
izling beams. P c o . ..
» ¢ 2 ~ N g - ~)
' Ve B ’ ’

'

g WALL,*STAIRC&AND PARAPET DETAILING

v
-

Figures 4.24 to 427 suggest typical details for

» f ' ) v, -, )
X ‘ * ' walls, staircasds 4nd parapets based on recommendations ;'
f , . . R - ¢

W w a

) . . .
“* . >t \r -~
v N N
: o v :
* . * * - !
S
] L A f
gv . . ; .
' »> ®
N\
» N ’ . v ‘
' ‘ i
' \ g .
~ . N e
3 0 o
‘ *
M ¢ - P 1 « \
°
[} + i ' [
f o . Y '
* - ‘ l ! ! 2
. ‘ . ¢ f ,
R " O (. R
" .‘\ ¢
' s

= s 2zl

.



ivs

»

3

'y

A

tn...
DI R -):DA.

‘J A8

ﬁ

37

Figure 4.22 The crack pattern afte

LY

r failure.of reinforced
couwpled shear wall models with (a) conventionally,

2

*(b) diagonally reinforced coupling beams
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. DETAILS FOR PRESTRESSED AND PRECAST CONCRETE

INTRODUCTION = , B

Prestressed and précast concrete structures have
‘given mixed pergsrmance in earthquakes, difficulties mainly

, being éxperiencea at connections between members. Most pre-
réd . &

stressed-concrete elements, when designed for loading rever-

‘ [N

sals, perform well in earthquakes. The failures that have

occurred have been due mainly ‘to failures of the supporting gim’

4

‘ e . 22
structures or connections .
. % ‘ ¢ :
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Basic principles in the design and detail of pre-

N ‘ a
cast and prestressed concrete structures are the same as

‘those for cast-in-place concrete structures. However, for

precast strq;tures, the methods of connéction and ductility

present special problems not always encountered in cast-in-
+ f
place concrete. In order to overcome the connection prob-

' For example, precast

v

lem, paftial precasting is often done.
. beams may be used with cast—in—place_cblumns, or precast
' §

walls mdy be used with cast-in~place floors, or vice versa.

"

As the basic detailing of reinforced concrete has
been discussed earlier in this report, only the essential

problem of connegtion is considered in this chapter*.

The following details must be individually designed

’ ~ for the forces acting on the joint. Variations may be made

‘to suit the circumstances. "Member reinforcement not sBown

?

. ’ .
for .reasons of clarity.

~ »

]

©

*It' is not the intention of this chapter to present a complete review of
N of prestressed and precast concrete structures. Only some essential con-

nection details, based on the California Code, will be presented. For .

.a more complete treatment of the. subject the interested reader is re-

ferred to References 7 and 23.
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CONNECTIONS BE‘RJEEN BASES AND PRECAST COLUMNS

i A .

B

/. .
/’ i i —Precast cancrete column

may be required for shear

ZCbncnh cover to base plate

—— —

| Steel base plate welded

i
|
1
!
!
|
!
|

e ite column reinforcement

Mortar bed

LSRN, SR 16

T

o

- Molding down bolts
Y

Detail 5.1 Site bolted. Moment transfer controlled

by base plate .

™
3

=12

[ U

N

BT

— e o]

&~ Grout duct

i
I -

45" ANV

'sumr bars ————

€3t in base.

. Timber leveiling shi
(Should ‘not be steel 83 this
v

may cause splmlug) .

Detail 5.2 Site grcq&ed. Effectiveness depends on grouting

<

5
1

Al

R4

- 130
{minimum)

ATy

- B
28 W
L=
b 7
o .

. 4

9 21 I8

3

P . .

2 [*—Mortar or grout »
i

)

-

.

Timber lsvelling shim

’

Det;ail 5.3 Site grouted. Best all-round, joint of this type. ‘
Method of transfer of vertical load to basé must be checked., K -« . .

) ;
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) 4 ¢ :
3
] ‘4 j
N n
T :
Ve
|; ¢ :' Pracast column ﬁ
Plain or epoxy Il I Bottom ‘plate weided to main ,
mortar joint filler “ l[ reintorcement prior to casting ’ )
Il It upper cojumn-
il I/
, ’ Adjacent l!«l/%{\hp plate welded to maln
plates site welded “ |I reintorcement prior to casting
togc:hnr il |; lower column )
: i o ‘ i‘
» i - Precast column b
- \ " *
? . ’ P
: i
5 Detail 5.4 Site wg¥ded :
. A
; 3
€ N }
- - i
: §
“ o
} o ’ '
CONNECTIONS BETWEEN PRECAST COLUMNS AND BEAMS
. Lrd
K ‘ Anchar bars welded to piate ‘
\priov to casting beam N 7 -
|
- \ v
N ™ :
} Beam ' R
. :
. v
- Care should be taken to Fillet weld connecting -« L )
ﬁrovonl spailing contact beam glates t0 column
st column face - plate
. Column
Main bars welded to 7 / .
end piste prior to . -
casting cojumn
! v
'Detail&S.S Site welded. Low moment capacity
. B3 Y . - ©-
- ™ .
b v :
' \3 -,
v f r -~
- . . . , , =
[ ‘ M . ‘/
Al . . -
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14
Y4 e
9
- Mortar bed sat back ' ‘
to avoid spalling of
N & corbel-
@ / é . f
O\ ’
T ,
Detail 5.6:Site grouted. Low moment capacity, poor in
. horizontal shear . ,
k)
, - ~ —1 A e Site weld betwsan lapping -
S /bau o¢ full bond length ' .
\ | ZPE w— 1
¢ s y .
* Roughened syrtace -
’ T . 4 iy
- A
F£) 1 >
\ | -
! Site concrete
y L A L
o - d
f . ¢ <
. Erection prop o
. © required ] ' .

Detail 5.7 Site concreted and welded and links fixed -

. . \’ e
. e b=
S ) End block it required,
. or anchor in column

.

f
i

‘1

:—-r-—-—.__

_—— —
—_—

k\m&ughmod :urhcos \

P eusirumgee.

=y

(d
[

¥

~

|

. _ ' Detail 5.8 Site mortared

e e,

~

and post-tensioned

Ersction prop
required .
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Lapping U bars

projecting trom all | -

memMers Into joint

\nsitu concrete

‘ '

_—1 -

~
-

o2

L :‘erucut slab \k ¢ !

' / T N - ‘
intermittent shear key pockets T

©

A

-
\Longitudinal bars placed \
inside hoops projecting
from slab and wall units

it
B

s

- _ H
’ C .
. . .
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x . Insitu topping ‘ T * ,
mesh nlnlorccmom\ -
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J ) D TGRS ! '
‘ M v -
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Detail 5.10 Site concrete and reinforcement ,
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" Cantilever siab U’lJHL .

horizontal shear ~

transterred through )
dowels

o ] ; R

. Detail 5.11 Site.grouting . .

¥ . [ . o .
. . K
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o , / .g - ,h‘ . \
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L “\l'u“u topping, mesh redgforcament ! .
- Ld
- < ~ o
N - . N - ,
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) . . Puca;\g ribbed slab "
S n M.S. piatein rib . ! . >
- o - ¢ . P B - - e J o ,
. M.S, plate in wall
' ol . ¥
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"y ' ' © plates in wall 'l%
necessary ' i
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?.' o Detail 5.12 Site concrete, reinforcement and ,welding\
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CONNECTIONS %FTWEEN ADJACENT" PRECAST FLOOR AND ROOF UNIfé

& ~N ﬁ",) Precaat slab

o

-~
- - At
. e ~
leA
\
. N N x
\

¥ ‘\ . *

., . ' "
N .
N / .
.« o« .

.

BR

A\

{nsity concreie \\

oo
. Y.

@

{

Intermittant
shear kay’ pockets

v

)

Detai{35213 Site éoncreg)ng. Thig joint depends on perimeter

/ -

N A\l

. Insitu topping, mesh
i reinforcement
™ ' *
;4

reinforcement to complete shear transfer system

e

N

v

N -

~ R

Inmty loppnn?., mesh

-

reinforcemen
.
/
A 4
N
[ TR PV A RSP AR AER
AN AL TIRN ARG 4 %8 £ 154 PO -
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o \THY
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Hoops for shear transfer

v
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Detail '5.1% Site concreting and reinforcing'
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CONNECTIONS BETWEEN ADJACENT PRECAST WALL: UNITS
L 4
R Lkﬂchofage
Grout duct reinforcement
b
ln;n;u concrete :*:;, ':':|:Cvcll|ng

.! -
ol
A\ N Floor siab
i
'l
[~ Continuity bar U
1 ’ i }
L
. SECTION ' ELEVATION
THAOUGH WALL ON WALL
. »

,/ . Detail 5.17 Site concreting and grouting -
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E4
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N i
/Grouting ot ducts desuablo\
- \ {i
- ¢
i
Pocket concreted Coupling tor stressing - Anchor nut 4
after coupling or bars \ . tor stage 1.
after stressing stressing i
r T i 1
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