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Figure 1.7: Displacement Loading versus Force Loading: Earthquake shaking imposes displacement
loading on the building, while all other hazards impose force loading on it
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1.3 THE FOUR VIRTUES OF EARTHQUAKE RESISTANT BUILDINGS
For a building to perform satisfactorily during earthquakes, it must meet the philosophy of
earthquake-resistant design discussed in Section 1.2.

1.3.1 Characteristics of Buildings

There are four aspects of buildings that architects and design engineers work with to create
the earthquake-resistant design of a building, namely seismic structural configuration, lateral stiffness,
Iateral strength and ducklity, in addition to other asepets like form, aesthetics, functionality and
comfort of building. Lateral stiffness, lateral strength and ductlity of buildings can be ensured by
strictly following most seismic design codes. But, good seismic structural configuration can be
ensured by following coherent architectural features that result in good structural behaviour.

(a) Seismic Structural Configuration

Seismic structural configuration entails three main aspects, namely (a) geometry, shape and
size of the building, (b) location and size of structural elements, and (c) location and size of
significant non-structural elements (Figure 1.8). Influence of the geometry of a building on its
earthquake performance is best understood from the basic geometries of convex and concave lenses
from school-day physics class (Figure 1.9). The line joining any two points within area of the convex
lens, lies completely within the lens. But, the same is not true for the concave lens; a part of the line
‘may lie outside the area of the concave lens. Structures with convex geometries are preferred to
those with concave geometries, as the former demonstrate superior earthquake performance. In the
context of buildings, convex shaped buildings have direct load paths for transferring earthquake
shaking induced inertia forces to their bases for any direction of ground shaking, while concave
buildings necessitate bending of load paths for shaking of the ground along certain directions that
resultin stress concentrations at all points where the load paths bend.
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Figure 1.8: Components of seismic structural configuration: (a) overall geometry, (b) structural elements
(e.3, moment resisting frames and structural walls), and (c) significant non-structural elements
(e.g, fagade glass)
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(b) Structural Stiffness, Strength and Ductility

The next three overall properties of a building, namely lateral stiffness, lateral sirength and
ductility, are illustrated in Figure 111, through the Leteral load — lateral deformation curve of the
building. Lateral stiffness refers to the initial stiffness of the building, even though stiffness of the
buildling reduuces with increasing damage. Lateral strength refers to the maximum resistance that the
building offers during its entire history of resistance to relative deformation. Ducklify towards
lateral deformation efers the ratio of the maximum deformation and the idealised yield
deformation. The maximum deformation corresponds to the maximum deformation sustaiend by it,
if the load-deformation curve does not drop, and to 5% of the ultimate load on the dropping side
of the load-deformation response curve after the peak strength or the lateral strength is reached, if
the load-deformation curve does drop after reaching a peak strength.
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Figure 111: Structural Characieristics: Overall load deformation curves of a building, indicating ()
lateral stiffness, (b) lateral strength, and (c) ductility towards lateral deformation
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1.3.2 What are the Four Virtues?

All buildings are vertical cantilevers projecteing out from the earth's surface. Hence, when
the earth shakes, these cantillvers experience whiplash effects, especially when the shaking is violent.
Hence, special care is required to protect them from this jerky movement. Buildings intended to be
earthquake-resistant have competing demands. Firstly, buildings become expensive, if desigend not
to sustain any damage during strong earthquake shaking. Secondly, they should be strong enough
to ot sustain any damage during weak earthquake shaking, Thirdly, they should be stiff enough to
not swing too much, even during weak earthquakes. And, fourthly, they should not collapse during
the expected strong earthquake shaking to be sustained by them even with significant strucutral
damage. These competing demands are accomedated in buildings intended to be earthguake-resistant
by incorporating four desirable characteristics in them. These characteristics, called the four irtues of
earthquake-resistant buildings, are:

1. Good seismic configuration, with no choices of architectural form of the building that is
detrimental to good earthquake performance and that does not introduce newer complexities in
the building behaviour than what the earthquake is already imposing;

2. At least a minimum lateral stiffness in each of its plan directions (uniformly distributed in both
plan directions of the building), so that there is no discomfort to oceupants of the building and
10 damage to contents of the building;

3. Atleast a minimum lateral strength in each of its plan directions (uniformly distributed in both
plan directions of the building), to resist low intensity ground shaking with no damage, and not
too strong to keep the cost of consrtuction in check, along with a minimum vertical strength to be
able to continue to support the gravity load and thereby prevent collapse under strong
earthquake shaking; and

4. Good overall ducklity in it to accommodate the imposed lateral deformation between the base
and the roof of the building, along with the desired mechanism of behaviour at ultimate stage.

Behaviour of buildings during earthquakes depend critically on these four virtues. Even if any one

of these is not ensured, the peformance of the building is expected to be poor.
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(a) Who Controls the Four Virtues?

Henry Degenkolb, a noted earthquake engineer of USA, aptly summarized the immense
importance of seismic configuration in his words: “1f we have a poor configuration to start with, all the
engineer can dodis o provide a band-aid - improve a basically poor solution as best as he can. Conversely, if we
start-off with a good configuration and reasonable fiaming system, cven a poor engineer can’t harm its
ultimate performance too much.” Likewise, Nathan M. Newmark and Emilo Rosenbleuth, eminent
Professors of Earthquake Engineering in USA and Mexico, respectively, batted for the concepts of
earthquake-resistant design in their foreword to their book: “If a cioil engineer is fo acquire frustful
experience in a bief span of Hime, expose him to the concepts of eathquake engineering, o matier if h is later
1ot fo work in earthquake country.”

In many countries, like India, in the design of a new building, the architect is the team leader,
and the engineer a team member. And, in the design of retrofit of an existing building, the engineer is
the team leader, and the architect a team member. What is actually needed is that both the architect
and the engineer work fogether to create the best design with good interaction at all stages of the
process of the design of the building. Here, the architect brings in perspectives related to form,
functionality, aesthetics and contents, while the engineer brings the perspectives of safety and desired
earthquake performance during an expected earthquake. There is a two way infleunce of the said
parameters handled both by the architect and the engineer; their work has to be in unison.
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(b) How to Achieve the Four Virtues?

The four virtues are achived by inputs provided at all stages of the development of the
building, namely in its planning, design, consiruction and mainienance. Each building to be built is
only one of the kind ever, and no research and testing is performed on that building, unlike factory-
made products like aircrafts, ships and cars. The owner of the building fruss the professionals (ic.,
architect and engineer) to have done due diligence to design and construct the building. Thus,
professional experience is essential to be able to conduct a safe design of the building, because it
affects the safety of persons and property.

Traditionally, in countries that have advanced earthquake safety initiatives, governments
have played eritical role through the enforcment of techno-legal regime, wherein the municipal
authorities arrange to examine, if all requisite technical inputs have been met with to ensure safety
in the building, before allowing the building to be built, the construction to be continued at different
stages, or the users to occupy the building. These stages are: (1) conceptual design stage, (2) design
development stage through peer review of the structural design, (3) construction stage through
quality control and quality assurance procedures put in place. Senior professionals (both architects
and engineers) are required to head the team of professionals to design a building; these senior
professionals should have past experience of having designed buildings to resist strong earthquakes
under the tutelage of erstwhile senior professionals.
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1.4 EARTHQUAKE DEMAND VERSUS EARTHQUAKE CAPACITY

Unlike all other loading effects, e.g., wind loads, wave loads (excluding tsunami loads), blast
loads, snow loads, imposed (live) loads and dead loads, earthquake shaking is the most severe,
because it imposes displacement under the building, which is time-varying. This, in tum, demands
lateral deformation in the building between its base and upper elevations. Higher is the seismic
zone, larger is the severity of this imposed relative deformation (Figure 1.12). Therefore, the main
challenge is to meet the double demand - the building should be able to withstand this imposed
deformation with damage under small intensity shaking, and with no collapse under high intensity
shaking. The building needs to possess large inelastic deformation capacity and needs to have the
strength in all its members to sustain the forces and moments indisced in them.

The method of design of buildings should therefore take into account the deformation
demand on the building, and the deformation capacity of the building. The former depends on the
seismo-tectonic setting of the lcoation of the building, but the later is within the control of the
design profesionals (ie., architects and engineers). The concern is that both of these quantities have
uncertainties. On one hand, even though some understanding is available on the maximum possible
ground dispalcment at a location, earth sicentists are not able to clearly provide the upper bound
for these numbers. Each new damaging earthquake has always provided surprises. And, on the
other hand, analytical tools are not available to estimate precisely the overall nonlinear behaviour of
an as-built structure, and its ultimate deformation capacity.
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Figure 112: Double demand in Buildings subjected to sarthquake effects: Need large inelastic
deformation capacity in the building and need to sustain the induced forces




image18.png
On part of the design engineer, a procedure should be employed that is known to result in
higher confidence on the structural safety of the building being designed to withstand without
collapse during expected severe earthquake shaking and render the requisite post-earthquake
performance (g, at least a minimum desired ultimate deformation capacity). There are many
procedures that are adopted/suggested worldwide [e.g, Goel, 2008]. One structural design
procedure includes adherence to the following sequence:

(1) Arrive at a simple overall geometry of the building for the needed height. Building should be
well-proportioned in keeping with the known tenets of acceptable upper limits of overall
slenderness ratio and plan aspect ratio, and all the discussions available in earthquake design
literature on acceptable seismic structural configurations;

(2) Adopt a structural system that will resist the vertical and lateral loads offering direct load paths
in both plan directions of the building. It is preferable to use structural walls in RC building
intended to resist strong earthquake shaking.

(3) Determine the preliminary sizing of individual strucutral elements, based on acceptable
slenderness ratios and cross-sectional aspect ratios, and minimum reinforcement requriements.
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(4) Identify a desired collapse mechanism in which the building should deform in, under the
extreme condition of collapse, if ever, when the earthquake shaking well exceeds the design
earthquake shaking for which buildings are normally designed. Usually, in frame structures,
plastic moment hinges are desired at the ends of the beams with good rotational ductility. The
hinge forms over a small length of the beam, often termed as plastic hinge length; this length
depends on the depth, span and end connectivity of the member.

(5) Prepare a basic structural analysis model of the building with the dimensions and defails
obtained from preliminary design strategies. Impose a horizontal deformation on the building
corresponding to permissible inter-storey drift at all storeys, and peform an elastic analysis of
the building, Use concentrated loads at floor levels to push the building by the desired amounts.
Note that this step is not usual adopted by common designers. Instead, they apply design laferal
forces, perform stuctural analysis, and then design structural elements based on stress-resultants
obtained from strucutral analysis. In the seqeunce of steps suggested in this structural design
procedure, that step appears later as Step 8 below.

(6) Perform seismic design of all structural elements of the building. For instance, in a moment-
resisting frame building:

1. Design the slabs of the building.

2. Design beams first for flexure, and then for shear, adopting the capacity design

‘method for design of shear following the desired collapse mechanism identified.

3. Design all columns and structural walls, to be stronger than the connected beams,
first for flexure, and then for shear, adopting the capacity design method for design
of shear and following the desired collapse mechanism identified.

Design the beam-to-column, beam-to-wall and slab-to-wall joints.

Design the foundation() of the building.

6. Ensure that the soil undemath is capable of resisting the loads from above under
strong strong shaking, and that it remains intact during the said shaking.

o
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(7) Prepare the improved structural analysis model of the building with the dimensions and details
obtained from the design calculations peformed above. Estimate the fundamental translational
natural period T of the building, and calculate the design seismic base shear Vs on the building.

(8) Apply the design seismic base shear Vs on the structural analysis model of the building. And,
check the adequiacy of the design of all structural elements, including beam-column and beam-
wall joints.

(9) Verify, if the desired mechanism is generated in the building through:

1. Nonlinear quasi-static displacement pushover analysis of the building to begin with,
AND then
2. Nonlinear time-history analysis of the building under different ground motions,
whose intensties and spectrum are within the design shaking intensities and design
spectrum, respectively.
If the desired mechanism is not achived, make suitable changes in the design (i.e., choice of the
structural system, and,/or proportioning of structural members) to achieve the same. The above
steps should be repeated for the new design chosen. If the desired mechanism is achieved,
requisite ductilie detailing may be performed and the drawings prepared accordingly.

This book explains the nuances beind some of these steps of sesimic design, though not the steps

themselves.




image21.png
1.5 FORCE-BASED DESIGN TO DISPLACEMENT-BASED DESIGN

A change of frame of reference of deformation facilitates converting the moving base
problem of earthquake shaking of buildings into a fixed base problem (Figure 1.13). The latter is
easy to handle, since design practice is conversant with analysis and design of structures subjected
to forces, and not subjected to displacements or accelerations. Therefore, now the acceleration response
spectrum allows quick, back-of-the-envelope type calculations by senior engineers to check the ball
park values of force generated in a building during earthquake shaking.

In early days of designing buildings to resist earthquakes, an earthquake-induced lateral force
was thought to be the oot cause of the earthquake problem. Designers observed that buildings
performed well, if they were designed for lateral forces; mostly, this lateral force was due to wind
effects. Hence, as a first measure of consciously designing for earthquake effects, designers took
10% of the weight of he building and applied it as a lateral force on the building (distributed along the
height). But, the 10% force was too penalising for taller buildings. Around that time, understanding
grew on the ground motions, and it was learnt that different buildings respond differently to the
same ground shaking, Thus, the design lateral force was now taken as a function of the fundamental
natural period of the building. This was not sufficent either. Many buildings showed brittle
performance, ie, collapsed suddenly in low seismic regions. This was the beginning of
understanding the importance of introducing ductlity in buildings. But, the method of infroducing
ductlilty was prescriptive; it was based on limited labroatory tests peformed on structural elements
and sub-assemblages.

The above also was found insufficient, when buildings did not collapse, but were rendered
not-usable after many strong earthquakes. Performance of buildings during and after the earthquake
came into focus. And, this was the beginning of a new direction of designing buildings to resist
earthquake effects. Fresh thinking began towards displacement-based design of buildings. Then, it was
clear that imposed lateral displacement was the oot cause of the earthquake problem and not any
Iateral force. Thus, the present effort in the reseach community is to arrive at a dispalcement based
design with capability to quantitatively assess the ultimate deformation capacity of buldings at the
design stage itself.
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In the following chapters, earthquake DEMAND on the building and earthquake CAPACITY of
the building ate discussed. While doing so, the assoicated basic concepts are elaborated and
demonstrated with appropriate numerical work.
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Figure 1.13; Acceleration time history at the base of a building: Converted to a force time history at the
‘mass of the building with the base fixed
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Chapter1
Earthquake-Resistant Buildings

1.1 DYNAMIC ACTIONS ON BUILDINGS - WIND versus EARTHQUAKE

Dynamic actions are caused on buildings by both wind and earthquakes. But, design for wind
forces and for earthquake effects are distinctly different. The intuitive philosophy of structural
design uses force as the basis, which is consistent in wind design, wherein the building is subjected
to a pressure on its exposed surface area; this is force-type loading. However, in earthquake design,
the building is subjected to random motion of the ground at its base (Figure 1.1), which induces
inertia forces in the building that in turn cause stresses; this is displacement-type loading. Another
way of expressing this difference is through the load-deformation curve of the building - the
demand on the building is force (i.e,, vertical axis) in force-type loading imposed by wind pressure,
and displacerent (i, horizontal axis) in displacement-type loading imposed by earthquake shaking.

Wind force on the building has a non-zero mean component superposed with a relatively
small oscillating component (Figure 1.2). Thus, under wind forces, the building may experience
small fluctuations in the stress field, but reversal of stresses occurs only when the direction of wind
reverses, which happens only over a large duration of time, On the other hand, the motion of the
ground during the earthquake is cyclic about the neutral position of the structure. Thus, the stresses
in the building due to seismic actions undergo many complete reversals and that too over the small
duration of earthquake.
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Figure 1.1: Difference in the design effects on a building during natural actions of (a) Earthquake
Ground Movement at base, and (b) Wind Pressure on exposed area

time
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Figure 1.2: Nature of temporal variations of design actions: (a) Earthquake Ground Motion - zero mean,
cyclic, and (b) Wind Pressure - non-zero mean, oscillatory
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1.2 BASIC ASPECTS OF SEISMIC DESIGN

The mass of the building being designed controls seismic design in addition to the building
stiffiess, because earthquake induces inertia forces that are proportional to the building mass.
Designing buildings to behave elastically during earthquakes without damage may render the
project economically unviable. As a consequence, it may be necessary for the structure to undergo
damage and thereby dissipate the energy input to it during the earthquake. Therefore, the
traditional earthquake-resistant design philosophy requires that normal buildings should be able to
resist (Figure 1.3):
(a) Minor (and frequent) shaking with no damage to structural and non-structural elements;
(b) Moderate shaking with minor damage to structural elements, and some damage to non-structural

elements; and
(c) Severe (and infrequent) shaking with damage to structural elements, but with NO collapse (to save
life and property inside/adjoining the building).

Therefore, buildings are designed only for a fraction (~8-14%) of the force that they would
experience, if they were designed to remain elastic during the expected strong ground shaking
(Figure 1.4), and thereby permitting damage (Figure 1.5). But, sufficient initial stiffness is required
to be ensured to avoid structural damage under minor shaking. Thus, seismic design balances
reduced cost and acceptable damage, to make the project viable. This careful balance is arrived
based on extensive research and detailed post-earthquake damage assessment studies. A wealth of
this information is translated into precise seismic design provisions. In contrast, structural damage
is not acceptable under design wind forces. For this reason, design against earthquake effects is
called as earthquake-resistant design and not earthquake-proof design.
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Figure 1.3: Earthquake-Resistant Design Philosophy for buildings: (a) Minor (Frequent) Shaking —
No/Hardly any damage, (b) Moderate Shaking - Minor structural damage, and some non-structural
damage, and (c) Severe (Infrequent) Shaking - Structural damage, but NO collapse
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Figure 14: Basic strategy of earthquake design: Calculate maximum elastic forces and reduce by a
factor to obtain design forces.
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Figure 15: EarthquakeResistant and NOT Earthquake-Proof: Damage is expected during an
earthquake in normal constructions (a) undamaged building, and (b) damaged building.

The design for only a fraction of the elastic level of seismic forces is possible, only if the
building can stably withstand large displacement demand through structural damage without
collapse and undue loss of strength. This property is called ductility (Figure 16). It is relatively
simple to design structures to possess certain lateral strength and initial stiffness by appropriately
proportioning the size and material of the members. But, achieving sufficient ductility is more
involved and requires extensive laboratory tests on full-scale specimen to identify preferable
‘methods of detailing,
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In summary, the loading imposed by earthquake shaking under the building is of
displacement-type and that by wind and all other hazards s of force-type. Earthquake shaking requires
buildings to be capable of resisting certain relative displacement within it due to the imposed
displacement at its base, while wind and other hazards require buildings to resist certain level of
force applied on it (Figure 1.7a). While it is possible to estimate with precision the maximum force
that can be imposed on a building, the maximum displacement imposed under the building is not
as precisely known. For the same maximum displacement to be sustained by a building (Figure
17b), wind design requires only elastic behaviour in the entire range of displacement, but in
carthquake design there are two options, namely design the building to remain elastic or to
undergo inelastic behaviour. The latter option is adopted in normal buildings, and the former in
special buildings, like critical buildings of nuclear power plants.
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Figure 1.6: Ducklity: Buildings are designed and detailed to develop favorable failure mechanisms
that possess specified lateral strength, reasonable stiffness and, above all, good post-yield
deformability.
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