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AN A P P L I C A T I O N OF C A P A C I T Y DESIGN P H I L O S O P H Y TO GRAVITY 

LOAD D O M I N A T E D D U C T I L E R E I N F O R C E D C O N C R E T E F R A M E S 

T. Paulay* 

Indiscriminate application of the capacity design philosophy can 
lead to unnecessary or indeed absurd conservatism in the earthquake 
resistant design of gravity load dominated ductile reinforced concrete 
frames. Low-rise framed buildings are typical examples. The origin of 
excessive potential strength with respect to lateral loading is discussed 
and proposals are made to establish an acceptable upper bound for lateral 
load carrying capacity in such frames. A technique is presented by which 
the successive formation of potential plastic hinges, involving partial 
beam sway mechanisms, can be conveniently assured. While retaining the 
requirements for energy dissipation in beams, it is postulated that at an 
acceptable high level of lateral loading the formation of storey 
mechanisms, necessary to complete the frame sway mechanism, should be 
tolerable. Examples are given to illustrate the determination of design 
quantities for bending moments, shear and axial forces for both, beams 
and columns. 

1. INTRODUCTION 

In low rise ductile reinforced concrete 
frames, particularly in those with long span 
beams, often gravity rather than seismic 
load requirements will govern the design 
strength of beams. 

- In capacity design normally it is 
necessary to evaluate the overstrength 
flexural c a p a c i t y o f both potential 
plastic beam hinges in each span in order to 
evaluate the maximum attainable moment input 
into the columns of the frame. This 
procedure, applicable to low rise buildings 
with more than two storeys, in which the 
"weak beam - strong column" design philosophy 
is pursued, may produce column design moments 
and shear forces that are unnecessarily 
large. The reason for this is the large 
potential beam strength and the consequent 
lateral load required to produce in the beam 
sway mechanism plastic hinges with positive 
(sagging) rotations in a region largely 
dominated by a negative gravity moment. 
Under these circumstances the magnitude of 
the lateral load, required to produce a 
complete beam hinge sway mechanism in each 
span of a bent, may be several times that 
intended by the loading code(2) a if the 
designer insists on the full execution of 
capacity design in order to ensure that 
column yielding will generally occur after 
the formation of beam sway mechanisms, the 
columns would have to be designed for an 
even larger lateral load. 

Skillfully applied moment redistribution 
^ may considerably reduce the unintended 
potential lateral load carrying capacity of 
such frames. Therefore designers should 
make full advantage of the benefit that 
results from ductile behaviour that is 
expected to eventuate at and above lateral 
design load levels. To relocate positive 
(sagging) potential plastic hinges from 
column faces is an effective way to reduce 
the lateral load resistance of the beams. 
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This will be illustrated in one of the 
subsequent examples. However, in many 
cases the most meticulous allocation of 
beam hinge strengths will not offset the 
excess potential lateral load resistance, 
and in such cases it will be found that the 
columns would need to be provided with 
unrealistic extreme lateral load resisting 
capacity, if it is decided that they must 
possess at all times strength in excess of 
that of the beams. 

It is proposed that in frames, in 
which design considerations for gravity load 
result in potential strength to resist 
lateral load much in excess of that 
stipulated by the loading code ̂  , some 
limitation on the required minimum strength 
of columns be introduced. In certain cases 
it may be shown that with the development of 
the negative (hogging) plastic hinge in 
each span, that is with an incomplete beam 
sway mechanism, seismic strength well in 
excess of the required minimum can be 
developed. At such high level of lateral 
load resistance, considerably reduced demand 
for energy dissipation is to be expected. 
This reduced energy demand may well be 
supplied by a lesser number of plastic hinges. 
A moment input into columns, at a level which 
is below the overstrength capacity of the 
beams, may therefore be considered. This 
implies that at an acceptable high level of 
lateral load resistance, column hinges 
rather than additional beam hinges, with 
positive rotations, will need to form to 
complete the sway mechanism of the frame. 

2. QUANTITATIVE EVALUATION OF THE POTENTIAL 
STRENGTH OF BEAM SWAY MECHANISMS 

A convenient means of expressing the 
contribution of strength of beams at any 
floor to lateral load resistance, is the 
summing of the relevant beam moment inputs 
into the columns at that level of a bent. 
This is essentially the same as summing the 
column shear forces generated, when the 
beam strengths in the bent are developed, 
in order to arrive at the total storey shear. 
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As Fig. Kb) illustrates, the total lateral 
design load induced moment at 4 columns (A, 
B, C and D) of a symmetrical bent with a 
three-span continuous beam at a particular 
floor is 

A M ? + AM" EAM. (1) 

This also represents the required total 
moment input from beams into the four columns. 
These beam moments at column centrelines 
represent the dependable strength for lateral 
design earthquake load in the given direction, 
g, stipulated for that structure by a loading 
C O t f e ( 2 ) s The actual strength of the beam, 
which may have been controlled by gravity 
load considerations, may then be related to 
this minimum lateral load requirements, 
Eq. (1), with the aid of the average beam 
overstrength factor, T\>Q , which is 
defined subsequently. ' g 

For the beam of a bent shown in Fig. 1, 
the suitably factored gravity load induced 
moments, derived from conventional elastic 
analysis (Fig. 1(a)), are combined with the 
earthquake moments, also obtained from an 
elastic analysis, as shown in Fig* 1(c). 
To avoid possible confusion of issues, at 
this stage no moment redistribution has 
been applied in the illustrative structure. 

It may be assumed that these moments 
(Fig. 1(c)) governed the amount of flexural 
reinforcement in the beams and accordingly 
the demand for the d e p e n d a b l e f l e x u r a l 
capacities has been met exactly. To satisfy 
code (5' requirements for ductile sections, 
positive (bottom) reinforcement at the 
support of all beams has been provided to 
sustain 50% of the negative moment require
ments at the same sections. It is this 
requirement that leads normally to excessive 
lateral load carrying capacity in gravity 
load dominated frames. 

the entire bent can be computed by summing 
the maximum potential moment inputs into 
the columns^ i.e. IAM°, for the chosen 
direction (E) of earthquake loading. 

With reference to Fig. 1(d) , it is 
seen that 

v 3 0 , + 0 , r£0 , ± 0 , 
I. AM. = pM + nM + pM + nM r + P " C 

+ nM D EpM° + EnM° 
^ 1 1 

(2) 
where: 

M is the beam overstrength flexural 
capacity that could be developed 
at column centre lines by lateral 
load acting in the given direction 

A,B,C,D,i identify the parL-cular column 

p,n signify that positive (p) or 
negative (n) moments, involving 
the yielding of the bottom or top 
beam flexural reinforcement 
respectively at the section, are 
being considered. 

The average beam overstrength factor 
for the entire bent, expressing the maximum 
potential lateral load capacity (Eq. (2)) 
in relation to the code required dependable 
lateral load strength (Eq. (1)), may now be 
defined as: 

o,avg. = £AM° / EAM E 

1 1 
(3) 

The magnitude of the average beam over-
strength factor for the bent will be compared 
subsequently with the maximum value, ^o,avg.max 
that may not need to be exceeded. The 
considerations leading to the quantitative 
establxshrn.ent of an upper bound value or 
the average overstrength factor for various 
classes of buildings are presented in 
section 4. 

The example in Fig. 1 is presented to 
illustrate changes of moment patterns at 
various steps of the proposed procedure, while 
satisfying equilibrium and continuity 
criteria. For this reason it is convenient 
in this example and the remainder of the 
paper to refer to centre line moments rather 
than to moments at the faces of members 
which would control in actual design the 
lateral load carrying capacity of such 
members. 

To satisfy capacity design requirements 
the flexural over-capacities at the potential 
plastic hinge sections need to be evaluated. 
These beam sections are first assumed to be 
at the columns. Typically the flexural over
capacity at a section is 1.25/0.9 = 1*39 
times the dependable capacity when Grade 
275 flexural beam reinforcement is u s e d ^ » 
These are shown by the shaded areas in Fig. 
1(d). It should be noted that large positive 
overcapacity moments are possible at the 
columns because large (i. e. 50% of negative 
steel requirements) amount of bottom steel 
has been provided. It need also be assumed 
that excess bottom reinforcement is available 
within all spans so that positive (sagging) 
plastic rotation can occur adjacent to the 
columns only. 

Now the maximum potential lateral load 
resistance of the beam sway mechanisms for 

If $ Q a v , relevant to the specified 
direction 6r loading, is smaller than ^ 0,avg.m< 
given by Eq. (9), then the full beam over-
strength factors? \\) Q, at each column can be 
used in arriving at the final column design 
moments ( 6' . However, if ^ 0,avq. i s found 
to be larger than ^o,avg.max.' then the full 
overstrength capacity of the beams should 
not be expected to be developed. In that 
case the column design moments could be 
limited to those corresponding with the maximum 
average beam overstrength capacity factor 
^o,avg.max. t E<5» (9) . The latter procedure 
would then imply that at the acceptable high 
level of lateral loading, column yielding 
or hinging should be expected, while only 
a partial beam sway mechanism in a particular 
bent has formed. The procedure proposed here 
rests on the premise that up to the level 
of loading corresponding with avg.max. 
considerable amount of energy is dissipated 
* This has been defined in Ref. (6) but for 

convenience it is reproduced here. "The 
beam overstrength factor, tyQ, is the ratio 
of the sum of the flexural overstrengths 
developed by the beams, as detailed, and 
the sum of the flexural strength required 
by the code specified lateral loading, 
both sets of values being related to the 
centre line of a column." It is relevant 
to one particular direction of the 
applied lateral load. 




