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Preface to the 2004 English Edition 
 

INTERNATIONAL ASSOCIATION FOR EARTHQUAKE ENGINEERING 
(IAEE) 

Secretary General:  Hirokazu Iemura,   
KECHIKU KAIKAN Bldg.4F., 5-26-20,  Shiba Minato-ku, Tokyo 108-0014 JAPAN 

E-mail: secretary@iaee.or.jp Home Page: http://www.iaee.or.jp  Fax +81 3 3453-0428 

 
This English edition of the “Guidelines for Earthquake Resistant Non-Engineered Construction” is a new 
contribution of the National Information Center of Earthquake Engineering of India (NICEE) to contribute to our 
common objective of improving the seismic safety of non-engineered housing constructions. 

The first edition of the book was published by the International Association for Earthquake Engineering (IAEE) in 
1986. It consisted in a revised and amplified version of the original document, “Basic Concepts of Seismic Codes, 
Vol.1, Part II, Non-Engineered Construction”, published also by IAEE in 1980. The revision resulted from the 
work of an ad-hoc Committee, integrated by Anand S. Arya, Chairman (India), Teddy Boen (Indonesia), Yuji 
Ishiyama (Japan), A. I. Martemianov (USSR), Roberto Meli (Mexico), Charles Scawthorn (USA), Julio N. Vargas 
(Peru) and Ye Yaoxian (China). These efforts were guided by the objectives of our Association, related to the 
promotion of international cooperation among scientists, engineers and other professionals in the field of 
earthquake engineering through the exchange of knowledge, ideas and the results of research and practical 
experience.  

The book starts with the presentation of the basic concepts that determine the performance of constructions when 
subjected to high intensity earthquakes, as well as with the sensitivity of that performance to the basic geometrical 
and mechanical properties of the systems affected. This information is later applied to the formulation of 
simplified design rules and to the presentation of practical construction procedures, both intended to prevent 
system collapse and to control the level of damage produced by seismic excitations. Emphasis is placed on basic 
principles and simple solutions that can be applied to different types of structural systems, representative of those 
ordinarily used in low-cost housing construction in different regions and countries in the world.  

An electronic version of the document was made available at the website (www.nicee.org) of NICEE at the Indian 
Institute of Technology Kanpur (IITK), shortly after the January 26, 2001 Gujarat earthquake. The response was 
very encouraging, thus showing the convenience of preparing a new hard edition, intended to disseminate 
knowledge useful for the reconstruction process. This new endeavor was undertaken by Dr. Sudhir K. Jain, of the 
Indian Institute of Technology at Kanpur, with the support of the Associated Cement Companies Ltd (ACC). 
Permission for publication was requested from IAEE, which immediately expressed our enthusiastic approval for 
this valuable effort. In 2003, NICEE efforts to disseminate the Guidelines continued, now in the form of a 
translation into Hindi.  

The International Association for Earthquake Engineering enthusiastically endorses this new endeavor of NICEE, 
which will give us a new English edition of the Guidelines.  We want again to express our deepest recognition to 
Dr. Jain for his continued efforts to disseminate knowledge useful for the enhancement of seismic safety around 
the world. 

 
June 2004         Luis Esteva, 
 President, IAEE       
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Foreward 
 

The Bhuj earthquake of 26 January 2001 in Gujarat (India) has caused wide spread concerns 
about the seismic safety of built environment in India. The vulnerability of our modern 
constructions was clearly seen around the country on the television screens.  About 130 
multistorey buildings collapsed in Ahmedabad (seismic zone III) located far away from the 
earthquake epicenter (250 km); most of these buildings had been constructed fairly recently. 
Total losses during the earthquake have been estimated at Rs 25,000 crores. The earthquake has 
created a very substantial demand for know how on seismic safety.  
 
Immediately after the earthquake, the National Information Centre of Earthquake Engineering 
(www.nicee.org) made an electronic copy of the Guidelines for Earthquake Resistant Non-
Engineered Construction available on its web site with permission of the International 
Association for Earthquake Engineering (IAEE). This was very well received. Subsequently, the 
ACC Ltd printed about of the Guidelines for dissemination with permission of the IAEE. There 
was so much demand, that these copies were soon exhausted. In the meanwhile, the guidelines 
have been translated into Hindi and printed by NICEE in November 2003. 
 
NICEE is very pleased to now offer another reprint of the English version of the Guidelines. We 
are thankful to the International Association for Earthquake Engineering for granting 
permission for this reprint. Special thanks are due to Professor Luis Esteva, President of IAEE, 
for his message for this reprint. The excellent layout and design developed by The Indian 
Concrete Journal (ICJ) of ACC has been used in this reprint; we are thankful to them. Finally, 
NICEE is thankful to the Government of NCT of Delhi for sponsoring the reprint. 
 
 

 
June 2004 Sudhir K Jain 

Coordinator, National Information Centre of Earthquake Engineering 
Indian Institute of Technology Kanpur 

nicee@iitk.ac.in 
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Chapter 1

THE  PROBLEM,  OBJECTIVE  AND  SCOPE

1.1 THE PROBLEM
Most of the loss of life in past earthquakes
has occurred due to the collapse of
buildings, constructed in traditional
materials like stone, brick, adobe and wood,
which were not particularly engineered to
be earthquake resistant. In view of the
continued use of such buildings in most
countries of the world, it is essential to
introduce earthquake resistance features in
their construction.

1.2 SOCIO-ECONOMIC
CONSIDERATIONS IN SEISMIC
SAFETY OF BUILDINGS
From the results of studies on the
performance of buildings during past
earthquakes, it appears that

(i) certain building types should en-
tirely be ruled out in seismic zones
having probable seismic intensity of
VIII or more on Modified Mercalli or
the MSK Intensity Scales. This would
include earthen houses, random rub-
ble masonry as well as brickwork in
clay mud mortar, and the like;

(ii) rich mortars involving cement and
lime should be used in fired brick and
coursed stone masonry; and

(iii) substantial steel reinforcement
should be introduced in the walls in
both directions of the building.

But there are a number of socio-eco-
nomic constraints such as the following
which do not permit the adoption of high
level of safety in the buildings for the
masses:

(i) lack of concern about seismic safety
due to infrequent occurrence of earth-
quakes;

(ii) lack of awareness that buildings
could be made earthquake resistant
at small additional cost only, hence
lack of motivation;

(iii) lack of financial resources for addi-
tional inputs for meeting earthquake
resistance requirements in building
construction;

(iv) other normal priorities on financial
inputs in the daily life of the people;

(v) scarcity of cement, steel as well as
timber in the developing countries in
general; and

(vi) lack of skill in aseismic design and
construction techniques and unor-
ganised nature of the building sec-
tor.
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Such considerations therefore compel
the continued use of seismically unsuitable
construction practices.

While theoretically, if appropriate re-
sources and building materials are made
available, it may be possible to construct
buildings which can withstand the effects
of earthquake without any appreciable
damage, but practically it is not feasible to
do so due to very high costs involved. From
the safety view point, the safety of human
lives is the primary concern and the func-
tioning of the buildings has lower priority
except the buildings required for commu-
nity activities such as schools, assembly
halls, places of worship, and cinema halls,
etc., and those required for the emergency,
such as, buildings for hospital, operation
theatre, telephone and telegraph, fire fight-
ing and the like. The safety aims would
therefore be met, if a building is designed
and constructed in such a way that even in
the event of the probable maximum earth-
quake intensity in the region,

(i) an ordinary building should not suf-
fer total or partial collapse,

(ii) it should not suffer such irreparable
damage which would require demol-
ishing and rebuilding

(iii) it may sustain such damage which
could be repaired quickly and the
building put back to its usual func-
tioning; and

(iv) the damage to an important build-
ing should even be less so that the
functioning of the activities during
post-emergency period may con-
tinue unhampered and the commu-
nity buildings may be used as tem-
porary shelters for the adversely af-
fected people.

The present state of research indicates
that fortunately the above structural safety
can be achieved by adopting appropriate
design and construction details involving
only small extra expenditure which should
be within the economic means of people in
most countries.

1.3 OBJECT AND SCOPE
The object of this book is to deal with the
basic concepts involved in achieving ap-
propriate earthquake resistance of such
buildings as stated above, which may be
collectively called as Non-Engineered
Buildings; to include suitable illustrations
to explain the important points, and to
present such data which could be used to
proportion the critical strengthening ele-
ments. The term non-engineered building
may only be vaguely defined as buildings
which are spontaneously and informally
constructed in the traditional manner with-
out intervention by qualified architects and
engineers in their design but may follow a
set of recommendations derived from ob-
served behaviour of such buildings during
past earthquakes and trained engineering
judgement. Specifically such buildings will
include load bearing masonry wall build-
ings, stud-wall and brick-nogged construc-
tions in wood, and composite constructions
using combinations of load bearing walls
and piers in masonry, reinforced concrete,
steel or wood, and the like.

Reinforced masonry, reinforced concrete
or steel frame buildings, tall buildings us-
ing various types of structural systems, and
major industrial buildings, etc., are ex-
cluded from consideration although some
of the principles stated herein will apply to
these constructions with equal force.

•••
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Chapter 2

STRUCTURAL  PERFORMANCE  DURING
EARTHQUAKES

2.1 INTRODUCTION
Earthquakes are natural hazards under
which disasters are mainly caused by dam-
age to or collapse of buildings and other
man-made structures. Experience has
shown that for new constructions, estab-
lishing earthquake resistant regulations
and their implementation is the critical
safeguard against earthquake-induced
damage. As regards existing structures, it
is necessary to evaluate and strengthen
them based on evaluation criteria before an
earthquake.

Earthquake damage depends on many
parameters, including intensity, duration
and frequency content of ground motion,
geologic and soil condition, quality of con-
struction, etc. Building design must be such
as to ensure that the building has adequate
strength, high ductility, and will remain as
one unit, even while subjected to very large
deformation.

Sociologic factors are also important,
such as density of population, time of day
of the earthquake occurrence and commu-

nity preparedness for the possibility of such
an event.

Up to now we can do little to diminish
direct earthquake effects. However we can
do much to reduce risks and thereby reduce
disasters provided we design and build or
strengthen the buildings so as to minimize
the losses based on the knowledge of the
earthquake performance of different build-
ing types during an earthquake.

Observation of structural performance
of buildings during an earthquake can
clearly identify the strong and weak aspects
of the design, as well as the desirable quali-
ties of materials and techniques of construc-
tion, and site selection. The study of dam-
age therefore provides an important step in
the evolution of strengthening measures for
different types of buildings.

This Chapter discusses earthquake per-
formance of structures during earthquake
intensity, ground shaking effects on struc-
tures, site condition effects on building
damage, other factors affecting damage,
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failure mechanisms of structures, earth-
quake damage and damage categories.

Typical patterns of damage for specific
types of construction are discussed in the
respective chapters.

2.2 EARTHQUAKE EFFECTS
There are four basic causes of earthquake-
induced damage: ground shaking, ground
failure, tsunamis and fire.

2.2.1 Ground shaking
The principal cause of earthquake-induced
damage is ground shaking. As the earth
vibrates, all buildings on the ground sur-
face will respond to that vibration in vary-
ing degrees. Earthquake induced
accelerations, velocities and displacements
can damage or destroy a building unless it
has been designed and constructed or
strengthened to be earthquake resistant.
Therefore, the effect of ground shaking on
buildings is a principal area of considera-
tion in the design of earthquake resistant
buildings. Seismic design loads are ex-
tremely difficult to determine due to the ran-
dom nature of earthquake motions. How-
ever, experiences from past strong earth-
quakes have shown that reasonable and
prudent practices can keep a building safe
during an earthquake.

2.2.2 Ground failure
Earthquake-induced ground failure has
been observed in the form of ground rup-
ture along the fault zone, landslides, settle-
ment and soil liquefaction.

Ground rupture along a fault zone may
be very limited or may extend over hun-
dreds of kilometers. Ground displacement
along the fault may be horizontal, vertical

or both, and can be measured in centimeters
or even metres. Obviously, a building di-
rectly astride such a rupture will be severely
damaged or collapsed.

While landslide can destroy a building,
the settlement may only damage the build-
ing.

Soil liquefaction can occur in low den-
sity saturated sands of relatively uniform
size. The phenomenon of liquefaction is
particularly important for dams, bridges,
underground pipelines, and buildings
standing on such ground.

2.2.3 Tsunamis
Tsunamis or seismic sea waves are gener-
ally produced by a sudden movement of
the ocean floor. As the water waves ap-
proach land, their velocity decreases and
their height increases from 5 to 8 m, or even
more. Obviously, tsunamis can be devas-
tating for buildings built in coastal areas.

2.2.4 Fire
When the fire following an earthquake
starts, it becomes difficult to extinguish it,
since a strong earthquake is accompanied
by the loss of water supply and traffic jams.
Therefore, the earthquake damage increases
with the earthquake-induced fire in addi-
tion to the damage to buildings directly due
to earthquakes. In the case of the 1923 Kanto
earthquake 50% of Tokyo and 70% of the
total number of houses were burnt and more
than 100,000 people were killed by the fire.

2.3 GROUND SHAKING EFFECT
ON STRUCTURES
2.3.1 Inertia forces
Buildings are fixed to the ground as shown
in Fig 2.1(a). As the base of a building moves
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the superstructure including its contents
tends to shake and vibrate from the posi-
tion of rest, in a very irregular manner due
to the inertia of the masses.

When the base of the building suddenly
moves to the right, the building moves to
the left relative the base, Fig 2.1(b), as if it
was being pushed to the left by an unseen
force which we call �Inertia Force�. Actu-
ally, there is no push at all but, because of
its mass, the building resists any motion.
The process is much more complex because
the ground moves simultaneously in three
mutually perpendicular directions during
an earthquake as shown in Fig 2.1 (b), (c),
and (d).

2.3.2 Seismic load
The resultant lateral force or seismic load
is represented by the force F as shown in

Fig 2.1(e). The force F is distinctly different
from the dead, live, snow, wind, and im-
pact loads. The horizontal ground motion
action is similar to the effect of a horizontal
force acting on the building, hence the term
�Seismic Load�. As the base of the build-
ing moves in an extremely complicated
manner, inertia forces are created through-
out the mass of the building and its con-
tents. It is these reversible forces that cause
the building to move and sustain damage
or collapse.

Additional vertical load effect is caused
on beams and columns due to vertical vi-
brations. Being reversible, at certain in-
stants of time the effective load is increased,
at others it is decreased.

The earthquake loads are dynamic and
impossible to predict precisely in advance,

Fig 2.1 Seismic vibrations of a building and resultant earthquake force
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since every earthquake exhibits different
characteristics. The following equivalent
minimum total lateral force is, used for seis-
mic design:

F=S.Fs.I.C.W

Where S, Fs, I, C and W are the factors
affecting seismic load, which will be ex-
plained in the following section.

2.3.3 Factors affecting seismic load
The earthquake zone factor S depends
upon the ground intensity of the earth-
quake. The value of S usually is plotted on
maps in terms of seismic intensity isolines
or maximum acceleration isolines. Obvi-
ously, the higher the intensity or accelera-
tion, the larger will be the seismic force.

The soil-foundation factor Fs depends
upon the ratio of fundamental elastic pe-
riod of vibration of a building in the direc-
tion under consideration and the charac-
teristic site period. Therefore, Fs is a numeri-
cal coefficient for site-building resonance.

The occupancy importance or hazard
factor I depends upon the usage of the
building. The higher the importance or
larger the hazard caused by the failure of
the building, the greater the value of the
factor I.

The C is a factor depending on the stiff-
ness and damping of the structure. Larger
the stiffness for given mass, shorter the fun-
damental period of vibration of the struc-
ture and larger the value of C. Damping is
the energy dissipation property of the build-
ing; larger the damping, smaller the value
of C.

The W is the total weight of the super-
structure of a building including its con-
tents. The inertia forces are proportional to
the mass of the building and only that part
of the loading action that possesses mass
will give rise to seismic force on the build-
ing. Therefore, the lighter the material, the
smaller will be the seismic force.

2.3.4 Nature of seismic stresses
The horizontal seismic forces are reversible
in direction. The structural elements such
as walls, beams and columns that were
bearing only vertical loads before the earth-
quake, have now to carry horizontal bend-
ing and shearing effects as well. When the
bending tension due to earthquake exceeds
the vertical compression, net tensile stress
will occur. If the building material is weak
in tension such as brick or stone masonry,
cracking occurs which reduces the effec-
tive area for resisting bending moment, as
shown in Fig 2.2. It follows that the strength
in tension and shear is important for earth-
quake resistance.

2.3.5 Important parameters in
seismic design
It follows that the following properties and
parameters are most important from the
point of view of the seismic design.

(i) Building material properties

� Strength in compression, tension
and shear, including dynamic ef-
fects

� Unit weight

� Modulus of elasticity

(ii) Dynamic characteristics of the build-
ing system, including periods,
modes and dampings.
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(iii) Load-deflection characteristics of
building components.

2.4 Effect of site conditions on
building damage
Past earthquakes show that site condition
significantly affects the building damage.
Earthquake studies have almost invariably
shown that the intensity of a shock is di-
rectly related to the type of soil layers sup-
porting the building. Structures built on
solid rock and firm soil frequently fares bet-
ter than buildings on soft ground. This was
dramatically demonstrated in the 1985
Mexico City earthquake, where the damage
on soft soils in Mexico City, at an epicentral
distance of 400 km, was substantially
higher than at closer locations.

From studies of the July 28, 1957 earth-
quake in Mexico City, it was already known
for example that the damage on the soft soils

in the center of the city could be 5 to 50 times
higher than on firmer soils in the surround-
ing area. Another example occurred in the
1976 Tangshan, China earthquake, in
which 50% of the buildings on thick soil
sites were razed to the ground, while only
12% of the buildings on the rock subsoil
near the mountain areas totally collapsed.
Rigid masonry buildings resting on rock
may on the contrary show more severe dam-
age than when built on soil during a near
earthquake as in Koyna (India) earthquake
of 1967 and North Yemen earthquake of
1980.

Lessons learned from recent earthquake
show that the topography of a building site
can also have an effect on damage. Build-
ings built on sites with open and even to-
pography are usually less damaged in an
earthquake than buildings on strip-shaped
hill ridges, separated high hills, and steep

Fig 2.2 Stress condition in a wall element
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slopes.

2.5 OTHER FACTORS
AFFECTING DAMAGE
The extent of damage to a building depends
much on the strength, ductility, and integ-
rity of a building and the stiffness of ground
beneath it in a given intensity of the earth-
quake motions.

Almost any building can be designed to
be earthquake resistant provided its site is
suitable. Buildings suffer during an earth-
quake primarily because horizontal forces
are exerted on a structure that often meant
to contend only with vertical stresses. The
principal factors that influence damage to
buildings and other man-made structures
are listed below:

2.5.1 Building configuration
An important feature is regularity and sym-
metry in the overall shape of a building. A
building shaped like a box, as rectangular
both in plan and elevation, is inherently
stronger than one that is L-shaped or U-
shaped, such as a building with wings. An
irregularly shaped building will twist as it
shakes, increasing the damage.

2.5.2 Opening size
In general, openings in walls of a building
tend to weaken the walls, and fewer the
openings less the damage it will suffer dur-
ing an earthquake. If it is necessary to have
large openings through a building, or if an
open first floor is desired, then special pro-
visions should be made to ensure structural
integrity.

2.5.3 Rigidity distribution
The rigidity of a building along the vertical
direction should be distributed uniformly.

Therefore, changes in the structural system
of a building from one floor to the next will
increase the potential for damage, and
should be avoided. Columns or shear walls
should run continuously from foundation
to the roof, without interruptions or changes
in material.

2.5.4 Ductility
By ductility is meant the ability of the build-
ing to bend, sway, and deform by large
amounts without collapse. The opposite
condition in a building is called brittleness
arising both from the use of materials that
are inherently brittle and from the wrong
design of structures using otherwise duc-
tile materials. Brittle materials crack under
load; some examples are adobe, brick and
concrete blocks. It is not surprising that
most of the damage during the past earth-
quakes was to unreinforced masonry struc-
tures constructed of brittle materials, poorly
tied together. The addition of steel reinforce-
ments can add ductility to brittle materials.
Reinforced concrete, for example, can be
made ductile by proper use of reinforcing
steel and closely spaced steel ties.

2.5.5 Foundation
Buildings, which are structurally strong to
withstand earthquakes sometimes fail due
to inadequate foundation design. Tilting,
cracking and failure of superstructures
may result from soil liquefaction and dif-
ferential settlement of footing.

Certain types of foundations are more
susceptible to damage than others. For ex-
ample, isolated footings of columns are
likely to be subjected to differential settle-
ment particularly where the supporting
ground consists of different or soft types of
soil. Mixed types of foundations within the
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same building may also lead to damage due
to differential settlement.

Very shallow foundations deteriorate
because of weathering, particularly when
exposed to freezing and thawing in the re-
gions of cold climate.

2.5.6 Construction quality
In many instances the failure of buildings
in an earthquake has been attributed to
poor quality of construction, substandard
materials, poor workmanship, e. g., inad-
equate skill in bonding, absence of
�through stones� or bonding units, and
improper and inadequate construction.

2.6 FAILURE MECHANISMS OF
EARTHQUAKES
2.6.1 Free standing masonry
wall
Consider the free standing masonry walls
shown in Fig 2.3. In Fig 2.3(a), the ground
motion is acting transverse to a free stand-
ing wall A. The force acting on the mass of
the wall tends to overturn it. The seismic
resistance of the wall is by virtue of its
weight and tensile strength of mortar and
it is obviously very small. This wall will
collapse by overturning under the ground
motion.

The free standing wall B fixed on the
ground in Fig 2.3(b) is subjected to ground
motion in its own plane. In this case, the
wall will offer much greater resistance be-
cause of its large depth in the plane of bend-
ing. Such a wall is termed a shear wall.
The damage modes of an unreinforced
shear wall depend on the length-to-width
ratio of the wall. A wall with small length-
to-depth ratio will generally develop a hori-
zontal crack due to bending tension and

then slide due to shearing. A wall with
moderate length-to-width ratio and bound-
ing frame diagonally cracks due to shear-
ing as shown at Fig 2.3 (c).

A wall with large length-to-width ratio,
on the other hand, may develop diagonal
tension cracks at both sides and horizontal
cracks at the middle as shown at Fig 2.3  (d).

2.6.2 Wall enclosure without roof
Now consider the combination of walls A
and B as an enclosure shown in Fig 2.4. For
the X direction of force as shown, walls B
act as shear walls and, besides taking their
own inertia, they offer resistance against
the collapse of wall A as well. As a result
walls A now act as vertical slabs supported
on two vertical sides and the bottom plinth.
The walls A are subjected to the inertia force
on their own mass. Near the vertical edges,
the wall will carry reversible bending mo-

Fig 2.3 Failure mechanism of free standing walls
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ments in the horizontal plane for which the
masonry has little strength. Consequently
cracking and separation of the walls may
occur along these edges shown in the fig-
ure.

It can be seen that in the action of walls
B as shear walls, the walls A will act as
flanges connected to the walls B acting as
web. Thus if the connection between walls
A and B is not lost due to their bonding ac-

tion as plates, the building will tend to act
as a box and its resistance to horizontal
loads will be much larger than that of walls
B acting separately. Most unreinforced ma-
sonry enclosures, however, have very weak
vertical joints between walls meeting at
right angles due to the construction proce-
dure involving toothed joint that is gener-
ally not properly filled with mortar. Conse-
quently the corners fail and lead to collapse
of the walls. It may also be easily imagined
that the longer the walls in plan, the smaller
will be the support to them from the cross
walls and the lesser will be the box effect.

2.6.3 Roof on two walls
In Fig 2.5 (a) roof slab is shown to be resting
on two parallel walls B and the earthquake
force is acting in the plane of the walls.
Assuming that there is enough adhesion
between the slab and the walls, the slab
will transfer its inertia force at the top of
walls B, causing shearing and overturning
action in them. To be able to transfer its in-
ertia force to the two end walls, the slab
must have enough strength in bending in
the horizontal plane. This action of slab is
known as diaphragm action. Reinforced
concrete or reinforced brick slabs have such
strength inherently and act as rigid dia-
phragms. However, other types of roofs or
floors such as timber or reinforced concrete
joists with brick tile covering will be very
flexible. The joists will have to be connected
together and fixed to the walls suitably so
that they are able to transfer their inertia
force to the walls. At the same time, the walls
B must have enough strength as shear walls
to withstand the force from the roof and its
own inertia force. Obviously, the structure
shown in Fig 2.5, when subjected to ground
motion perpendicular to its plane, will col-

Fig 2.4 Failure mechanism of wall enclosure without roof

Fig 2.5 Roof on two walls
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lapse very easily because walls B have lit-
tle bending resistance in the plane perpen-
dicular to it. In long barrack type buildings
without intermediate walls, the end walls
will be too far to offer much support to the
long walls and the situation will be simi-
lar to the one just mentioned above.

2.6.4 Roof on wall enclosure
Now consider a complete wall enclosure
with a roof on the top subjected to earth-
quake force acting along X-axis as shown
in Fig 2.6. If the roof is rigid and acts as a
horizontal diaphragm, its inertia will be
distributed to the four walls in proportion
to their stiffness. The inertia of roof will al-
most entirely go to walls B since the stiff-
ness of the walls B is much greater than the
walls A in X direction. In this case, the plate
action of walls A will be restrained by the
roof at the top and horizontal bending of
wall A will be reduced. On the other hand,
if the roof is flexible the roof inertia will go
to the wall on which it is supported and
the support provided to plate action of
walls A will also be little or zero. Again the
enclosure will act as a box for resisting the
lateral loads, this action decreasing in value
as the plan dimensions of the enclosures
increase.

2.6.5 Roofs and floors
The earthquake-induced inertia force can
be distributed to the vertical structural ele-
ments in proportion to their stiffness, pro-
vided the roofs and floors are rigid to act as
horizontal diaphragms. Otherwise, the roof
and floor inertia will only go to the vertical
elements on which they are supported.
Therefore, the stiffness and integrity of roofs
and floors are important for earthquake re-
sistance.

The roofs and floors, which are rigid
and flat and are bonded or tied to the ma-
sonry, have a positive effect on the wall,
such as the slab or slab and beam construc-
tion be directly cast over the walls or jack
arch floors or roofs provided with horizon-
tal ties and laid over the masonry walls
through good quality mortar. Others that
simply rest on the masonry walls will offer
resistance to relative motion only through
friction, which may or may not be adequate
depending on the earthquake intensity. In
the case of a floor consisting of timber joists
placed at center to center spacing of 20 to
25 cm with brick tiles placed in directly over
the joists and covered with clayey earth, the
brick tiles have no binding effect on the

Fig 2.6 Roof on wall enclosure

Fig 2.7 Long building with roof trusses
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joists. Therefore, relative displacement of
the joists is quite likely to occur during an
earthquake, which could easily bring down
the tiles, damaging property and causing
injury to people. Similar behaviour may be
visualized with the floor consisting of
precast reinforced concrete elements not
adequately tied together. In this case, rela-
tive displacement of the supporting walls
could bring down the slabs.

2.6.6 Long building with roof
trusses
Consider a long building with a single span
and roof trusses as shown in Fig 2.7. The
trusses rest on the walls A. The walls B are
gabled to receive the purlins of the end
bays. Assuming that the ground motion is
along the X-axis, the inertia forces will be
transmitted from sheeting to purlins to
trusses and from trusses to wall A.

Fig 2.8 Deformation of a shear wall with openings.
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The end purlins will transmit some
force directly to gable ends. Under the seis-
mic force the trusses may slide on the walls
unless anchored into them by bolts. Also,
the wall A, which does, not get much sup-
port from the walls B in this case, may over-
turn unless made strong enough in the ver-
tical bending as a cantilever or other suit-
able arrangement, such as adding horizon-
tal bracings between the trusses, is made
to transmit the force horizontally to end
walls B.

When the ground motion is along Y di-
rection, walls A will be in a position to act
as shear walls and all forces may be trans-

mitted to them. In this case, the purlins act
as ties and struts and transfer the inertia
force of roof to the gable ends.

As a result the gable ends may fail. When
the gable triangles are very weak in stabil-
ity, they may fail even in small earthquakes.
Also, if there is insufficient bracing in the
roof trusses, they may overturn even when
the walls are intact.

2.6.7 Shear wall with openings
Shear walls are the main lateral earthquake
resistant elements in many buildings. For
understanding their action, let us consider
a shear wall with three openings shown in

Table 2.1 Categories of damage

Damage category Extent of damage Suggested post- earthquake
in general actions

0 No damage No damage No action required

I Slighty non-structural Thin cracks in plaster, falling of Building need not be vacated.
damage plaster bits in limited parts. Only architectural repairs

needed.

II Slight Structural Small cracks in walls, failing of Building need not be vacated.
Damage plaster in large  bits over large areas; Architectural repairs required

damage to non-structural parts like to achieve durability.
chimneys, projecting cornices, etc.
The load carrying capacity of the
structure is not reduced appreciably.

III Moderate structural Large and deep cracks in walls; Building needs to be vacated, to
damage widespread cracking of walls, be reoccupied after restoration

columns, piers and tilting or failing and  strengthening.
of chimneys. The load carrying Structural restoration and
capacity of the structure is partially seismic strengthening   are
reduced. necessary after which architec

tural  treatment may be carried
out.

IV Severe structural Gaps occur in walls; inner and outer Building has to be vacated.
damage  walls collapse; failure of ties to Either the building has to be

separate parts of buildings. Approx. demolished or extensive
50 % of the main structural restoration and strengthening
elements fail.The building takes work has to be carried out
dangerous state. before  reoccupation.

V Collapse A large part or whole of the building Clearing the site and
collapses. reconstruction.
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Fig 2.8. Obviously, the piers between the
openings are more flexible than the portion
of wall below (sill masonry) or above
(spandrel masonry) the openings. The de-
flected form under horizontal seismic force
is also sketched in the figure.

The sections at the level of the top and
bottom of opening are found to be the worst
stressed in tension as well as in compres-
sion and those near the mid-height of piers
carry the maximum shears. Under reversed
direction of horizontal loading the sections
carrying tensile and compressive stresses

are also reversed. Thus it is seen that ten-
sion occurs in the jambs of openings and at
the corners of the walls.

2.7 EARTHQUAKE DAMAGE
CATEGORIES
In this section, an outline of damage cat-
egories is simply described in Table 2.1 on
the basis of past earthquake experience.
Therein the appropriate post-earthquake
action for each category of damage is also
suggested.

���
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Chapter 3

GENERAL  CONCEPTS  OF  EARTHQUAKE
RESISTANT  DESIGN

3.1 INTRODUCTION
Experience in past earthquakes has dem-
onstrated that many common buildings
and typical methods of construction lack
basic resistance to earthquake forces. In
most cases this resistance can be achieved
by following simple, inexpensive princi-
ples of good building construction prac-
tice. Adherence to these simple rules will
not prevent all damage in moderate or large
earthquakes, but life threatening collapses
should be prevented, and damage limited
to repairable proportions. These principles
fall into several broad categories:

(i) Planning and layout of the building
involving consideration of the loca-
tion of rooms and walls, openings
such as doors and windows, the
number of storeys, etc. At this stage,
site and foundation aspects should
also be considered.

(ii) Lay out and general design of the
structural framing system with spe-
cial attention to furnishing lateral
resistance, and

(iii) Consideration of highly loaded and
critical sections with provision of

reinforcement as required.

Chapter 2 has provided a good overview
of structural action, mechanism of damage
and modes of failure of buildings. From
these studies, certain general principles
have emerged:

(i) Structures should not be brittle or
collapse suddenly. Rather, they
should be tough, able to deflect or
deform a considerable amount.

(ii) Resisting elements, such as bracing
or shear walls, must be provided
evenly throughout the building, in
both directions side-to-side, as well
as top to bottom.

(iii) All elements, such as walls and the
roof, should be tied together so as to
act as an integrated unit during
earthquake shaking, transferring
forces across connections and pre-
venting separation.

(iv) The building must be well connected
to a good foundation and the earth.
Wet, soft soils should be avoided, and
the foundation must be well tied to-
gether, as well as tied to the wall.
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Where soft soils cannot be avoided,
special strengthening must be pro-
vided.

(v) Care must be taken that all materials
used are of good quality, and are pro-
tected from rain, sun, insects and
other weakening actions, so that their
strength lasts.

(vi) Unreinforced earth and masonry
have no reliable strength in tension,
and are brittle in compression. Gen-
erally, they must be suitably rein-
forced by steel or wood.

These principles will be discussed and
illustrated in this Chapter.

3.2 CATEGORIES OF
BUILDINGS
For categorising the buildings with the
purpose of achieving seismic resistance at
economical cost, three parameters turn out
to be significant:

(i) Seismic intensity zone where the
building is located,

(ii) How important the building is, and

(iii) How stiff is the foundation soil.

A combination of these parameters will
determine the extent of appropriate seismic
strengthening of the building.

3.2.1 Seismic zones
In most countries, the macro level seismic
zones are defined on the basis of Seismic
Intensity Scales. In this guide, we shall re-
fer to seismic zones as defined with refer-
ence to MSK Intensity Scale as described in
Appendix I for buildings.

Zone A: Risk of Widespread Collapse
and Destruction (MSK IX or
greater),

Zone B: Risk of Collapse and Heavy
Damage (MSK VIII likely),

Zone C: Risk of Damage (MSK VII likely),

Zone D: Risk of Minor Damage
(MSK VI maximum).

The extent of special earthquake
strengthening should be greatest in Zone
A and, for reasons of economy, can be de-
creased in Zone C, with relatively little spe-
cial strengthening in Zone D. However,
since the principles stated in 3.1, are good
principles for building in general (not just
for earthquake), they should always be fol-
lowed.

3.2.2 Importance of building
The importance of the building should be a
factor in grading it for strengthening
purposes,and the following buildings are
suggested as specially important:

IMPORTANT � Hospitals, clinics, com-
munication buildings, fire and police sta-
tions, water supply facilities, cinemas, thea-
tres and meeting halls, schools, dormito-
ries, cultural treasures such as museums,
monuments and temples, etc.

ORDINARY � Housings, hostels, of-
fices, warehouses, factories, etc.

3.2.3 Bearing capacity of
foundation soil
Three soil types are considered here:

Firm: Those soils which have an allowable
bearing capacity of more
than 10 t/m2
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Soft: Those soils, which have allowable
bearing capacity less than or equal
to 10 t/m2.

Weak: Those soils, which are liable to large
differential settlement, or liquefac-
tion during an earthquake.

Buildings can be constructed on firm
and soft soils but it will be dangerous to
build them on weak soils. Hence appropri-
ate soil investigations should be carried out
to establish the allowable bearing capacity
and nature of soil. Weak soils must be
avoided or compacted to improve them so
as to qualify as firm or soft.

3.2.4 Combination of
parameters
For defining the categories of buildings for
seismic strengthening purposes, four cat-
egories I to IV are defined in Table 3.1. in
which category I will require maximum
strengthening and category IV the least in-
puts. The general planning and designing
principles are, however, equally applica-
ble to them.

3.3. GENERAL PLANNING AND
DESIGN ASPECTS
3.3.1. Plan of building

(i) Symmetry: The building as a whole
or its various blocks should be kept
symmetrical about both the axes.
Asymmetry leads to torsion during
earthquakes and is dangerous,
Fig 3.1. Symmetry is also desirable
in the placing and sizing of door and
window openings, as far as possi-
ble.

(ii) Regularity: Simple rectangular
shapes, Fig 3.2 (a) behave better in
an earthquake than shapes with

many projections Fig 3.2 (b). Tor-
sional effects of ground motion are
pronounced in long narrow rectan-
gular blocks. Therefore, it is desirable
to restrict the length of a block to
three times its width. If longer
lengths are required two separate
blocks with sufficient separation in
between should be provided,
Fig 3.2 (c).

(iii) Separation of Blocks: Separation of a
large building into several blocks
may be required so as to obtain sym-
metry and regularity of each block.

Fig 3.1 Torsion of unsymmetrical plans
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For preventing hammering or
pounding damage between blocks a
physical separation of 3 to 4 cm
throughout the height above the
plinth level will be adequate as well
as practical for upto 3 storeyed
buildings, Fig 3.2 (c).

The separation section can be treated
just like expansion joint or it may be
filled or covered with a weak mate-
rial which would easily crush and
crumble during earthquake shaking.
Such separation may be considered

in larger buildings since it may not
be convenient in small buildings.

(iv) Simplicity: Ornamentation
invo1ving large cornices, vertical or
horizontal cantilever projections, fa-
cia stones and the like are danger-
ous and undesirable from a seismic
viewpoint. Simplicity is the best ap-
proach.

Where ornamentation is insisted
upon, it must be reinforced with
steel, which should be properly em-

Fig 3.2 Plan of building blocks.
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bedded or tied into the main struc-
ture of the building.

Note: If designed, a seismic coeffi-
cient about 5 times the coefficient
used for designing the main struc-
ture should be used for cantilever
ornamentation.

(v) Enclosed Area: A small building en-
closure with properly intercon-
nected walls acts like a rigid box
since the earthquake strength which
long walls derive from transverse
walls increases as their length de-
creases.

Therefore structurally it will be ad-
visable to have separately enclosed
rooms rather than one long room,
Fig 3.3. For unframed walls of thick-
ness t and wall spacing of a, a ratio
of a/t = 40 should be the upper limit
between the cross walls for mortars
of cement sand 1:6 or richer, and less
for poor mortars. For larger panels
or thinner walls, framing elements
should be introduced as shown at
Fig 3.3(c).

(vi) Separate Buildings for Different
Functions: In view of the difference
in importance of hospitals, schools,
assembly halls, residences, commu-
nication and security buildings, etc.,
it may be economical to plan sepa-
rate blocks for different functions so
as to affect economy in strengthen-
ing costs.

3.3.2 Choice of site
The choice of site for a building from the
seismic point of view is mainly concerned
with the stability of the ground. The fol-
lowing are important:

(i) Stability of Slope: Hillside slopes li-
able to slide during an earthquake
should be avoided and only stable
slopes should be chosen to locate the
building. Also it will be preferable

Fig 3.3 Enclosed area forming box units
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3.3.4 Fire resistance
It is not unusual during earthquakes that
due to snapping of electrical fittings short
circuiting takes place, or gas pipes may
develop leaks and catch fire. Fire could also
be started due to kerosene lamps and
kitchen fires. The fire hazard sometimes
could even be more serious than the earth-
quake damage. The buildings should there-
fore preferably be constructed of fire resist-
ant materials.

3.4 STRUCTURAL FRAMING
There are basically two types structural
framing possible to withstand gravity and
seismic load, viz. bearing wall construction
and framed construction. The framed con-
struction may again consist of:

(i) Light framing members which must
have diagonal bracing such as wood
frames (see Chapter 6) or infill walls
for lateral load resistance, Fig 3.3 (c),
or

(ii) Substantial rigid jointed beams and
columns capable of resisting the lat-
eral loads by themselves.

The latter will be required for large col-
umn free spaces such as assembly halls.

The framed constructions can be used
for a greater number of storeys compared to
bearing wall construction. The strength and
ductility can be better controlled in framed
construction through design. The strength
of the framed construction is not affected
by the size and number of openings. Such
frames fall in the category of engineered
construction, hence outside the scope of the
present book.

to have several blocks on terraces
than have one large block with
footings at very different elevations.
A site subject to the danger of rock
falls has to be avoided.

(ii) Very Loose Sands or Sensitive Clays:
These two types of soils are liable to
be destroyed by the earthquake so
much as to lose their original struc-
ture and thereby undergo
compaction. This would result in
large unequal settlements and dam-
age the building. If the loose
cohesionless soils are saturated with
water they are apt to lose their shear
resistance altogether during shaking
and become liquefied.

Although such soils can be compacted,
for small buildings the operation may be
too costly and these soils are better avoided.
For large building complexes, such as hous-
ing developments, new towns, etc., this fac-
tor should be thoroughly investigated and
appropriate action taken.

Therefore a site with sufficient bearing
capacity and free from the above defects
should be chosen and its drainage condi-
tion improved so that no water accumu-
lates and saturates the ground close to the
footing level.

3.3.3. Structural design
Ductility (defined in Section 3.6) is the most
desirable quality for good earthquake per-
formance and can be incorporated to some
extent in otherwise brittle masonry con-
structions by introduction of steel reinforc-
ing bars at critical sections as indicated
later in Chapters 4 and 5.
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The strengthening measures necessary
to meet these safety requirements are pre-
sented in the following Chapters for vari-
ous building types. In view of the low
seismicity of Zone D, no strengthening
measures from seismic consideration are
considered necessary except an emphasis
on good quality of construction. The fol-
lowing recommendations are therefore in-
tended for Zones A, B and C. For this pur-
pose certain categories of construction in a
number of situations were defined in
Table 3.1.

3.6 CONCEPTS OF DUCTILITY,
DEFORMABILITY AND
DAMAGEABILITY
Desirable properties of earthquake-resist-
ant design include ductility, deformability
and damageability. Ductility and
deformability are interrelated concepts sig-
nifying the ability of a structure to sustain
large deformations without collapse.
Damageability refers to the ability of a struc-

3.5 REQUIREMENTS OF
STRUCTURAL SAFETY
As a result of the discussion of structural
action and mechanism of failure of Chap-
ter 2, the following main requirements of
structural safety of buildings can be arrived
at.

(i) A free standing wall must be de-
signed to be safe as a vertical canti-
lever.

This requirement will be difficult to
achieve in un-reinforced masonry in
Zone A. Therefore all partitions in-
side the buildings must be held on
the sides as well as top. Parapets of
category I and II buildings must be
reinforced and held to the main
structural slabs or frames.

(ii) Horizontal reinforcement in walls is
required for transferring their own
out-of-plane inertia load horizon-
tally to the shear walls.

(iii) The walls must be effectively tied
together to avoid separation at verti-
cal joints due to ground shaking.

(iv) Shear walls must be present along
both axes of the building.

(v) A shear wall must be capable of re-
sisting all horizontal forces due to
its own mass and those transmitted
to it.

(vi) Roof or floor elements must be tied
together and be capable of exhibit-
ing diaphragm action.

(vii) Trusses must be anchored to the sup-
porting walls and have an arrange-
ment for transferring their inertia
force to the end walls.

Table 3.1 Categories of buildings for strengthening purposes

Category Combination of conditions for the Category

I Important building on soft soil in zone A

II Important building on firm soil in zone A
Important building on soft soil in zone B
Ordinary building on soft soil in zone A

III Important building on firm soil in zone B
Important building on soft soil in zone C
Ordinary building on firm soil in zone A
Ordinary building on soft soil in zone B

IV Important building on firm soil in zone C
Ordinary building on firm soil in zone B
Ordinary building on firm soil in zone C

Notes: (i)Seismic zones A, B and C and important buildings are defined
in Section 3.2.

(ii) Firm soil refers to those having safe bearing value more than
10 t/m2 and soft those less than 10 t/m2.

(iii) Weak soils liable to compaction and liquefaction under earth-
quake condition are not covered here.
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together so that excessive stress concentra-
tions are avoided and forces are capable of
being transmitted from one component to
another even through large deformations.

Ductility is a term applied to material
and structures, while deformability is ap-
plicable only to structures.

Even when ductile materials are present
in sufficient amounts in structural compo-
nents such as beams and walls, overall
structural deformability requires that geo-
metrical and material instability be
avoided. That is, components must have
proper aspect ratios (that is not be too high),
must be adequately connected to resisting
elements (for example sufficient wall ties
for a masonry wall, tying it to floors, roof
and shear walls), and must be well tied to-
gether (for example positive connection at
beam seats, so that deformations do not
permit a beam to simply fall off a post) so
as to permit large deformations and dy-
namic motions to occur without sudden
collapse.

3.6.3 Damageability
Damageability is also a desirable quality
for construction, and refers to the ability of
a structure to undergo substantial damages,
without partial or total collapse

A key to good damageability is redun-
dancy, or provision of several supports for
key structural members, such as ridge
beams, and avoidance of central columns
or walls supporting excessively large por-
tions of a building. A key to achieving good
damageability is to always ask the ques-
tion, �if this beam or column, wall connec-
tion, foundation, etc. fails, what is the con-
sequence?�. If the consequence is total col-

ture to undergo substantial damage, with-
out partial or total collapse. This is desir-
able because it means that structures can
absorb more damage, and because it per-
mits the deformations to be observed and
repairs or evacuation to proceed, prior to
collapse. In this sense, a warning is received
and lives are saved.

3.6.1 Ductility
Formally, ductility refers to the ratio of the
displacement just prior to ultimate dis-
placement or collapse to the displacement
at first damage or yield. Some materials are
inherently ductile, such as steel, wrought
iron and wood. Other materials are not
ductile (this is termed brittle), such as cast
iron, plain masonry, adobe or concrete, that
is, they break suddenly, without warning.
Brittle materials can be made ductile, usu-
ally by the addition of modest amounts of
ductile materials, Such as wood elements
in adobe construction, or steel reinforcing
in masonry and concrete constructions.

For these ductile materials to achieve a
ductile effect in the overall behaviour of the
component, they must be proportioned and
placed so that they come in tension and are
subjected to yielding. Thus, a necessary re-
quirement for good earthquake-resistant
design is to have sufficient ductile materi-
als at points of tensile stresses.

3.6.2 Deformability
Deformability is a less formal term refer-
ring to the ability of a structure to displace
or deform substantial amounts without
collapsing. Besides inherently relying on
ductility of materials and components,
deformability requires that structures be
well-proportioned, regular and well tied
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lapse of the structure, additional supports
or alternative structural layouts should be
examined, or an additional factor of safety
be furnished for such critical members or
connections.

3.7 CONCEPT OF ISOLATION
The foregoing discussion of earthquake-
resistant design has emphasized the tradi-
tional approach of resisting the forces an
earthquake imposes on a structure. An al-
ternative approach which is presently
emerging is to avoid these forces, by isola-
tion of the structure from the ground mo-
tions which actually impose the forces on
the structure.

This is termed base-isolation. For sim-
ple buildings, base- friction isolation may
be achieved by reducing the coefficient of
friction between the structure and its foun-
dation, or by placing a flexible connection
between the structure and its foundation.

For reduction of the coefficient of fric-
tion between the structure and its founda-
tion, one suggested technique is to place
two layers of good quality plastic between
the structure and its foundation, so that the
plastic layers may slide over each other.

Flexible connections between the struc-
ture and its foundation are also difficult to
achieve on a permanent basis. One tech-
nique that has been used for generations
has been to build a house on short posts
resting on large stones, so that under earth-
quake motions, the posts are effectively pin-
connected at the top and bottom and the
structure can rock to and fro somewhat.
This has the advantage of substantially re-
ducing the lateral forces, effectively isolat-
ing the structure from the high amplitude

high frequency motions. Unfortunately, tra-
ditional applications of this technique usu-
ally do not account for occasional large
displacements of this pin-connected
mechanism, due to rare very large earth-
quakes or unusually large low-frequency
content in the ground motion, so that when
lateral displacements reach a certain point,
collapse results. A solution to this problem
would be provision of a plinth slightly be-
low the level of the top of the posts, so that
when the posts rock too far, the structure is
only dropped a centimeter or so.

3.8 FOUNDATIONS
For the purpose of making a building truly
earthquake resistant, it will be necessary to
choose an appropriate foundation type for
it. Since loads from typical low height
buildings will be light, providing the re-
quired bearing area will not usually be a
problem. The depth of footing in the soil
should go below the zone of deep freezing
in cold countries and below the level of
shrinkage cracks in clayey soils. For choos-
ing the type of footing from the earthquake
angle, the soils may be grouped as Firm and
Soft (see Section 3.2.3) avoiding the weak
soil unless compacted and brought to Soft
or Firm condition.

3.8.1 Firm soil
In firm soil conditions, any type of footing
(individual or strip type) can be used. It
should of course have a firm base of lime or
cement concrete with requisite width over
which the construction of the footing may
start. It will be desirable to connect the in-
dividual reinforced concrete column
footings in Zone A by means of RC beams
just below plinth level intersecting at right
angles.
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3.8.2 Soft soil
In soft soil, it will be desirable to use a plinth
band in all walls and where necessary to
connect the individual column footings by
means of plinth beams as suggested above.
It may be mentioned that continuous rein-
forced concrete footings are considered to
be most effective from earthquake consid-
erations as well as to avoid differential set-
tlements under normal vertical loads. De-
tails of plinth band and continuous RC

footings are presented in Chapters 4 and 9
respectively.

These should ordinarily be provided
continuously under all the walls. Continu-
ous footing should be reinforced both in
the top and bottom faces, width of the foot-
ing should be wide enough to make the
contact pressures uniform, and the depth
of footing should be below the lowest level
of weathering.

���
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Chapter 4

BUILDINGS  IN  FIRED-BRICK  AND
OTHER MASONRY  UNITS

4.1 INTRODUCTION
The buildings in fired bricks, solid concrete
blocks and hollow concrete or mortar
blocks are dealt with in this chapter. The
general principles and most details of
earthquake resistant design and construc-
tion of brick-buildings are applicable to
those using other rectangular masonry
units such as solid blocks of mortar, con-
crete, or stabilized soil, or hollow blocks of
mortar, or concrete having adequate
compressive strength. Some construction
details only differ for hollow blocks, which
are also indicated as necessary.

4.2 TYPICAL DAM AGE AND
FAILURE OF MASONRY
BUILDINGS
The creation of tensile and shearing
stresses in walls of masonry buildings is
the primary cause of different types of dam-
age suffered by such buildings. The typi-
cal damages and modes of failure are briefly
described below:

4.2.1 Non-structural damage
The non-structural damage is that due to
which the strength and stability of the
building is not affected. Such damage oc-
curs very frequently even under moderate
intensifies of earthquakes:

� Cracking and overturning of ma-
sonry parapets, roof chimney, large
cantilever cornices and balconies.

� Falling of plaster from walls and ceil-
ing particularly where it was loose.

� Cracking and overturning of parti-
tion walls, filler walls and cladding
walls from inside of frames. (Though
not usually accounted for in calcu-
lations, this type of damage reduced
the lateral strength of the building).

� Cracking and failing of ceilings.

� Cracking of glass panes.

� Failing of loosely placed objects, over-
turning of cupboards, etc.
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4.2.2 Damage and failure of
bearing walls

(i) Failure due to racking shear is char-
acterized by diagonal cracks which
could be due to diagonal compres-
sion or diagonal tension. Such fail-
ure may be either through the pat-
tern of joints or diagonally through
masonry units. These cracks usually
initiate at the corner of openings and
sometimes at centre of wall segment.
This kind of failure can cause par-
tial or complete collapse of the struc-
ture, Fig 4.1.

(ii) A wall can fail as a bending member
loaded by seismic inertia forces on
the mass of the wall itself in a direc-
tion, transverse to the plane of the

wall. Tension cracks occur vertically
at the centre, ends or corners of the
walls. Longer the wall and longer the
openings, more prominent is the
damage, Fig 4.1. Since earthquake ef-
fects occur along both axes of a build-
ing simultaneously, bending and
shearing effects occur often together
and the two modes of failures are
often combined. Failure in the piers
occur due to combined action of
flexure and shear.

(iii) Unreinforced gable end masonry
walls are very unstable and the strut-
ting action of purlins imposes addi-
tional force to cause their failure.
Horizontal bending tension cracks
are caused in the gables.

Fig 4.1 Cracking in bearing wall building due to bending and shear
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(iv) The deep beam between two open-
ings one above the other is a weak
point of the wall under lateral
inplane forces. Cracking in this zone
occurs before diagonal cracking of
piers, Fig 4.2. In order to prevent it
and to enable the full distribution of
shear among all piers, either a rigid
slab or RC band must exist between
them.

(v) Walls can be damaged due to the seis-
mic force of the roof, which can
cause the formation of tension cracks
and separation of supporting walls,
Fig 4.3. This mode of failure is the
characteristic of massive flat roofs (or
floors) supported by joists, which in
turn are supported by bearing walls,
but without proper connection with
them. Also if the connection with
foundation is not adequate, walls
crack there and slide. This may cause
failure of plumbing pipes too.

(vi) Failure due to torsion and warping:
The damage in unsymmetrical build-
ing occurs due to torsion and warp-
ing in an earthquake, Fig 3.1. This
mode of failure causes excessive
cracking due to shear in all walls.
Larger damage occurs near the cor-
ner of the building.

(vii) Arches across openings in walls are
often badly cracked since the arches
tend to lose their end thrust under
in-plane shaking of walls.

(viii) Under severe prolonged intense
ground motions, the following hap-
pens:

- the cracks become wider and the
masonary units become loose

Fig 4.2 Cracking of spandrel wall between opening

Fig 4.3 Fall of roof because of inadequate connection between roof and
wall

- partial collapse and gaps in
walls occur due to falling of
loose masonry units, particu-
larly at location of piers.

- falling of spandrel masonry due
to collapse of piers
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- falling of gable masonry due to
out of plane cantilever action

- walls get separated at corners
and intermediate T-junctions
and fall outwards.

- roof collapse, either partial or full

- certain types of roofs may slide
off the top of walls and the roof
beams fall down

- masonry arches across wall
openings as well as those used
for roof collapse completely.

4.2.3 Failure of ground
(i) Inadequate depth of foundation:

Shallow foundations deteriorate as
a result of weathering and conse-
quently become weak for earthquake
resistance.

(ii) Differential settlement of founda-
tion: During severe ground shaking,
liquefaction of loose water-saturated
sands and differential cornpaction
of weak loose soils occur which lead
to excessive cracking and tilting of
buildings which may even collapse
completely.

(iii) Sliding of slopes: Earthquakes cause
sliding failures in man-made as well
as natural hill slopes and any build-
ing resting on such a slope have a
danger of complete disastrous dis-
integration.

4.2.4 Failure of roofs and floors
(i) Dislodging of roofing material: Im-

properly tied roofing material is dis-
lodged due to inertia forces acting
on the roof. This mode of failure is

typical of sloping roofs, particularly
when slates, clay, tiles etc. are used
as roofing material.

Brittle material like asbestos cement
may be broken if the trusses and
sheeting purlins are not properly
braced together.

(ii) Weak roof to support connection is
the cause of separation of roof truss
from supports,although complete
roof collapse mostly occurs due to
collapse of supporting structure. The
rupture of bottom chord of roof truss
may cause a complete collapse of
truss as well as that of walls, Fig 4.4.

(iii) Heavy roofs as used in rural areas
with large thickness of earth over
round timbers cause large inertia
forces on top of walls and may lead
to complete collapse in severe earth-
quake shocks.

(iv) Lean-to roofs easily cause instabil-
ity in the lower supporting walls or
piers and collapse easily due to lack
of ties.

4.2.5 Causes of damage in
masonry buildings
The following are the main weaknesses in
the materials and unreinforced masonry
constructions and other reasons for the ex-
tensive damage of such buildings:

� Heavy weight and very stiff build-
ings, attracting large seismic inertia
forces.

� Very low tensile strength, particu-
larly with poor mortars.

� Low shear strength, particularly
with poor mortars.
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� Brittle behaviour in tension as well
as compression.

� Weak connection between wall and
wall.

� Stress concentration at corners of
windows and doors.

� Overall unsymmetry in plan and el-
evation of building.

� Unsymmetry due to imbalance in the
sizes and positions of openings in
the walls.

� Defects in construction such as use
of substandard materials, unfilled
joints between bricks, not-plumb
walls, improper bonding between
walls at right angles, etc.

4.2 TYPICAL STRENGTHS OF
MASONRY
The crushing strength of masonry used in
the position of walls depends on many fac-
tors such as the following:

(i) Crushing strength of the masonry
unit.

(ii) Mix of the mortar used and age at
which tested. The mortar used for
different wall constructions varies in
quality as well as strength. It is gen-
erally described on the basis of the
main binding material such as ce-
ment or lime mortar, cement lime
composite mortar, lime-pozzolana or
hydraulic lime mortar. Clay mud
mortar is also used in many coun-
tries particular in rural areas.

(iii) Slenderness ratio of the wall, that is,
smaller of the ratio of effective height
and effective length of the wall to its
thickness. Larger is the slenderness
ratio, smaller the strength.

(iv) Eccentricity of the vertical toad on
the wall- Larger the eccentricity,
smaller the strength.

(v) Percentage of openings in the wall
� larger the openings, smaller the
strength. The tensile and shearing
strengths of masonry mainly depend
upon the bond or adhesion at the
contact surface between the masonry

Fig 4.4 Failure due to rupture of bottom chord of roof truss
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unit and the mortar and, in general,
their values are only a small percent-
age of the crushing strength. Richer
is a mortar in cement or lime con-
tent, higher is the percentage of ten-
sile and shearing strength in relation
to the crushing strength. Test carried
out on brick-couplets using hand
made bricks in cement mortar give
the typical values as shown in
Table 4.1.

Brick couplet tests under combined ten-
sion-shear and compression-shear stresses

show that the shearing strength decreases
when acting with tension and increases
when acting with compression. Fig 4.5
shows the combined strengths.

The tensile strength of masonry is not
generally relied upon for design purposes
under normal loads and the area subjected
to tension is assumed cracked. Under seis-
mic conditions, it is recommended that the
permissible tensile and shear stresses on
the area of horizontal mortar bed joint in
masonry may be adopted as given in
Table 4.2.

The modulus of elasticity of masonry
very much depends upon the density and
stiffness of masonry unit, besides the mor-
tar mix. For brickwork the values are of the
order 2000 MPa for cement-sand mortar in
1:6 proportion. The mass density of ma-
sonry mainly depends on the type of ma-
sonry unit. For example brickwork will
have a mass density of about 1900 kg/m3

and dressed stone masonry 2400 kg/m3.

The slenderness ratio of the wall is taken
as the lesser of h/t and l/t where h = effective
height of the wall and L = its effective
length. The allowable stresses in Table 4.2
must be modified for eccentricity of vertical
loading due to its position and seismic
moment and the slenderness ratio multi-
plying factors given in Table 4.3. The effec-
tive height h may be taken as a factor times
the actual height of wall between floors, the
factor being 0.75 when floors are rigid dia-
phragms and 1.00 for flexible roofs; it will
be 2.0 for parapets.

The effective length L will be a fraction
of actual length between lateral supports,
the factor being 0.8 for wall continuous

Table 4.1 Typical strengths of masonry

    Mortar mix Tensile Shearing      Compressive strength in MPa
cement sand strength, strength, corresponding to crushing

MPa MPa strength of masonry unit

3.5 7.0 10.5 14.0

1 12 0.04 0.22 1.5 2.4 3.3 3.9

1 6 0.25 0.39 2.1 3.3 5.1 6.0

1 3 0.71 1.04 2.4 4.2 6.3 7.5

Fig 4.5 Combined stress couplet test results
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with cross walls or buttresses at both ends,
1.0 for continuous at one end and sup-
ported on the other and 1.5 for continuous
at one and free at the other.

4.4 GENERAL CONSTRUCTION
ASPECTS
4.4.1 Mortar
Since tensile and shear strength are impor-
tant for seismic resistance of masonry walls,
use of mud or very lean mortars will be
unsuitable. A mortar mix cement: sand
equal to 1:6 by volume or equivalent in
strength should be the minimum. Appro-
priate mixes for various categories of con-
struction are recommended in Table 4.4. Use
of a rich mortar in narrow piers between
openings will be desirable even if a lean
mix is used for walls in general.

4.4.2. Wall enclosure
In load bearing wall construction, the wall
thickness �t� should not be kept less than
190 mm, wall height not more than 20 t and
wall length between cross-walls not more
than 40 t. If longer rooms are required, ei-
ther the wall thickness is to be increased, or
buttresses of full height should be provided
at 20 t or less apart. The minimum dimen-
sions of the buttress shall be as thickness
and top width equal to t and bottom width
equal to one sixth the wall height.

4.4.3 Openings in walls
Studies carried out on the effect of open-
ings on the strength of walls indicate that
they should be small in size and centrally
located. The following are the guidelines
on the size and position of openings:

Table 4.3 Stress factor for slenderness ratio and eccentricity of loading

Slenderness Stress factor, K, for eccentricity ratio, e/t           Remarks
ratio 0 0.04 0.10 0.20 0.30 0.33 0.50

6 1.000 1.000 1.000 0.996 0.984 0.980 0.970 Linear interpolation

8 0.920 0.920 0.920 0.910 0.880 0.870 0.850 may be used.

10 0.840 0.835 0.830 0.810 0.770 0.760 0.730

12 0.760 0.750 0.740 0.706 0.664 0.650 0.600

14 0.670 0.660 0.640 0.604 0.556 0.540 0.480 Values for e/t = 0.5 are

16 0.580 0.565 0.545 0.500 0.440 0.420 0.350 for interpolation only

18 0.500 0.480 0.450 0.396 0.324 0.300 0.230

21 0.470 0.448 0.420 0.354 0.276 0.250 0.170

24 0.440 0.415 0.380 0.310 0.220 0.190 0.110

Table 4.2 Typical permissible stresses

Mortar mix or equivalent Permissible stresses Compression for strength of unit, MPa

cement lime sand tension shear 3.5 7.0 10.5 14.0
MPa MPa

1 - 6 0.05 0.08 0.35 0.55 0.85 1.00

1 1 6 0.13 0.20 0.35 0.70 1.00 1.10

1 - 3 0.13 0.20 0.35 0.70 1.05 1.25
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(i) Openings to be located away from
the inside corner by a clear distance
equal to at least 1/4 of the height of
openings but not less than 60 cm.

(ii) The total length of openings not to
exceed 50 percent of the length of the

wall between consecutive cross walls
in single-storey construction, 42 per-
cent in two-storey construction and
33 percent in three storey buildings.

(iii) The horizontal distance (pier width)
between two openings to be not less
than half the height of the shorter
opening, Fig 4.6, but not less than
60 cm.

(iv) The vertical distance from an open-
ing to an opening directly above it
not to be less than 60 cm nor less
than 1/2 of the width of the smaller
opening, Fig 4.6.

(v) When the openings do not comply
with requirements (i) to (iv), they

Fig 4.6 Recommendation regarding openings in bearing walls

Table 4.4 Recommended mortar mixes

Category of Proportion of cement-lime-sand
construction*

I Cement-sand 1:4 or cement-lime-sand 1:1:6 or richer

II Cement-lime-sand 1:2:9 or richer

III Cement-sand 1:6 or richer

IV Cement-sand 1:6 or lime-cinder** 1:3 or richer

Notes:* Category of construction is defined in Table 3.1.

** In this case some other pozzolonic material like trass (Indonesia)
and surkhi (burnt brick fine powder in India) may be used in place
of cinder.
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should either be boxed in reinforced
concrete alround or reinforcing bars
provided at the jambs through the
Masonry, Fig 4.7.

4.4.4 Masonry bond
For achieving full strength of masonry the
usual bonds specified for masonry should
be followed so that the vertical joints are

Fig 4.7 Strengthening of masonry around openings
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broken properly from course to course. The
following deserves special mention.

Vertical joint between
perpendicular walls
For convenience of construction, builders
prefer to make a toothed joint which is

Fig 4.8 A typical detail of masonry

many times left hollow and weak. To ob-
tain full bond it is necessary to make a slop-
ing (stepped) joint by making the corners
first to a height of 600 mm and then build-
ing the wall in between them. Otherwise,
the toothed joint should be made in both
the walls alternately in lifts of about 45 cm,
Fig 4.8.

4.5 HORIZONTAL
REINFORCEMENT IN WALLS
Horizontal reinforcing of walls is required
for imparting to them horizontal bending
strength against plate action for out of
plane inertia load and for tying the perpen-
dicular wall together. In the partition walls,
horizontal reinforcement helps preventing
shrinkage and temperature cracks. The fol-
lowing reinforcing arrangements are nec-
essary.

4.5.1 Horizontal bands or ring
beams
The most important horizontal reinforcing

Table 4.5 Recommendation for steel in RC band

                                                                                   Longitudinal steel in R.C. bands
Span, m                   category I                      category II                       category III                       category IV

no of diameter of no of diameter of no of diameter of no of diameter of
bars bars, mm bars bars, mm Bars Bars, mm Bars Bars, mm

5 2 12 2 10 2 10 2 10

6 2 16 2 12 2 10 2 10

7 2 16 2 16 2 12 2 10

8 4 12 2 16 2 16 2 12

9 4 16 4 12 2 16 2 12

Notes: (i) Width of the RC band is assumed to be the same as the thickness of wall. Wall thickness shall be 20 cm minimum. A
cover of 25 mm from face of wall will be maintained. For thicker walls, the quantity of steel need not be increased.
For thinner walls, see 4.7.

(ii) The vertical thickness of RC band may be kept minimum 75 mm where two longitudinal bars are specified and 150
mm where four longitudinal bars are specified.

(iii) Concrete mix to be 1:2:4 by volume or having 15 MPa cube crushing strength at 28 days.

(iv) The longitudinal bars shall be held in position by steel links or stirrups 6 mm diameter spaced at 150 mm apart
(see Fig 4.10 (a))

(v) Bar diameters are for mild-steel. For high strength must deformed bars, equivalent diameter may be used.
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Fig 4.9 Gable band and roof band in barrack type buildings

is through reinforced concrete bands pro-
vided continuously through all load bear-
ing longitudinal and transverse walls at
plinth, lintel, and roof-eave levels, also at
top of gables according to requirements as
stated hereunder:

(i) Plinth band:  This should be pro-
vided in those cases where the soil
is soft or uneven in their properties
as it usually happens in hill tracts.
It will also serve as damp proof
course. This band is not too critical.

(ii) Lintel band:  This is the most impor-
tant band and will incorporate in it-
self all door and window lintels the

reinforcement of which should be ex-
tra to the lintel band steel. It must be
provided in all storeys in buildings
as per Table 4.5.

(iii) Roof band:   This band will be re-
quired at eave level of trussed roofs,
Fig 4.9 and also below or in level with
such floors, which consist of joists
and covering elements so as to prop-
erly integrate them at ends and fix
into the walls.

(iv) Gable band: Masonry gable ends
must have the triangular portion of
masonry enclosed in a band, the hori-
zontal part will be continuous with
the eave level band on longitudinal
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walls, Fig 4.9.

4.5.2 Section of bands or ring
beams
The reinforcement and dimensions of these

Fig 4.10 Reinforcement in RC band

bands may be kept as follows for wall spans
upto 9 m between the cross walls or but-
tresses. For longer spans, the size of band
must be calculated.

A band consists of two (or four) longitu-
dinal steel bars with links or stirrups em-
bedded in 75 mm (or 50 mm), thick con-
crete, Fig 4.10. The thickness of band may
be made equal to or a multiple of masonry
unit and its width should equal the thick-
ness of wall. The steel bars are located close
to the wall faces with 25 mm cover and full
continuity is provided at corners and junc-
tions. The minimum size of band and
amount of reinforcing will depend upon
the unsupported length of wall between
cross walls and the effective seismic coeffi-
cient based on seismic zone, importance of
buildings, type of soil and storey of the
building.

Appropriate steel and concrete sizes are
recommended for various buildings in
Table 4.5. Such bands are to be located at
critical levels of the building, namely plinth,
lintel, roof and gables according to require-
ments (see 4.5.1).

4.5.3 Dowels at corners and
junctions
As a supplement to the bands described in
(a) above, steel dowel bars may be used at
corners and T-junctions to integrate the box
action of walls. Dowels, Fig 4.11, are placed
in every fourth course or at about 50 cm
intervals and taken into the walls to suffi-
cient length so as to provide the full bond
strength. Wooden dowels can also be used
instead of steel. However, the dowels do
not serve to reinforce the walls in horizon-
tal bending except near the junctions.
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Fig 4.11 (a) Corner-strengthening by dowel reinforcement placed in one joint (b) Corner-strengthening by dowel
reinforcement placed in two consecutive joints. (c) T-junction - strengthening by dowel reinforcements
(d) Strengthening by wire fabric at junction and corner
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4.6 VERTICAL
REINFORCEMENT IN WALLS
The need for vertical reinforcing of shear
walls at critical sections was established
in Para 2.6.7. The critical sections were the
jambs of openings and the corners of walls.
The amount of vertical reinforcing steel will
depend upon several factors like the
number of storeys, storey heights, the effec-
tive seismic coefficient based on seismic
zone, importance of building and soil foun-
dation type. Values based on rough esti-
mates for building are given in Table 4.6 for
ready use. The steel bars are to be installed
at the critical sections, that is the corners of
walls and jambs of doors right, from the
foundation concrete and covered with ce-
ment concrete in cavities made around them
during masonry construction. This concrete
mix should be kept 1:2:4 by volume or richer.
Typical arrangements of placing the verti-
cal steel in brick work are shown in
Fig 4.12.

The jamb steel was shown in Fig 4.7.
The jamb steel of window openings will be
easiest to provide in box form around it.
The vertical steel of opening may be
stopped by embedding it into the lintel band
but the vertical steel at corners and junc-
tions of walls must be taken into the floor
and roof slabs or roof band

The total arrangement of providing re-
inforcing steel in masonry wall construc-
tion is schematically shown in Fig 4.13.

4.7 FRAMING OF THIN LOAD
BEARING WALLS
If load-bearing walls are made thinner than
200 mm, say 150 mm inclusive of plaster-
ing on both sides, reinforced concrete fram-
ing columns and collar beams are neces-
sary which are constructed to have full
bond with the walls. Columns are to be lo-
cated at all corners and junctions of walls
and at not more than 1.5 m apart but so
located as to frame up the doors and win-
dows. The horizontal bands or ring beams
are located at all floors, roof as well as lin-
tel levels of the openings. The sequence of
construction between walls and columns
is: first to build the wall upto 4 to 6 courses
height leaving toothed gaps (tooth projec-
tion being about 40 mm only) for the col-
umns and second to pour 1:2:4 concrete to
fill the columns against the walls using
wood -forms only or two sides. Needless to
say that column steel should be accurately
held in position all along. The band con-
crete should be cast on the wall masonry
directly so as to develop full bond with it.

Such construction may be limited to only
two storeys maximum in view of its verti-
cal load carrying capacity. The horizontal
length of walls between cross walls may be

Table 4.6 Recommendation for vertical steel at critical sections

No of Storeys Diameter of mild steel single bar in mm at
each critical section for category (1)

category I category II categoryIII category IV

One 16 12 12 Nil

Two Top 16 12 12 Nil
Bottom 20 16 16 Nil

Three Top 16 12 12 Nil
Middle 20 16 12 Nil
Bottom 20 16 16 Nil

Four Top (2) (2) 12 12
Third 12 12

Second 16 12
Bottom 16 12

Notes: (i)Category of construction is defined in Table 3.1. Equivalent
area of twisted grip bars or a number of mild steel bars could be
used but the diameter should not be less than 12 mm.

(ii) Four storeyed load bearing wall construction may not be used
for categories I and II buildings.
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Fig 4.12 Vertical reinforcement in walls
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restricted to 7 m and the storey height to
3 m.

4.8 REINFORCING DETAILS
FOR HOLLOW BLOCK
MASONRY
The following details may be followed in
placing the horizontal and vertical steel in

hollow block masonry using cement-sand
or cement concrete blocks.

4.8.1 Horizontal band
U-shaped blocks may best be used for con-
struction the horizontal bands at various
levels of the storeys as per seismic require-
ments, as shown in, Fig 4.14.

The amount of horizontal reinforcement
may be taken 25 percent more than that
given in Table 4.5 and provided by using
four bars and 6mm dia stirrups. Other con-
tinuity details shall be followed as shown
in Fig 4.10.

4.8.2 Vertical reinforcement
The vertical bars as specified in Table 4.6
may conveniently be located inside the
cavities of the hollow blocks, one bar in one
cavity. Where more than one bar is planned,

Fig 4.14 U-blocks for horizontal bands

Fig 4.15  Vertical reinforcement in cavities

Fig 4.13 Overall arrangement of reinforcing masonry buildings
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these can be located in two or three con-
secutive cavities as shown in
Fig 4.15. The cavities containing bars are
to be filled by using micro-concrete 1:2:3 or
cement- coarse sand mortar 1:3 and prop-
erly rodded for compaction.

Practical difficulty is faced in thread-
ing the bars through the hollow blocks
since the bars have to be set in footings and
have to be kept standing vertically while
lifting the blocks whole storey heights,
threading the bar into the cavity and low-
ering it down to the bedding level. To avoid
lifting of blocks too high, the bars are made
shorter and overlapped with upper por-
tions of bars. This is wastefull of steel as
well as the bond strength in small cavities
remains doubtful. For solving this problem,
two alternatives may be used as shown in
Fig.4.16 (a) use of three sided or U-block (b)
bent interlocked bars.

���

Fig 4.16  Vertical reinforcement in cavities
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Chapter 2

STRUCTURAL  PERFORMANCE  DURING
EARTHQUAKES

2.1 INTRODUCTION
Earthquakes are natural hazards under
which disasters are mainly caused by dam-
age to or collapse of buildings and other
man-made structures. Experience has
shown that for new constructions, estab-
lishing earthquake resistant regulations
and their implementation is the critical
safeguard against earthquake-induced
damage. As regards existing structures, it
is necessary to evaluate and strengthen
them based on evaluation criteria before an
earthquake.

Earthquake damage depends on many
parameters, including intensity, duration
and frequency content of ground motion,
geologic and soil condition, quality of con-
struction, etc. Building design must be such
as to ensure that the building has adequate
strength, high ductility, and will remain as
one unit, even while subjected to very large
deformation.

Sociologic factors are also important,
such as density of population, time of day
of the earthquake occurrence and commu-

nity preparedness for the possibility of such
an event.

Up to now we can do little to diminish
direct earthquake effects. However we can
do much to reduce risks and thereby reduce
disasters provided we design and build or
strengthen the buildings so as to minimize
the losses based on the knowledge of the
earthquake performance of different build-
ing types during an earthquake.

Observation of structural performance
of buildings during an earthquake can
clearly identify the strong and weak aspects
of the design, as well as the desirable quali-
ties of materials and techniques of construc-
tion, and site selection. The study of dam-
age therefore provides an important step in
the evolution of strengthening measures for
different types of buildings.

This Chapter discusses earthquake per-
formance of structures during earthquake
intensity, ground shaking effects on struc-
tures, site condition effects on building
damage, other factors affecting damage,
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failure mechanisms of structures, earth-
quake damage and damage categories.

Typical patterns of damage for specific
types of construction are discussed in the
respective chapters.

2.2 EARTHQUAKE EFFECTS
There are four basic causes of earthquake-
induced damage: ground shaking, ground
failure, tsunamis and fire.

2.2.1 Ground shaking
The principal cause of earthquake-induced
damage is ground shaking. As the earth
vibrates, all buildings on the ground sur-
face will respond to that vibration in vary-
ing degrees. Earthquake induced
accelerations, velocities and displacements
can damage or destroy a building unless it
has been designed and constructed or
strengthened to be earthquake resistant.
Therefore, the effect of ground shaking on
buildings is a principal area of considera-
tion in the design of earthquake resistant
buildings. Seismic design loads are ex-
tremely difficult to determine due to the ran-
dom nature of earthquake motions. How-
ever, experiences from past strong earth-
quakes have shown that reasonable and
prudent practices can keep a building safe
during an earthquake.

2.2.2 Ground failure
Earthquake-induced ground failure has
been observed in the form of ground rup-
ture along the fault zone, landslides, settle-
ment and soil liquefaction.

Ground rupture along a fault zone may
be very limited or may extend over hun-
dreds of kilometers. Ground displacement
along the fault may be horizontal, vertical

or both, and can be measured in centimeters
or even metres. Obviously, a building di-
rectly astride such a rupture will be severely
damaged or collapsed.

While landslide can destroy a building,
the settlement may only damage the build-
ing.

Soil liquefaction can occur in low den-
sity saturated sands of relatively uniform
size. The phenomenon of liquefaction is
particularly important for dams, bridges,
underground pipelines, and buildings
standing on such ground.

2.2.3 Tsunamis
Tsunamis or seismic sea waves are gener-
ally produced by a sudden movement of
the ocean floor. As the water waves ap-
proach land, their velocity decreases and
their height increases from 5 to 8 m, or even
more. Obviously, tsunamis can be devas-
tating for buildings built in coastal areas.

2.2.4 Fire
When the fire following an earthquake
starts, it becomes difficult to extinguish it,
since a strong earthquake is accompanied
by the loss of water supply and traffic jams.
Therefore, the earthquake damage increases
with the earthquake-induced fire in addi-
tion to the damage to buildings directly due
to earthquakes. In the case of the 1923 Kanto
earthquake 50% of Tokyo and 70% of the
total number of houses were burnt and more
than 100,000 people were killed by the fire.

2.3 GROUND SHAKING EFFECT
ON STRUCTURES
2.3.1 Inertia forces
Buildings are fixed to the ground as shown
in Fig 2.1(a). As the base of a building moves
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the superstructure including its contents
tends to shake and vibrate from the posi-
tion of rest, in a very irregular manner due
to the inertia of the masses.

When the base of the building suddenly
moves to the right, the building moves to
the left relative the base, Fig 2.1(b), as if it
was being pushed to the left by an unseen
force which we call �Inertia Force�. Actu-
ally, there is no push at all but, because of
its mass, the building resists any motion.
The process is much more complex because
the ground moves simultaneously in three
mutually perpendicular directions during
an earthquake as shown in Fig 2.1 (b), (c),
and (d).

2.3.2 Seismic load
The resultant lateral force or seismic load
is represented by the force F as shown in

Fig 2.1(e). The force F is distinctly different
from the dead, live, snow, wind, and im-
pact loads. The horizontal ground motion
action is similar to the effect of a horizontal
force acting on the building, hence the term
�Seismic Load�. As the base of the build-
ing moves in an extremely complicated
manner, inertia forces are created through-
out the mass of the building and its con-
tents. It is these reversible forces that cause
the building to move and sustain damage
or collapse.

Additional vertical load effect is caused
on beams and columns due to vertical vi-
brations. Being reversible, at certain in-
stants of time the effective load is increased,
at others it is decreased.

The earthquake loads are dynamic and
impossible to predict precisely in advance,

Fig 2.1 Seismic vibrations of a building and resultant earthquake force
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since every earthquake exhibits different
characteristics. The following equivalent
minimum total lateral force is, used for seis-
mic design:

F=S.Fs.I.C.W

Where S, Fs, I, C and W are the factors
affecting seismic load, which will be ex-
plained in the following section.

2.3.3 Factors affecting seismic load
The earthquake zone factor S depends
upon the ground intensity of the earth-
quake. The value of S usually is plotted on
maps in terms of seismic intensity isolines
or maximum acceleration isolines. Obvi-
ously, the higher the intensity or accelera-
tion, the larger will be the seismic force.

The soil-foundation factor Fs depends
upon the ratio of fundamental elastic pe-
riod of vibration of a building in the direc-
tion under consideration and the charac-
teristic site period. Therefore, Fs is a numeri-
cal coefficient for site-building resonance.

The occupancy importance or hazard
factor I depends upon the usage of the
building. The higher the importance or
larger the hazard caused by the failure of
the building, the greater the value of the
factor I.

The C is a factor depending on the stiff-
ness and damping of the structure. Larger
the stiffness for given mass, shorter the fun-
damental period of vibration of the struc-
ture and larger the value of C. Damping is
the energy dissipation property of the build-
ing; larger the damping, smaller the value
of C.

The W is the total weight of the super-
structure of a building including its con-
tents. The inertia forces are proportional to
the mass of the building and only that part
of the loading action that possesses mass
will give rise to seismic force on the build-
ing. Therefore, the lighter the material, the
smaller will be the seismic force.

2.3.4 Nature of seismic stresses
The horizontal seismic forces are reversible
in direction. The structural elements such
as walls, beams and columns that were
bearing only vertical loads before the earth-
quake, have now to carry horizontal bend-
ing and shearing effects as well. When the
bending tension due to earthquake exceeds
the vertical compression, net tensile stress
will occur. If the building material is weak
in tension such as brick or stone masonry,
cracking occurs which reduces the effec-
tive area for resisting bending moment, as
shown in Fig 2.2. It follows that the strength
in tension and shear is important for earth-
quake resistance.

2.3.5 Important parameters in
seismic design
It follows that the following properties and
parameters are most important from the
point of view of the seismic design.

(i) Building material properties

� Strength in compression, tension
and shear, including dynamic ef-
fects

� Unit weight

� Modulus of elasticity

(ii) Dynamic characteristics of the build-
ing system, including periods,
modes and dampings.
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(iii) Load-deflection characteristics of
building components.

2.4 Effect of site conditions on
building damage
Past earthquakes show that site condition
significantly affects the building damage.
Earthquake studies have almost invariably
shown that the intensity of a shock is di-
rectly related to the type of soil layers sup-
porting the building. Structures built on
solid rock and firm soil frequently fares bet-
ter than buildings on soft ground. This was
dramatically demonstrated in the 1985
Mexico City earthquake, where the damage
on soft soils in Mexico City, at an epicentral
distance of 400 km, was substantially
higher than at closer locations.

From studies of the July 28, 1957 earth-
quake in Mexico City, it was already known
for example that the damage on the soft soils

in the center of the city could be 5 to 50 times
higher than on firmer soils in the surround-
ing area. Another example occurred in the
1976 Tangshan, China earthquake, in
which 50% of the buildings on thick soil
sites were razed to the ground, while only
12% of the buildings on the rock subsoil
near the mountain areas totally collapsed.
Rigid masonry buildings resting on rock
may on the contrary show more severe dam-
age than when built on soil during a near
earthquake as in Koyna (India) earthquake
of 1967 and North Yemen earthquake of
1980.

Lessons learned from recent earthquake
show that the topography of a building site
can also have an effect on damage. Build-
ings built on sites with open and even to-
pography are usually less damaged in an
earthquake than buildings on strip-shaped
hill ridges, separated high hills, and steep

Fig 2.2 Stress condition in a wall element
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slopes.

2.5 OTHER FACTORS
AFFECTING DAMAGE
The extent of damage to a building depends
much on the strength, ductility, and integ-
rity of a building and the stiffness of ground
beneath it in a given intensity of the earth-
quake motions.

Almost any building can be designed to
be earthquake resistant provided its site is
suitable. Buildings suffer during an earth-
quake primarily because horizontal forces
are exerted on a structure that often meant
to contend only with vertical stresses. The
principal factors that influence damage to
buildings and other man-made structures
are listed below:

2.5.1 Building configuration
An important feature is regularity and sym-
metry in the overall shape of a building. A
building shaped like a box, as rectangular
both in plan and elevation, is inherently
stronger than one that is L-shaped or U-
shaped, such as a building with wings. An
irregularly shaped building will twist as it
shakes, increasing the damage.

2.5.2 Opening size
In general, openings in walls of a building
tend to weaken the walls, and fewer the
openings less the damage it will suffer dur-
ing an earthquake. If it is necessary to have
large openings through a building, or if an
open first floor is desired, then special pro-
visions should be made to ensure structural
integrity.

2.5.3 Rigidity distribution
The rigidity of a building along the vertical
direction should be distributed uniformly.

Therefore, changes in the structural system
of a building from one floor to the next will
increase the potential for damage, and
should be avoided. Columns or shear walls
should run continuously from foundation
to the roof, without interruptions or changes
in material.

2.5.4 Ductility
By ductility is meant the ability of the build-
ing to bend, sway, and deform by large
amounts without collapse. The opposite
condition in a building is called brittleness
arising both from the use of materials that
are inherently brittle and from the wrong
design of structures using otherwise duc-
tile materials. Brittle materials crack under
load; some examples are adobe, brick and
concrete blocks. It is not surprising that
most of the damage during the past earth-
quakes was to unreinforced masonry struc-
tures constructed of brittle materials, poorly
tied together. The addition of steel reinforce-
ments can add ductility to brittle materials.
Reinforced concrete, for example, can be
made ductile by proper use of reinforcing
steel and closely spaced steel ties.

2.5.5 Foundation
Buildings, which are structurally strong to
withstand earthquakes sometimes fail due
to inadequate foundation design. Tilting,
cracking and failure of superstructures
may result from soil liquefaction and dif-
ferential settlement of footing.

Certain types of foundations are more
susceptible to damage than others. For ex-
ample, isolated footings of columns are
likely to be subjected to differential settle-
ment particularly where the supporting
ground consists of different or soft types of
soil. Mixed types of foundations within the
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same building may also lead to damage due
to differential settlement.

Very shallow foundations deteriorate
because of weathering, particularly when
exposed to freezing and thawing in the re-
gions of cold climate.

2.5.6 Construction quality
In many instances the failure of buildings
in an earthquake has been attributed to
poor quality of construction, substandard
materials, poor workmanship, e. g., inad-
equate skill in bonding, absence of
�through stones� or bonding units, and
improper and inadequate construction.

2.6 FAILURE MECHANISMS OF
EARTHQUAKES
2.6.1 Free standing masonry
wall
Consider the free standing masonry walls
shown in Fig 2.3. In Fig 2.3(a), the ground
motion is acting transverse to a free stand-
ing wall A. The force acting on the mass of
the wall tends to overturn it. The seismic
resistance of the wall is by virtue of its
weight and tensile strength of mortar and
it is obviously very small. This wall will
collapse by overturning under the ground
motion.

The free standing wall B fixed on the
ground in Fig 2.3(b) is subjected to ground
motion in its own plane. In this case, the
wall will offer much greater resistance be-
cause of its large depth in the plane of bend-
ing. Such a wall is termed a shear wall.
The damage modes of an unreinforced
shear wall depend on the length-to-width
ratio of the wall. A wall with small length-
to-depth ratio will generally develop a hori-
zontal crack due to bending tension and

then slide due to shearing. A wall with
moderate length-to-width ratio and bound-
ing frame diagonally cracks due to shear-
ing as shown at Fig 2.3 (c).

A wall with large length-to-width ratio,
on the other hand, may develop diagonal
tension cracks at both sides and horizontal
cracks at the middle as shown at Fig 2.3  (d).

2.6.2 Wall enclosure without roof
Now consider the combination of walls A
and B as an enclosure shown in Fig 2.4. For
the X direction of force as shown, walls B
act as shear walls and, besides taking their
own inertia, they offer resistance against
the collapse of wall A as well. As a result
walls A now act as vertical slabs supported
on two vertical sides and the bottom plinth.
The walls A are subjected to the inertia force
on their own mass. Near the vertical edges,
the wall will carry reversible bending mo-

Fig 2.3 Failure mechanism of free standing walls
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ments in the horizontal plane for which the
masonry has little strength. Consequently
cracking and separation of the walls may
occur along these edges shown in the fig-
ure.

It can be seen that in the action of walls
B as shear walls, the walls A will act as
flanges connected to the walls B acting as
web. Thus if the connection between walls
A and B is not lost due to their bonding ac-

tion as plates, the building will tend to act
as a box and its resistance to horizontal
loads will be much larger than that of walls
B acting separately. Most unreinforced ma-
sonry enclosures, however, have very weak
vertical joints between walls meeting at
right angles due to the construction proce-
dure involving toothed joint that is gener-
ally not properly filled with mortar. Conse-
quently the corners fail and lead to collapse
of the walls. It may also be easily imagined
that the longer the walls in plan, the smaller
will be the support to them from the cross
walls and the lesser will be the box effect.

2.6.3 Roof on two walls
In Fig 2.5 (a) roof slab is shown to be resting
on two parallel walls B and the earthquake
force is acting in the plane of the walls.
Assuming that there is enough adhesion
between the slab and the walls, the slab
will transfer its inertia force at the top of
walls B, causing shearing and overturning
action in them. To be able to transfer its in-
ertia force to the two end walls, the slab
must have enough strength in bending in
the horizontal plane. This action of slab is
known as diaphragm action. Reinforced
concrete or reinforced brick slabs have such
strength inherently and act as rigid dia-
phragms. However, other types of roofs or
floors such as timber or reinforced concrete
joists with brick tile covering will be very
flexible. The joists will have to be connected
together and fixed to the walls suitably so
that they are able to transfer their inertia
force to the walls. At the same time, the walls
B must have enough strength as shear walls
to withstand the force from the roof and its
own inertia force. Obviously, the structure
shown in Fig 2.5, when subjected to ground
motion perpendicular to its plane, will col-

Fig 2.4 Failure mechanism of wall enclosure without roof

Fig 2.5 Roof on two walls
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lapse very easily because walls B have lit-
tle bending resistance in the plane perpen-
dicular to it. In long barrack type buildings
without intermediate walls, the end walls
will be too far to offer much support to the
long walls and the situation will be simi-
lar to the one just mentioned above.

2.6.4 Roof on wall enclosure
Now consider a complete wall enclosure
with a roof on the top subjected to earth-
quake force acting along X-axis as shown
in Fig 2.6. If the roof is rigid and acts as a
horizontal diaphragm, its inertia will be
distributed to the four walls in proportion
to their stiffness. The inertia of roof will al-
most entirely go to walls B since the stiff-
ness of the walls B is much greater than the
walls A in X direction. In this case, the plate
action of walls A will be restrained by the
roof at the top and horizontal bending of
wall A will be reduced. On the other hand,
if the roof is flexible the roof inertia will go
to the wall on which it is supported and
the support provided to plate action of
walls A will also be little or zero. Again the
enclosure will act as a box for resisting the
lateral loads, this action decreasing in value
as the plan dimensions of the enclosures
increase.

2.6.5 Roofs and floors
The earthquake-induced inertia force can
be distributed to the vertical structural ele-
ments in proportion to their stiffness, pro-
vided the roofs and floors are rigid to act as
horizontal diaphragms. Otherwise, the roof
and floor inertia will only go to the vertical
elements on which they are supported.
Therefore, the stiffness and integrity of roofs
and floors are important for earthquake re-
sistance.

The roofs and floors, which are rigid
and flat and are bonded or tied to the ma-
sonry, have a positive effect on the wall,
such as the slab or slab and beam construc-
tion be directly cast over the walls or jack
arch floors or roofs provided with horizon-
tal ties and laid over the masonry walls
through good quality mortar. Others that
simply rest on the masonry walls will offer
resistance to relative motion only through
friction, which may or may not be adequate
depending on the earthquake intensity. In
the case of a floor consisting of timber joists
placed at center to center spacing of 20 to
25 cm with brick tiles placed in directly over
the joists and covered with clayey earth, the
brick tiles have no binding effect on the

Fig 2.6 Roof on wall enclosure

Fig 2.7 Long building with roof trusses
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joists. Therefore, relative displacement of
the joists is quite likely to occur during an
earthquake, which could easily bring down
the tiles, damaging property and causing
injury to people. Similar behaviour may be
visualized with the floor consisting of
precast reinforced concrete elements not
adequately tied together. In this case, rela-
tive displacement of the supporting walls
could bring down the slabs.

2.6.6 Long building with roof
trusses
Consider a long building with a single span
and roof trusses as shown in Fig 2.7. The
trusses rest on the walls A. The walls B are
gabled to receive the purlins of the end
bays. Assuming that the ground motion is
along the X-axis, the inertia forces will be
transmitted from sheeting to purlins to
trusses and from trusses to wall A.

Fig 2.8 Deformation of a shear wall with openings.
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The end purlins will transmit some
force directly to gable ends. Under the seis-
mic force the trusses may slide on the walls
unless anchored into them by bolts. Also,
the wall A, which does, not get much sup-
port from the walls B in this case, may over-
turn unless made strong enough in the ver-
tical bending as a cantilever or other suit-
able arrangement, such as adding horizon-
tal bracings between the trusses, is made
to transmit the force horizontally to end
walls B.

When the ground motion is along Y di-
rection, walls A will be in a position to act
as shear walls and all forces may be trans-

mitted to them. In this case, the purlins act
as ties and struts and transfer the inertia
force of roof to the gable ends.

As a result the gable ends may fail. When
the gable triangles are very weak in stabil-
ity, they may fail even in small earthquakes.
Also, if there is insufficient bracing in the
roof trusses, they may overturn even when
the walls are intact.

2.6.7 Shear wall with openings
Shear walls are the main lateral earthquake
resistant elements in many buildings. For
understanding their action, let us consider
a shear wall with three openings shown in

Table 2.1 Categories of damage

Damage category Extent of damage Suggested post- earthquake
in general actions

0 No damage No damage No action required

I Slighty non-structural Thin cracks in plaster, falling of Building need not be vacated.
damage plaster bits in limited parts. Only architectural repairs

needed.

II Slight Structural Small cracks in walls, failing of Building need not be vacated.
Damage plaster in large  bits over large areas; Architectural repairs required

damage to non-structural parts like to achieve durability.
chimneys, projecting cornices, etc.
The load carrying capacity of the
structure is not reduced appreciably.

III Moderate structural Large and deep cracks in walls; Building needs to be vacated, to
damage widespread cracking of walls, be reoccupied after restoration

columns, piers and tilting or failing and  strengthening.
of chimneys. The load carrying Structural restoration and
capacity of the structure is partially seismic strengthening   are
reduced. necessary after which architec

tural  treatment may be carried
out.

IV Severe structural Gaps occur in walls; inner and outer Building has to be vacated.
damage  walls collapse; failure of ties to Either the building has to be

separate parts of buildings. Approx. demolished or extensive
50 % of the main structural restoration and strengthening
elements fail.The building takes work has to be carried out
dangerous state. before  reoccupation.

V Collapse A large part or whole of the building Clearing the site and
collapses. reconstruction.
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Fig 2.8. Obviously, the piers between the
openings are more flexible than the portion
of wall below (sill masonry) or above
(spandrel masonry) the openings. The de-
flected form under horizontal seismic force
is also sketched in the figure.

The sections at the level of the top and
bottom of opening are found to be the worst
stressed in tension as well as in compres-
sion and those near the mid-height of piers
carry the maximum shears. Under reversed
direction of horizontal loading the sections
carrying tensile and compressive stresses

are also reversed. Thus it is seen that ten-
sion occurs in the jambs of openings and at
the corners of the walls.

2.7 EARTHQUAKE DAMAGE
CATEGORIES
In this section, an outline of damage cat-
egories is simply described in Table 2.1 on
the basis of past earthquake experience.
Therein the appropriate post-earthquake
action for each category of damage is also
suggested.

���
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Chapter 3

GENERAL  CONCEPTS  OF  EARTHQUAKE
RESISTANT  DESIGN

3.1 INTRODUCTION
Experience in past earthquakes has dem-
onstrated that many common buildings
and typical methods of construction lack
basic resistance to earthquake forces. In
most cases this resistance can be achieved
by following simple, inexpensive princi-
ples of good building construction prac-
tice. Adherence to these simple rules will
not prevent all damage in moderate or large
earthquakes, but life threatening collapses
should be prevented, and damage limited
to repairable proportions. These principles
fall into several broad categories:

(i) Planning and layout of the building
involving consideration of the loca-
tion of rooms and walls, openings
such as doors and windows, the
number of storeys, etc. At this stage,
site and foundation aspects should
also be considered.

(ii) Lay out and general design of the
structural framing system with spe-
cial attention to furnishing lateral
resistance, and

(iii) Consideration of highly loaded and
critical sections with provision of

reinforcement as required.

Chapter 2 has provided a good overview
of structural action, mechanism of damage
and modes of failure of buildings. From
these studies, certain general principles
have emerged:

(i) Structures should not be brittle or
collapse suddenly. Rather, they
should be tough, able to deflect or
deform a considerable amount.

(ii) Resisting elements, such as bracing
or shear walls, must be provided
evenly throughout the building, in
both directions side-to-side, as well
as top to bottom.

(iii) All elements, such as walls and the
roof, should be tied together so as to
act as an integrated unit during
earthquake shaking, transferring
forces across connections and pre-
venting separation.

(iv) The building must be well connected
to a good foundation and the earth.
Wet, soft soils should be avoided, and
the foundation must be well tied to-
gether, as well as tied to the wall.
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Where soft soils cannot be avoided,
special strengthening must be pro-
vided.

(v) Care must be taken that all materials
used are of good quality, and are pro-
tected from rain, sun, insects and
other weakening actions, so that their
strength lasts.

(vi) Unreinforced earth and masonry
have no reliable strength in tension,
and are brittle in compression. Gen-
erally, they must be suitably rein-
forced by steel or wood.

These principles will be discussed and
illustrated in this Chapter.

3.2 CATEGORIES OF
BUILDINGS
For categorising the buildings with the
purpose of achieving seismic resistance at
economical cost, three parameters turn out
to be significant:

(i) Seismic intensity zone where the
building is located,

(ii) How important the building is, and

(iii) How stiff is the foundation soil.

A combination of these parameters will
determine the extent of appropriate seismic
strengthening of the building.

3.2.1 Seismic zones
In most countries, the macro level seismic
zones are defined on the basis of Seismic
Intensity Scales. In this guide, we shall re-
fer to seismic zones as defined with refer-
ence to MSK Intensity Scale as described in
Appendix I for buildings.

Zone A: Risk of Widespread Collapse
and Destruction (MSK IX or
greater),

Zone B: Risk of Collapse and Heavy
Damage (MSK VIII likely),

Zone C: Risk of Damage (MSK VII likely),

Zone D: Risk of Minor Damage
(MSK VI maximum).

The extent of special earthquake
strengthening should be greatest in Zone
A and, for reasons of economy, can be de-
creased in Zone C, with relatively little spe-
cial strengthening in Zone D. However,
since the principles stated in 3.1, are good
principles for building in general (not just
for earthquake), they should always be fol-
lowed.

3.2.2 Importance of building
The importance of the building should be a
factor in grading it for strengthening
purposes,and the following buildings are
suggested as specially important:

IMPORTANT � Hospitals, clinics, com-
munication buildings, fire and police sta-
tions, water supply facilities, cinemas, thea-
tres and meeting halls, schools, dormito-
ries, cultural treasures such as museums,
monuments and temples, etc.

ORDINARY � Housings, hostels, of-
fices, warehouses, factories, etc.

3.2.3 Bearing capacity of
foundation soil
Three soil types are considered here:

Firm: Those soils which have an allowable
bearing capacity of more
than 10 t/m2



3

GENERAL CONCEPTS OF EARTHQUAKE RESISTANT DESIGN

Soft: Those soils, which have allowable
bearing capacity less than or equal
to 10 t/m2.

Weak: Those soils, which are liable to large
differential settlement, or liquefac-
tion during an earthquake.

Buildings can be constructed on firm
and soft soils but it will be dangerous to
build them on weak soils. Hence appropri-
ate soil investigations should be carried out
to establish the allowable bearing capacity
and nature of soil. Weak soils must be
avoided or compacted to improve them so
as to qualify as firm or soft.

3.2.4 Combination of
parameters
For defining the categories of buildings for
seismic strengthening purposes, four cat-
egories I to IV are defined in Table 3.1. in
which category I will require maximum
strengthening and category IV the least in-
puts. The general planning and designing
principles are, however, equally applica-
ble to them.

3.3. GENERAL PLANNING AND
DESIGN ASPECTS
3.3.1. Plan of building

(i) Symmetry: The building as a whole
or its various blocks should be kept
symmetrical about both the axes.
Asymmetry leads to torsion during
earthquakes and is dangerous,
Fig 3.1. Symmetry is also desirable
in the placing and sizing of door and
window openings, as far as possi-
ble.

(ii) Regularity: Simple rectangular
shapes, Fig 3.2 (a) behave better in
an earthquake than shapes with

many projections Fig 3.2 (b). Tor-
sional effects of ground motion are
pronounced in long narrow rectan-
gular blocks. Therefore, it is desirable
to restrict the length of a block to
three times its width. If longer
lengths are required two separate
blocks with sufficient separation in
between should be provided,
Fig 3.2 (c).

(iii) Separation of Blocks: Separation of a
large building into several blocks
may be required so as to obtain sym-
metry and regularity of each block.

Fig 3.1 Torsion of unsymmetrical plans
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For preventing hammering or
pounding damage between blocks a
physical separation of 3 to 4 cm
throughout the height above the
plinth level will be adequate as well
as practical for upto 3 storeyed
buildings, Fig 3.2 (c).

The separation section can be treated
just like expansion joint or it may be
filled or covered with a weak mate-
rial which would easily crush and
crumble during earthquake shaking.
Such separation may be considered

in larger buildings since it may not
be convenient in small buildings.

(iv) Simplicity: Ornamentation
invo1ving large cornices, vertical or
horizontal cantilever projections, fa-
cia stones and the like are danger-
ous and undesirable from a seismic
viewpoint. Simplicity is the best ap-
proach.

Where ornamentation is insisted
upon, it must be reinforced with
steel, which should be properly em-

Fig 3.2 Plan of building blocks.
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bedded or tied into the main struc-
ture of the building.

Note: If designed, a seismic coeffi-
cient about 5 times the coefficient
used for designing the main struc-
ture should be used for cantilever
ornamentation.

(v) Enclosed Area: A small building en-
closure with properly intercon-
nected walls acts like a rigid box
since the earthquake strength which
long walls derive from transverse
walls increases as their length de-
creases.

Therefore structurally it will be ad-
visable to have separately enclosed
rooms rather than one long room,
Fig 3.3. For unframed walls of thick-
ness t and wall spacing of a, a ratio
of a/t = 40 should be the upper limit
between the cross walls for mortars
of cement sand 1:6 or richer, and less
for poor mortars. For larger panels
or thinner walls, framing elements
should be introduced as shown at
Fig 3.3(c).

(vi) Separate Buildings for Different
Functions: In view of the difference
in importance of hospitals, schools,
assembly halls, residences, commu-
nication and security buildings, etc.,
it may be economical to plan sepa-
rate blocks for different functions so
as to affect economy in strengthen-
ing costs.

3.3.2 Choice of site
The choice of site for a building from the
seismic point of view is mainly concerned
with the stability of the ground. The fol-
lowing are important:

(i) Stability of Slope: Hillside slopes li-
able to slide during an earthquake
should be avoided and only stable
slopes should be chosen to locate the
building. Also it will be preferable

Fig 3.3 Enclosed area forming box units
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3.3.4 Fire resistance
It is not unusual during earthquakes that
due to snapping of electrical fittings short
circuiting takes place, or gas pipes may
develop leaks and catch fire. Fire could also
be started due to kerosene lamps and
kitchen fires. The fire hazard sometimes
could even be more serious than the earth-
quake damage. The buildings should there-
fore preferably be constructed of fire resist-
ant materials.

3.4 STRUCTURAL FRAMING
There are basically two types structural
framing possible to withstand gravity and
seismic load, viz. bearing wall construction
and framed construction. The framed con-
struction may again consist of:

(i) Light framing members which must
have diagonal bracing such as wood
frames (see Chapter 6) or infill walls
for lateral load resistance, Fig 3.3 (c),
or

(ii) Substantial rigid jointed beams and
columns capable of resisting the lat-
eral loads by themselves.

The latter will be required for large col-
umn free spaces such as assembly halls.

The framed constructions can be used
for a greater number of storeys compared to
bearing wall construction. The strength and
ductility can be better controlled in framed
construction through design. The strength
of the framed construction is not affected
by the size and number of openings. Such
frames fall in the category of engineered
construction, hence outside the scope of the
present book.

to have several blocks on terraces
than have one large block with
footings at very different elevations.
A site subject to the danger of rock
falls has to be avoided.

(ii) Very Loose Sands or Sensitive Clays:
These two types of soils are liable to
be destroyed by the earthquake so
much as to lose their original struc-
ture and thereby undergo
compaction. This would result in
large unequal settlements and dam-
age the building. If the loose
cohesionless soils are saturated with
water they are apt to lose their shear
resistance altogether during shaking
and become liquefied.

Although such soils can be compacted,
for small buildings the operation may be
too costly and these soils are better avoided.
For large building complexes, such as hous-
ing developments, new towns, etc., this fac-
tor should be thoroughly investigated and
appropriate action taken.

Therefore a site with sufficient bearing
capacity and free from the above defects
should be chosen and its drainage condi-
tion improved so that no water accumu-
lates and saturates the ground close to the
footing level.

3.3.3. Structural design
Ductility (defined in Section 3.6) is the most
desirable quality for good earthquake per-
formance and can be incorporated to some
extent in otherwise brittle masonry con-
structions by introduction of steel reinforc-
ing bars at critical sections as indicated
later in Chapters 4 and 5.
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The strengthening measures necessary
to meet these safety requirements are pre-
sented in the following Chapters for vari-
ous building types. In view of the low
seismicity of Zone D, no strengthening
measures from seismic consideration are
considered necessary except an emphasis
on good quality of construction. The fol-
lowing recommendations are therefore in-
tended for Zones A, B and C. For this pur-
pose certain categories of construction in a
number of situations were defined in
Table 3.1.

3.6 CONCEPTS OF DUCTILITY,
DEFORMABILITY AND
DAMAGEABILITY
Desirable properties of earthquake-resist-
ant design include ductility, deformability
and damageability. Ductility and
deformability are interrelated concepts sig-
nifying the ability of a structure to sustain
large deformations without collapse.
Damageability refers to the ability of a struc-

3.5 REQUIREMENTS OF
STRUCTURAL SAFETY
As a result of the discussion of structural
action and mechanism of failure of Chap-
ter 2, the following main requirements of
structural safety of buildings can be arrived
at.

(i) A free standing wall must be de-
signed to be safe as a vertical canti-
lever.

This requirement will be difficult to
achieve in un-reinforced masonry in
Zone A. Therefore all partitions in-
side the buildings must be held on
the sides as well as top. Parapets of
category I and II buildings must be
reinforced and held to the main
structural slabs or frames.

(ii) Horizontal reinforcement in walls is
required for transferring their own
out-of-plane inertia load horizon-
tally to the shear walls.

(iii) The walls must be effectively tied
together to avoid separation at verti-
cal joints due to ground shaking.

(iv) Shear walls must be present along
both axes of the building.

(v) A shear wall must be capable of re-
sisting all horizontal forces due to
its own mass and those transmitted
to it.

(vi) Roof or floor elements must be tied
together and be capable of exhibit-
ing diaphragm action.

(vii) Trusses must be anchored to the sup-
porting walls and have an arrange-
ment for transferring their inertia
force to the end walls.

Table 3.1 Categories of buildings for strengthening purposes

Category Combination of conditions for the Category

I Important building on soft soil in zone A

II Important building on firm soil in zone A
Important building on soft soil in zone B
Ordinary building on soft soil in zone A

III Important building on firm soil in zone B
Important building on soft soil in zone C
Ordinary building on firm soil in zone A
Ordinary building on soft soil in zone B

IV Important building on firm soil in zone C
Ordinary building on firm soil in zone B
Ordinary building on firm soil in zone C

Notes: (i)Seismic zones A, B and C and important buildings are defined
in Section 3.2.

(ii) Firm soil refers to those having safe bearing value more than
10 t/m2 and soft those less than 10 t/m2.

(iii) Weak soils liable to compaction and liquefaction under earth-
quake condition are not covered here.
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together so that excessive stress concentra-
tions are avoided and forces are capable of
being transmitted from one component to
another even through large deformations.

Ductility is a term applied to material
and structures, while deformability is ap-
plicable only to structures.

Even when ductile materials are present
in sufficient amounts in structural compo-
nents such as beams and walls, overall
structural deformability requires that geo-
metrical and material instability be
avoided. That is, components must have
proper aspect ratios (that is not be too high),
must be adequately connected to resisting
elements (for example sufficient wall ties
for a masonry wall, tying it to floors, roof
and shear walls), and must be well tied to-
gether (for example positive connection at
beam seats, so that deformations do not
permit a beam to simply fall off a post) so
as to permit large deformations and dy-
namic motions to occur without sudden
collapse.

3.6.3 Damageability
Damageability is also a desirable quality
for construction, and refers to the ability of
a structure to undergo substantial damages,
without partial or total collapse

A key to good damageability is redun-
dancy, or provision of several supports for
key structural members, such as ridge
beams, and avoidance of central columns
or walls supporting excessively large por-
tions of a building. A key to achieving good
damageability is to always ask the ques-
tion, �if this beam or column, wall connec-
tion, foundation, etc. fails, what is the con-
sequence?�. If the consequence is total col-

ture to undergo substantial damage, with-
out partial or total collapse. This is desir-
able because it means that structures can
absorb more damage, and because it per-
mits the deformations to be observed and
repairs or evacuation to proceed, prior to
collapse. In this sense, a warning is received
and lives are saved.

3.6.1 Ductility
Formally, ductility refers to the ratio of the
displacement just prior to ultimate dis-
placement or collapse to the displacement
at first damage or yield. Some materials are
inherently ductile, such as steel, wrought
iron and wood. Other materials are not
ductile (this is termed brittle), such as cast
iron, plain masonry, adobe or concrete, that
is, they break suddenly, without warning.
Brittle materials can be made ductile, usu-
ally by the addition of modest amounts of
ductile materials, Such as wood elements
in adobe construction, or steel reinforcing
in masonry and concrete constructions.

For these ductile materials to achieve a
ductile effect in the overall behaviour of the
component, they must be proportioned and
placed so that they come in tension and are
subjected to yielding. Thus, a necessary re-
quirement for good earthquake-resistant
design is to have sufficient ductile materi-
als at points of tensile stresses.

3.6.2 Deformability
Deformability is a less formal term refer-
ring to the ability of a structure to displace
or deform substantial amounts without
collapsing. Besides inherently relying on
ductility of materials and components,
deformability requires that structures be
well-proportioned, regular and well tied
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lapse of the structure, additional supports
or alternative structural layouts should be
examined, or an additional factor of safety
be furnished for such critical members or
connections.

3.7 CONCEPT OF ISOLATION
The foregoing discussion of earthquake-
resistant design has emphasized the tradi-
tional approach of resisting the forces an
earthquake imposes on a structure. An al-
ternative approach which is presently
emerging is to avoid these forces, by isola-
tion of the structure from the ground mo-
tions which actually impose the forces on
the structure.

This is termed base-isolation. For sim-
ple buildings, base- friction isolation may
be achieved by reducing the coefficient of
friction between the structure and its foun-
dation, or by placing a flexible connection
between the structure and its foundation.

For reduction of the coefficient of fric-
tion between the structure and its founda-
tion, one suggested technique is to place
two layers of good quality plastic between
the structure and its foundation, so that the
plastic layers may slide over each other.

Flexible connections between the struc-
ture and its foundation are also difficult to
achieve on a permanent basis. One tech-
nique that has been used for generations
has been to build a house on short posts
resting on large stones, so that under earth-
quake motions, the posts are effectively pin-
connected at the top and bottom and the
structure can rock to and fro somewhat.
This has the advantage of substantially re-
ducing the lateral forces, effectively isolat-
ing the structure from the high amplitude

high frequency motions. Unfortunately, tra-
ditional applications of this technique usu-
ally do not account for occasional large
displacements of this pin-connected
mechanism, due to rare very large earth-
quakes or unusually large low-frequency
content in the ground motion, so that when
lateral displacements reach a certain point,
collapse results. A solution to this problem
would be provision of a plinth slightly be-
low the level of the top of the posts, so that
when the posts rock too far, the structure is
only dropped a centimeter or so.

3.8 FOUNDATIONS
For the purpose of making a building truly
earthquake resistant, it will be necessary to
choose an appropriate foundation type for
it. Since loads from typical low height
buildings will be light, providing the re-
quired bearing area will not usually be a
problem. The depth of footing in the soil
should go below the zone of deep freezing
in cold countries and below the level of
shrinkage cracks in clayey soils. For choos-
ing the type of footing from the earthquake
angle, the soils may be grouped as Firm and
Soft (see Section 3.2.3) avoiding the weak
soil unless compacted and brought to Soft
or Firm condition.

3.8.1 Firm soil
In firm soil conditions, any type of footing
(individual or strip type) can be used. It
should of course have a firm base of lime or
cement concrete with requisite width over
which the construction of the footing may
start. It will be desirable to connect the in-
dividual reinforced concrete column
footings in Zone A by means of RC beams
just below plinth level intersecting at right
angles.
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3.8.2 Soft soil
In soft soil, it will be desirable to use a plinth
band in all walls and where necessary to
connect the individual column footings by
means of plinth beams as suggested above.
It may be mentioned that continuous rein-
forced concrete footings are considered to
be most effective from earthquake consid-
erations as well as to avoid differential set-
tlements under normal vertical loads. De-
tails of plinth band and continuous RC

footings are presented in Chapters 4 and 9
respectively.

These should ordinarily be provided
continuously under all the walls. Continu-
ous footing should be reinforced both in
the top and bottom faces, width of the foot-
ing should be wide enough to make the
contact pressures uniform, and the depth
of footing should be below the lowest level
of weathering.

���
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Chapter 4

BUILDINGS  IN  FIRED-BRICK  AND
OTHER MASONRY  UNITS

4.1 INTRODUCTION
The buildings in fired bricks, solid concrete
blocks and hollow concrete or mortar
blocks are dealt with in this chapter. The
general principles and most details of
earthquake resistant design and construc-
tion of brick-buildings are applicable to
those using other rectangular masonry
units such as solid blocks of mortar, con-
crete, or stabilized soil, or hollow blocks of
mortar, or concrete having adequate
compressive strength. Some construction
details only differ for hollow blocks, which
are also indicated as necessary.

4.2 TYPICAL DAM AGE AND
FAILURE OF MASONRY
BUILDINGS
The creation of tensile and shearing
stresses in walls of masonry buildings is
the primary cause of different types of dam-
age suffered by such buildings. The typi-
cal damages and modes of failure are briefly
described below:

4.2.1 Non-structural damage
The non-structural damage is that due to
which the strength and stability of the
building is not affected. Such damage oc-
curs very frequently even under moderate
intensifies of earthquakes:

� Cracking and overturning of ma-
sonry parapets, roof chimney, large
cantilever cornices and balconies.

� Falling of plaster from walls and ceil-
ing particularly where it was loose.

� Cracking and overturning of parti-
tion walls, filler walls and cladding
walls from inside of frames. (Though
not usually accounted for in calcu-
lations, this type of damage reduced
the lateral strength of the building).

� Cracking and failing of ceilings.

� Cracking of glass panes.

� Failing of loosely placed objects, over-
turning of cupboards, etc.
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4.2.2 Damage and failure of
bearing walls

(i) Failure due to racking shear is char-
acterized by diagonal cracks which
could be due to diagonal compres-
sion or diagonal tension. Such fail-
ure may be either through the pat-
tern of joints or diagonally through
masonry units. These cracks usually
initiate at the corner of openings and
sometimes at centre of wall segment.
This kind of failure can cause par-
tial or complete collapse of the struc-
ture, Fig 4.1.

(ii) A wall can fail as a bending member
loaded by seismic inertia forces on
the mass of the wall itself in a direc-
tion, transverse to the plane of the

wall. Tension cracks occur vertically
at the centre, ends or corners of the
walls. Longer the wall and longer the
openings, more prominent is the
damage, Fig 4.1. Since earthquake ef-
fects occur along both axes of a build-
ing simultaneously, bending and
shearing effects occur often together
and the two modes of failures are
often combined. Failure in the piers
occur due to combined action of
flexure and shear.

(iii) Unreinforced gable end masonry
walls are very unstable and the strut-
ting action of purlins imposes addi-
tional force to cause their failure.
Horizontal bending tension cracks
are caused in the gables.

Fig 4.1 Cracking in bearing wall building due to bending and shear
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(iv) The deep beam between two open-
ings one above the other is a weak
point of the wall under lateral
inplane forces. Cracking in this zone
occurs before diagonal cracking of
piers, Fig 4.2. In order to prevent it
and to enable the full distribution of
shear among all piers, either a rigid
slab or RC band must exist between
them.

(v) Walls can be damaged due to the seis-
mic force of the roof, which can
cause the formation of tension cracks
and separation of supporting walls,
Fig 4.3. This mode of failure is the
characteristic of massive flat roofs (or
floors) supported by joists, which in
turn are supported by bearing walls,
but without proper connection with
them. Also if the connection with
foundation is not adequate, walls
crack there and slide. This may cause
failure of plumbing pipes too.

(vi) Failure due to torsion and warping:
The damage in unsymmetrical build-
ing occurs due to torsion and warp-
ing in an earthquake, Fig 3.1. This
mode of failure causes excessive
cracking due to shear in all walls.
Larger damage occurs near the cor-
ner of the building.

(vii) Arches across openings in walls are
often badly cracked since the arches
tend to lose their end thrust under
in-plane shaking of walls.

(viii) Under severe prolonged intense
ground motions, the following hap-
pens:

- the cracks become wider and the
masonary units become loose

Fig 4.2 Cracking of spandrel wall between opening

Fig 4.3 Fall of roof because of inadequate connection between roof and
wall

- partial collapse and gaps in
walls occur due to falling of
loose masonry units, particu-
larly at location of piers.

- falling of spandrel masonry due
to collapse of piers
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- falling of gable masonry due to
out of plane cantilever action

- walls get separated at corners
and intermediate T-junctions
and fall outwards.

- roof collapse, either partial or full

- certain types of roofs may slide
off the top of walls and the roof
beams fall down

- masonry arches across wall
openings as well as those used
for roof collapse completely.

4.2.3 Failure of ground
(i) Inadequate depth of foundation:

Shallow foundations deteriorate as
a result of weathering and conse-
quently become weak for earthquake
resistance.

(ii) Differential settlement of founda-
tion: During severe ground shaking,
liquefaction of loose water-saturated
sands and differential cornpaction
of weak loose soils occur which lead
to excessive cracking and tilting of
buildings which may even collapse
completely.

(iii) Sliding of slopes: Earthquakes cause
sliding failures in man-made as well
as natural hill slopes and any build-
ing resting on such a slope have a
danger of complete disastrous dis-
integration.

4.2.4 Failure of roofs and floors
(i) Dislodging of roofing material: Im-

properly tied roofing material is dis-
lodged due to inertia forces acting
on the roof. This mode of failure is

typical of sloping roofs, particularly
when slates, clay, tiles etc. are used
as roofing material.

Brittle material like asbestos cement
may be broken if the trusses and
sheeting purlins are not properly
braced together.

(ii) Weak roof to support connection is
the cause of separation of roof truss
from supports,although complete
roof collapse mostly occurs due to
collapse of supporting structure. The
rupture of bottom chord of roof truss
may cause a complete collapse of
truss as well as that of walls, Fig 4.4.

(iii) Heavy roofs as used in rural areas
with large thickness of earth over
round timbers cause large inertia
forces on top of walls and may lead
to complete collapse in severe earth-
quake shocks.

(iv) Lean-to roofs easily cause instabil-
ity in the lower supporting walls or
piers and collapse easily due to lack
of ties.

4.2.5 Causes of damage in
masonry buildings
The following are the main weaknesses in
the materials and unreinforced masonry
constructions and other reasons for the ex-
tensive damage of such buildings:

� Heavy weight and very stiff build-
ings, attracting large seismic inertia
forces.

� Very low tensile strength, particu-
larly with poor mortars.

� Low shear strength, particularly
with poor mortars.



5

BUILDINGS IN FIRED-BRICK AND OTHER MASONRY UNITS

� Brittle behaviour in tension as well
as compression.

� Weak connection between wall and
wall.

� Stress concentration at corners of
windows and doors.

� Overall unsymmetry in plan and el-
evation of building.

� Unsymmetry due to imbalance in the
sizes and positions of openings in
the walls.

� Defects in construction such as use
of substandard materials, unfilled
joints between bricks, not-plumb
walls, improper bonding between
walls at right angles, etc.

4.2 TYPICAL STRENGTHS OF
MASONRY
The crushing strength of masonry used in
the position of walls depends on many fac-
tors such as the following:

(i) Crushing strength of the masonry
unit.

(ii) Mix of the mortar used and age at
which tested. The mortar used for
different wall constructions varies in
quality as well as strength. It is gen-
erally described on the basis of the
main binding material such as ce-
ment or lime mortar, cement lime
composite mortar, lime-pozzolana or
hydraulic lime mortar. Clay mud
mortar is also used in many coun-
tries particular in rural areas.

(iii) Slenderness ratio of the wall, that is,
smaller of the ratio of effective height
and effective length of the wall to its
thickness. Larger is the slenderness
ratio, smaller the strength.

(iv) Eccentricity of the vertical toad on
the wall- Larger the eccentricity,
smaller the strength.

(v) Percentage of openings in the wall
� larger the openings, smaller the
strength. The tensile and shearing
strengths of masonry mainly depend
upon the bond or adhesion at the
contact surface between the masonry

Fig 4.4 Failure due to rupture of bottom chord of roof truss



6

IAEE MANUAL

unit and the mortar and, in general,
their values are only a small percent-
age of the crushing strength. Richer
is a mortar in cement or lime con-
tent, higher is the percentage of ten-
sile and shearing strength in relation
to the crushing strength. Test carried
out on brick-couplets using hand
made bricks in cement mortar give
the typical values as shown in
Table 4.1.

Brick couplet tests under combined ten-
sion-shear and compression-shear stresses

show that the shearing strength decreases
when acting with tension and increases
when acting with compression. Fig 4.5
shows the combined strengths.

The tensile strength of masonry is not
generally relied upon for design purposes
under normal loads and the area subjected
to tension is assumed cracked. Under seis-
mic conditions, it is recommended that the
permissible tensile and shear stresses on
the area of horizontal mortar bed joint in
masonry may be adopted as given in
Table 4.2.

The modulus of elasticity of masonry
very much depends upon the density and
stiffness of masonry unit, besides the mor-
tar mix. For brickwork the values are of the
order 2000 MPa for cement-sand mortar in
1:6 proportion. The mass density of ma-
sonry mainly depends on the type of ma-
sonry unit. For example brickwork will
have a mass density of about 1900 kg/m3

and dressed stone masonry 2400 kg/m3.

The slenderness ratio of the wall is taken
as the lesser of h/t and l/t where h = effective
height of the wall and L = its effective
length. The allowable stresses in Table 4.2
must be modified for eccentricity of vertical
loading due to its position and seismic
moment and the slenderness ratio multi-
plying factors given in Table 4.3. The effec-
tive height h may be taken as a factor times
the actual height of wall between floors, the
factor being 0.75 when floors are rigid dia-
phragms and 1.00 for flexible roofs; it will
be 2.0 for parapets.

The effective length L will be a fraction
of actual length between lateral supports,
the factor being 0.8 for wall continuous

Table 4.1 Typical strengths of masonry

    Mortar mix Tensile Shearing      Compressive strength in MPa
cement sand strength, strength, corresponding to crushing

MPa MPa strength of masonry unit

3.5 7.0 10.5 14.0

1 12 0.04 0.22 1.5 2.4 3.3 3.9

1 6 0.25 0.39 2.1 3.3 5.1 6.0

1 3 0.71 1.04 2.4 4.2 6.3 7.5

Fig 4.5 Combined stress couplet test results
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with cross walls or buttresses at both ends,
1.0 for continuous at one end and sup-
ported on the other and 1.5 for continuous
at one and free at the other.

4.4 GENERAL CONSTRUCTION
ASPECTS
4.4.1 Mortar
Since tensile and shear strength are impor-
tant for seismic resistance of masonry walls,
use of mud or very lean mortars will be
unsuitable. A mortar mix cement: sand
equal to 1:6 by volume or equivalent in
strength should be the minimum. Appro-
priate mixes for various categories of con-
struction are recommended in Table 4.4. Use
of a rich mortar in narrow piers between
openings will be desirable even if a lean
mix is used for walls in general.

4.4.2. Wall enclosure
In load bearing wall construction, the wall
thickness �t� should not be kept less than
190 mm, wall height not more than 20 t and
wall length between cross-walls not more
than 40 t. If longer rooms are required, ei-
ther the wall thickness is to be increased, or
buttresses of full height should be provided
at 20 t or less apart. The minimum dimen-
sions of the buttress shall be as thickness
and top width equal to t and bottom width
equal to one sixth the wall height.

4.4.3 Openings in walls
Studies carried out on the effect of open-
ings on the strength of walls indicate that
they should be small in size and centrally
located. The following are the guidelines
on the size and position of openings:

Table 4.3 Stress factor for slenderness ratio and eccentricity of loading

Slenderness Stress factor, K, for eccentricity ratio, e/t           Remarks
ratio 0 0.04 0.10 0.20 0.30 0.33 0.50

6 1.000 1.000 1.000 0.996 0.984 0.980 0.970 Linear interpolation

8 0.920 0.920 0.920 0.910 0.880 0.870 0.850 may be used.

10 0.840 0.835 0.830 0.810 0.770 0.760 0.730

12 0.760 0.750 0.740 0.706 0.664 0.650 0.600

14 0.670 0.660 0.640 0.604 0.556 0.540 0.480 Values for e/t = 0.5 are

16 0.580 0.565 0.545 0.500 0.440 0.420 0.350 for interpolation only

18 0.500 0.480 0.450 0.396 0.324 0.300 0.230

21 0.470 0.448 0.420 0.354 0.276 0.250 0.170

24 0.440 0.415 0.380 0.310 0.220 0.190 0.110

Table 4.2 Typical permissible stresses

Mortar mix or equivalent Permissible stresses Compression for strength of unit, MPa

cement lime sand tension shear 3.5 7.0 10.5 14.0
MPa MPa

1 - 6 0.05 0.08 0.35 0.55 0.85 1.00

1 1 6 0.13 0.20 0.35 0.70 1.00 1.10

1 - 3 0.13 0.20 0.35 0.70 1.05 1.25
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(i) Openings to be located away from
the inside corner by a clear distance
equal to at least 1/4 of the height of
openings but not less than 60 cm.

(ii) The total length of openings not to
exceed 50 percent of the length of the

wall between consecutive cross walls
in single-storey construction, 42 per-
cent in two-storey construction and
33 percent in three storey buildings.

(iii) The horizontal distance (pier width)
between two openings to be not less
than half the height of the shorter
opening, Fig 4.6, but not less than
60 cm.

(iv) The vertical distance from an open-
ing to an opening directly above it
not to be less than 60 cm nor less
than 1/2 of the width of the smaller
opening, Fig 4.6.

(v) When the openings do not comply
with requirements (i) to (iv), they

Fig 4.6 Recommendation regarding openings in bearing walls

Table 4.4 Recommended mortar mixes

Category of Proportion of cement-lime-sand
construction*

I Cement-sand 1:4 or cement-lime-sand 1:1:6 or richer

II Cement-lime-sand 1:2:9 or richer

III Cement-sand 1:6 or richer

IV Cement-sand 1:6 or lime-cinder** 1:3 or richer

Notes:* Category of construction is defined in Table 3.1.

** In this case some other pozzolonic material like trass (Indonesia)
and surkhi (burnt brick fine powder in India) may be used in place
of cinder.
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should either be boxed in reinforced
concrete alround or reinforcing bars
provided at the jambs through the
Masonry, Fig 4.7.

4.4.4 Masonry bond
For achieving full strength of masonry the
usual bonds specified for masonry should
be followed so that the vertical joints are

Fig 4.7 Strengthening of masonry around openings
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broken properly from course to course. The
following deserves special mention.

Vertical joint between
perpendicular walls
For convenience of construction, builders
prefer to make a toothed joint which is

Fig 4.8 A typical detail of masonry

many times left hollow and weak. To ob-
tain full bond it is necessary to make a slop-
ing (stepped) joint by making the corners
first to a height of 600 mm and then build-
ing the wall in between them. Otherwise,
the toothed joint should be made in both
the walls alternately in lifts of about 45 cm,
Fig 4.8.

4.5 HORIZONTAL
REINFORCEMENT IN WALLS
Horizontal reinforcing of walls is required
for imparting to them horizontal bending
strength against plate action for out of
plane inertia load and for tying the perpen-
dicular wall together. In the partition walls,
horizontal reinforcement helps preventing
shrinkage and temperature cracks. The fol-
lowing reinforcing arrangements are nec-
essary.

4.5.1 Horizontal bands or ring
beams
The most important horizontal reinforcing

Table 4.5 Recommendation for steel in RC band

                                                                                   Longitudinal steel in R.C. bands
Span, m                   category I                      category II                       category III                       category IV

no of diameter of no of diameter of no of diameter of no of diameter of
bars bars, mm bars bars, mm Bars Bars, mm Bars Bars, mm

5 2 12 2 10 2 10 2 10

6 2 16 2 12 2 10 2 10

7 2 16 2 16 2 12 2 10

8 4 12 2 16 2 16 2 12

9 4 16 4 12 2 16 2 12

Notes: (i) Width of the RC band is assumed to be the same as the thickness of wall. Wall thickness shall be 20 cm minimum. A
cover of 25 mm from face of wall will be maintained. For thicker walls, the quantity of steel need not be increased.
For thinner walls, see 4.7.

(ii) The vertical thickness of RC band may be kept minimum 75 mm where two longitudinal bars are specified and 150
mm where four longitudinal bars are specified.

(iii) Concrete mix to be 1:2:4 by volume or having 15 MPa cube crushing strength at 28 days.

(iv) The longitudinal bars shall be held in position by steel links or stirrups 6 mm diameter spaced at 150 mm apart
(see Fig 4.10 (a))

(v) Bar diameters are for mild-steel. For high strength must deformed bars, equivalent diameter may be used.
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Fig 4.9 Gable band and roof band in barrack type buildings

is through reinforced concrete bands pro-
vided continuously through all load bear-
ing longitudinal and transverse walls at
plinth, lintel, and roof-eave levels, also at
top of gables according to requirements as
stated hereunder:

(i) Plinth band:  This should be pro-
vided in those cases where the soil
is soft or uneven in their properties
as it usually happens in hill tracts.
It will also serve as damp proof
course. This band is not too critical.

(ii) Lintel band:  This is the most impor-
tant band and will incorporate in it-
self all door and window lintels the

reinforcement of which should be ex-
tra to the lintel band steel. It must be
provided in all storeys in buildings
as per Table 4.5.

(iii) Roof band:   This band will be re-
quired at eave level of trussed roofs,
Fig 4.9 and also below or in level with
such floors, which consist of joists
and covering elements so as to prop-
erly integrate them at ends and fix
into the walls.

(iv) Gable band: Masonry gable ends
must have the triangular portion of
masonry enclosed in a band, the hori-
zontal part will be continuous with
the eave level band on longitudinal
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walls, Fig 4.9.

4.5.2 Section of bands or ring
beams
The reinforcement and dimensions of these

Fig 4.10 Reinforcement in RC band

bands may be kept as follows for wall spans
upto 9 m between the cross walls or but-
tresses. For longer spans, the size of band
must be calculated.

A band consists of two (or four) longitu-
dinal steel bars with links or stirrups em-
bedded in 75 mm (or 50 mm), thick con-
crete, Fig 4.10. The thickness of band may
be made equal to or a multiple of masonry
unit and its width should equal the thick-
ness of wall. The steel bars are located close
to the wall faces with 25 mm cover and full
continuity is provided at corners and junc-
tions. The minimum size of band and
amount of reinforcing will depend upon
the unsupported length of wall between
cross walls and the effective seismic coeffi-
cient based on seismic zone, importance of
buildings, type of soil and storey of the
building.

Appropriate steel and concrete sizes are
recommended for various buildings in
Table 4.5. Such bands are to be located at
critical levels of the building, namely plinth,
lintel, roof and gables according to require-
ments (see 4.5.1).

4.5.3 Dowels at corners and
junctions
As a supplement to the bands described in
(a) above, steel dowel bars may be used at
corners and T-junctions to integrate the box
action of walls. Dowels, Fig 4.11, are placed
in every fourth course or at about 50 cm
intervals and taken into the walls to suffi-
cient length so as to provide the full bond
strength. Wooden dowels can also be used
instead of steel. However, the dowels do
not serve to reinforce the walls in horizon-
tal bending except near the junctions.
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Fig 4.11 (a) Corner-strengthening by dowel reinforcement placed in one joint (b) Corner-strengthening by dowel
reinforcement placed in two consecutive joints. (c) T-junction - strengthening by dowel reinforcements
(d) Strengthening by wire fabric at junction and corner
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4.6 VERTICAL
REINFORCEMENT IN WALLS
The need for vertical reinforcing of shear
walls at critical sections was established
in Para 2.6.7. The critical sections were the
jambs of openings and the corners of walls.
The amount of vertical reinforcing steel will
depend upon several factors like the
number of storeys, storey heights, the effec-
tive seismic coefficient based on seismic
zone, importance of building and soil foun-
dation type. Values based on rough esti-
mates for building are given in Table 4.6 for
ready use. The steel bars are to be installed
at the critical sections, that is the corners of
walls and jambs of doors right, from the
foundation concrete and covered with ce-
ment concrete in cavities made around them
during masonry construction. This concrete
mix should be kept 1:2:4 by volume or richer.
Typical arrangements of placing the verti-
cal steel in brick work are shown in
Fig 4.12.

The jamb steel was shown in Fig 4.7.
The jamb steel of window openings will be
easiest to provide in box form around it.
The vertical steel of opening may be
stopped by embedding it into the lintel band
but the vertical steel at corners and junc-
tions of walls must be taken into the floor
and roof slabs or roof band

The total arrangement of providing re-
inforcing steel in masonry wall construc-
tion is schematically shown in Fig 4.13.

4.7 FRAMING OF THIN LOAD
BEARING WALLS
If load-bearing walls are made thinner than
200 mm, say 150 mm inclusive of plaster-
ing on both sides, reinforced concrete fram-
ing columns and collar beams are neces-
sary which are constructed to have full
bond with the walls. Columns are to be lo-
cated at all corners and junctions of walls
and at not more than 1.5 m apart but so
located as to frame up the doors and win-
dows. The horizontal bands or ring beams
are located at all floors, roof as well as lin-
tel levels of the openings. The sequence of
construction between walls and columns
is: first to build the wall upto 4 to 6 courses
height leaving toothed gaps (tooth projec-
tion being about 40 mm only) for the col-
umns and second to pour 1:2:4 concrete to
fill the columns against the walls using
wood -forms only or two sides. Needless to
say that column steel should be accurately
held in position all along. The band con-
crete should be cast on the wall masonry
directly so as to develop full bond with it.

Such construction may be limited to only
two storeys maximum in view of its verti-
cal load carrying capacity. The horizontal
length of walls between cross walls may be

Table 4.6 Recommendation for vertical steel at critical sections

No of Storeys Diameter of mild steel single bar in mm at
each critical section for category (1)

category I category II categoryIII category IV

One 16 12 12 Nil

Two Top 16 12 12 Nil
Bottom 20 16 16 Nil

Three Top 16 12 12 Nil
Middle 20 16 12 Nil
Bottom 20 16 16 Nil

Four Top (2) (2) 12 12
Third 12 12

Second 16 12
Bottom 16 12

Notes: (i)Category of construction is defined in Table 3.1. Equivalent
area of twisted grip bars or a number of mild steel bars could be
used but the diameter should not be less than 12 mm.

(ii) Four storeyed load bearing wall construction may not be used
for categories I and II buildings.
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Fig 4.12 Vertical reinforcement in walls
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restricted to 7 m and the storey height to
3 m.

4.8 REINFORCING DETAILS
FOR HOLLOW BLOCK
MASONRY
The following details may be followed in
placing the horizontal and vertical steel in

hollow block masonry using cement-sand
or cement concrete blocks.

4.8.1 Horizontal band
U-shaped blocks may best be used for con-
struction the horizontal bands at various
levels of the storeys as per seismic require-
ments, as shown in, Fig 4.14.

The amount of horizontal reinforcement
may be taken 25 percent more than that
given in Table 4.5 and provided by using
four bars and 6mm dia stirrups. Other con-
tinuity details shall be followed as shown
in Fig 4.10.

4.8.2 Vertical reinforcement
The vertical bars as specified in Table 4.6
may conveniently be located inside the
cavities of the hollow blocks, one bar in one
cavity. Where more than one bar is planned,

Fig 4.14 U-blocks for horizontal bands

Fig 4.15  Vertical reinforcement in cavities

Fig 4.13 Overall arrangement of reinforcing masonry buildings
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these can be located in two or three con-
secutive cavities as shown in
Fig 4.15. The cavities containing bars are
to be filled by using micro-concrete 1:2:3 or
cement- coarse sand mortar 1:3 and prop-
erly rodded for compaction.

Practical difficulty is faced in thread-
ing the bars through the hollow blocks
since the bars have to be set in footings and
have to be kept standing vertically while
lifting the blocks whole storey heights,
threading the bar into the cavity and low-
ering it down to the bedding level. To avoid
lifting of blocks too high, the bars are made
shorter and overlapped with upper por-
tions of bars. This is wastefull of steel as
well as the bond strength in small cavities
remains doubtful. For solving this problem,
two alternatives may be used as shown in
Fig.4.16 (a) use of three sided or U-block (b)
bent interlocked bars.

���

Fig 4.16  Vertical reinforcement in cavities
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Chapter 5

STONE  BUILDINGS

5.1 INTRODUCTION
Stone buildings using fully dressed
rectangularized stone units, or cast solid
blocks consisting of large stone pieces in
cement concrete mix 1:3.6 may be built ac-
cording to the details given in Chapter 4.
Those also generally apply to the random-
rubble and half -dressed stone buildings
except such details as are dealt with in this
Chapter.

5.2 TYPICAL DAMAGE AND
FAILURE OF STONE
Buildings Random rubble and half -
dressed stone buildings, Fig 5.l, have suf-
fered extensive damage and complete col-
lapse during past earthquakes having in-
tensifies of MSK VII and more.

The following are the main ways in
which such buildings are seen to be dam-
aged :

� Separation of walls at corners and
T-junctions takes place even more
easily than in brick buildings due to
poorer connection between the
walls.

� Delamination and bulging of walls,
that is, vertical separation of inter-
nal wythe and external wythe
through the middle of wall thickness,
Fig 5.2. This occurs due mainly to the
absence of �through� or bond stones
and weak mortar filling between the
wythes. In half-dressed stone ma-
sonry, the surface stones are pyrami-
dal in shape having more or less an
edge contact one over the other, thus
the stones have an unstable equilib-

Fig 5.1 Schematic cross-section through a traditional stone house
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rium and easily disturbed under
shaking condition.

� Crumbling and collapsing of bulged
wythes after delamination under
heavy weight of roofs/ floors, lead-
ing to collapse of roof along with
walls or causing large gaps in walls.

� Outward overturning of stone walls
after separation at corners due to in-
ertia of roofs and floors and their
own inertia when the roofs were in-
capable of acting as horizontal dia-
phragms. This particularly hap-
pened when the roof consisted of
round poles, reed matting and clay
covering.

Frequently, such stone houses, under
MSK VII or higher intensifies, are completely
shattered and razed to the ground, the
walls reduced to only heaps of rubble. Peo-
ple get buried and more often killed. Thus
such buildings, without the seismic im-
provements as suggested here below, can
be considered as dangerous particularly in
seismic zones defined by Zones A and B in
Chapter 3.

5.3 TYPICAL STRUCTURAL
PROPERTIES
Test data on the strength characteristics of
random rubble and half-dressed stone ma-
sonry is not available. It is, however, quali-
tatively known that the compressive
strength even while using clay mud as
mortar will be enough to support three sto-
reys but the tensile strength could only be
near about zero. Sliding shear strength will
only be due to frictional resistance.

5.4 GENERAL CONSTRUCTION
ASPECTS
5.4.1 Overall dimensions

� The height of the construction may
be restricted to one storey of category
I and II buildings and two storeys of
categories III and IV buildings.
Where light sheeted roof is used, an
attic floor may also be used.

� The height of a storey may be kept as
low as 2.5 m but not more than 3.5
m.

� The wall thickness should be used
as small as feasible, say 300 to 450
mm.

� The unsupported length of a wall
between cross walls may be limited
to 7 m.Fig 5.3 Recommended openings in bearing walls in rubble masonry

Fig 5.2 Wall delaminated with buckled wythes
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� For longer walls, buttresses may be
used at intermediate points not far-
ther apart than 3 m. The size of but-
tress may be kept as: thickness = top
width = t and base width = h/6

where, t = thickness of wall and h =
actual wall height.

5.4.2 Mortar
� Clay mud mortar should be avoided

as far as possible.

Fig 5.4 “Through” stones or “Bond” elements.

Fig 5.5 Lintel level wooden band on all load bearing walls
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� Mortars as specified in Table 4.4 may
be used for stone walls.

5.4.3 Openings in walls
� Openings should be as small and as

centrally located as practicable.

� The recommended opening limita-
tions are shown in Fig 5.3.

� Ventilator, where used, may be made
450 x 450 mm or smaller.

5.4.4 Masonry bond
� Random rubble masonry construc-

tion should be brought to courses at
not more than 600 mm lift.

� �Through� stones of full length
equal to wall thickness should be
used in every 600 mm lift at not more
than 1.2 m apart horizontally. If full
length stones are not available,
stones in pairs, each of about 3/4 of
the wall thickness may be used in
place of one full length stone so as to
provide an overlap between them,
Fig 5.4.

� In place of �through� stones, bond-
ing elements of steel bars 8 to 10 mm
φ in S-shape or as a hooked link may
be used with a cover of 25 mm from
each face of the wall, Fig 5.4.

� Alternatively, wood bars of 38 mm x
38 mm cross-section or equivalent
may be used for the �through�
stones. Wood should be well pre-
served through seasoning and

Fig 5.6 Details of wood reinforcing at corners and T-junctions

Fig 5.7 Vertical steel in random rubble masonry
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chemical treatment so as to be dura-
ble against weathering action and
insect attack, Fig 5.4.

� Use of long stones should also be
made at corners and junction of walls
to break the vertical joint and pro-
vide bonding between perpendicu-
lar walls.

5.4.5 Horizontal reinforcing of
walls
All the horizontal reinforcing recom-
mended for brick buildings in Section 4.5.1,
4.5.2 and 4.5.3 may be use for random rub-
ble constructions as well.

As an alternative to steel reinforcing
bars, wooden planks of rectangular section,
effectively spliced longitudinally and held
by lateral members in lattice form may be
used where timber is available and also
more economical. Recommended sections
are shown in Fig 5.5 and Fig 5.6

5.4.6 Vertical reinforcing of walls
The amount of vertical steel in masonry
walls required to be provided at the cor-
ners and T-junctions of walls and at jambs
of openings is shown in Table 5.1.

Buildings of Category IV need not have
the vertical steel at all. For providing verti-
cal bar in stone masonry a casing pipe is
recommended around which the masonry
is built to heights of 600 mm, Fig 5.7. The
pipe is kept loose by rotating it during ma-
sonry construction. Then the casing pipe is
raised and the cavity below is filled with
1:2:4 concrete mix and rodded to compact
it. The concrete will not only provide the
bond between the bar and the masonry but
will also protect the bar from corrosion.

The jamb steel may be taken from the
footing upto the lintel band and anchored
into it. The corner steel must be taken from
the footing upto the roof slab or roof band
and anchored into it.

���

Table 5.1 Recommended vertical steel at critical sections

No. of storeys Diameter of mild steel single bar in mm at each
critical section category*

category I category II category III

One 20 16 14

Two ** ** 16

Notes: * Category of construction is defined in Table 3.1. Equivalent area
of twisted grip bars or a number of mild steel bars could be used
alternatively, but the diameter should not be less than 12 mm

** Two-storeyed buildings with load bearing stone masonry of
random rubble or half-dressed stone type are not recommended
in categories I and II.
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Chapter 6

WOODEN  BUILDINGS

6.1 INTRODUCTION
Wood has higher strength per unit weight
and is, therefore, very suitable for earth-
quake resistant construction. But heavy
cladding walls could impose high lateral
load on the frame. Although seismically
suitable, use of timber is declining in build-
ing construction even where it used to be
the prevalent material on account of van-
ishing forests due to population pressure.
The situation in many countries of the
world has in-fact become rather alarming
on account of the ecological imbalance.
Hence use of timber must be restricted in
building construction for seismic strength-
ening of other weaker constructions such
as adobe and masonry. Timber buildings
may only be used in those areas and coun-
tries where it is still abundantly available
or in unavoidable situations only.

6.2 TYPICAL DAMAGE AND
FAILURE OF WOODEN
BUILDINGS
The typical features of earthquake damage
to wooden buildings are as follows:

(i) Roof tiles easily slide down during
earthquakes, if they are not properly

fastened to the roof. Falling roof tiles
may hurt people, Fig 6.1.

(ii) The failure of the joints connecting
columns and girders frequently oc-
curs, accompanying the falling of
finishings. As the inclination of the
building increases, its restoring force
against distortion decreases due to
the structural deterioration and roof
weight, and finally becomes negative
which results in the complete col-
lapse of the building, Figs 6.2 and 6.3.

(iii) In the case of two storey buildings,
the first storey usually suffers severer
damage than the second storey. It is
often seen that the first storey falls

Fig 6.1 Falling of roof  tiles
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down while the second storey is un-
damaged, Fig 6.4.

(iv) Damage is considerably influenced
by the ground condition on which
the building stands. In general, the
softer the subsoil, the severer the
damage to the building.

The damage due to differential set-
tlements of foundations is also ob-
served for buildings on soft ground.

Furthermore, the damage due to the
liquefaction of subsoil occurs to

buildings on saturated soft sand.

(v) Sliding of the building as a whole is
sometimes seen when there are no
anchor bolts connecting the sill to the
foundation, Fig 6.5.

The damage to superstructure is also
observed when the foundation can-
not resist the lateral force caused by
earthquake motion.

(vii) Other types of damage in wooden
buildings are failure of wooden ga-
ble frames, Figs 6.6(a) and (b), and fail-
ure due to rupture of bottom chords
of roof truss, Figs 6.7(a) and (b).

(viii) The most crucial destruction of
wooden buildings has been due to
fire resulting from electrical short-
circuiting or kitchen fires during the
earthquake shaking and spreading
into conflagration thereafter. Precau-
tions against fire are most important
in case of wooden buildings.

6.3 TYPICAL
CHARACTERISTICS OF WOOD
Though wood has higher strength per unit
weight than most other construction mate-
rials, it has the following peculiarities that
are not seen in other materials.

(i) It is a non-homogeneous and aniso-
tropic material showing different
characteristics not only in different
directions but also in tension and
compression.

(ii) Shrinkage of wood on drying is rela-
tively large. Particularly the joints
slack easily by the contraction in the
direction perpendicular to fibres.
Therefore dry wood shall be used,

Fig 6.2 Rupture of columns at the connection of knee brace and column

Fig 6.3 Rupture of columns due to large notching at the connection of
girder and column
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and the moisture content should be
less than 20%.

(iii) The elastic modulus is small. Con-
sequently, members are apt to show
large deformation.

(iv) A notable creep phenomenon is seen
due to permanent vertical loads.
This is important especially in snowy
area.

(v) Sinking occurs by compressive force
in the direction perpendicular to
fibers. This has a great influence to

the amount of deformation of hori-
zontal members and chord members

Fig 6.5 Slide due to insufficient connection between sill and footing

Fig 6.4 Damage of a building having no diagonal bracing
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of built-up members.

(vi) The defects and notches of wood in-
fluence greatly the strength and stiff-
ness. Consequently it is necessary to
select and to arrange structural mem-
bers considering their structural
properties.

(vii) Wood is easily decayed by repeated
changes of moisture. Therefore sea-
soned wood should be used in con-
struction.

(viii) Preservative treatment is necessary
to avoid rotting and insect attack on
timber so as to derive long life.

(ix) Wood is a combustible material.
Therefore precautions must be taken
to minimize the danger of fire.

(x) Long lengths more than 3.5 m and
large size timbers are difficult to ob-
tain, hence call for splicing through
connectors or gluing.

In view of its lightness, very easy work-
ability like cutting and nailing and safe
transportability, timber makes an excellent
material for post-earthquake relief and re-
habilitation construction.

6.4 TYPICAL STRUCTURAL
PROPERTIES
There are large varieties of timbers in use
in various countries. It will therefore not be
practicable to present their strength prop-
erties here. But it will be pertinent to men-
tion that these depend on a number of fac-
tors as follows:

(i) Wood specy

(ii) Direction of loading relative to grain
of wood

(iii) Defects like knots, checks, cracks,
splits, shakes and wanes

(iv) Moisture content or seasoning

(v) Sapwood, pith, wood from dead
trees and dried wood conditions

(vi) Location of use, viz inside protected,
outside, alternate wetting and dry-
ing.

The permissible stresses must be deter-
mined taking all these factors into account.
Table 6.1 gives typical basic stresses for tim-
bers placed in three groups A, B and C clas-
sified on the basis of their stiffness. It will
be reasonable to increase the normal per-
missible stress by a factor of 1.33 to 1.5 when
earthquake stresses are superimposed.

Fig 6.6 Failure modes of gable frame
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6.5 THE BUILDING PLAN
The plan of the building should be sur-
rounded and divided by bearing wall lines.
The maximum spacing of the bearing wall
lines is 8 m. The maximum width of open-
ings in the bearing wall lines is 4 m and
the opening is at least 50 cm away from the
corner. Adjacent openings should be at
least 50 cm apart, Fig 6.8.

All bearing wall lines of the lower sto-
rey should be supported by continuous
foundations, through sills or the columns
should rest on pedestals, for details see sec-
tion 6.9. All bearing wall lines of the upper
storey should be supported by the bearing
wall lines of the lower storey. The bearing
walls may have stud wall type or brick-
nogged type construction as detailed in sec-
tion 6.6 and 6.7 respectively. The height of

Fig 6.7 Failure due to rupture of bottom chord of roof truss
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the building will be limited to two storeys
or two storeys plus attic.

6.6 STUD WALL
CONSTRUCTION
The stud-wall construction consists of tim-
ber studs and corner posts framed into sills,
top plates and wall plates. Horizontal
struts and diagonal braces are used to
stiffen the frame against lateral loads due
to earthquake and wind. The wall covering
may consist of matting made from bamboo,
reeds, and timber boarding or the like. Typi-
cal details of stud walls are shown in Fig
6.9.

If the sheathing boards are properly
nailed to the timber frame, the diagonal
bracing may be omitted. The diagonal brac-
ing may be framed into the verticals, or
nailed to the surface. Other details are given
below:

Sill
The dimension of sill is kept 40 × 90,
90 × 90 (mm units) or larger. The sill is con-
nected to the foundation by anchor bolts
whose minimum diameter is 12 mm and
length 35 cm. The anchor bolts are installed
at both sides of joints of sills and at the
maximum spacing is 2 m.

Studs
The minimum dimension of studs is 40 mm
× 90 mm. The maximum spacings of these
studs are shown in Table 6.2. If 90 mm ×
90 mm studs are used the spacing may be
doubled. Storey height should not be more
than 2.70 m.

Top plates
The top of studs is connected to top plates
whose dimension is not less than the di-
mension of the stud.

Table 6.1 Basic permissible stresses for timber group*
Types of stress                        Location    Permissible stress, MPa

Group A Group B   Group C

(i) Bending and tension along inside 18 12 8
grain outside 15 10 7

wet 12 8 6

(ii) Shear in beams all 1.2 0.9 0.6
shear along grains all 1.7 1.3 0.9

(iii) Compression parallel to inside 12 7 6
grain outside 11 6 6

wet 9 6 5

(iv) Compression perpendicular inside 6 2.2 2.2
to grain outside 5 1.8 1.7

wet 4 1.5 1.4

* Based on Indian Standard IS:883.
Note: Group A, B and C are classified according to Young’s  modulus of

elasticity as follows:
group A more than 12,600 MPa.
group B more than 9,800 to 12,600 MPa.
group C 5,600 to 9,800 MPa.

Fig 6.8 Plan divided by bearing wall lines
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Bearing walls
Wall framing consisting of sills, studs and
top plates should have diagonal braces, or
sheathing boards so that the framings acts
as bearing walls. In case no sheathing
boards are attached, all studs should be
connected to the adjacent studs by horizon-
tal blockings at least every 1.5 m in height,
Fig 6.9.

The minimum dimension of braces is 20
mm × 60 mm. The brace is fastened at both
ends and at middle portion by more than
two nails whose minimum length is 50 mm

to the framing members. The sheathing
board is connected to the framing members
by nails whose minimum length is
50 mm and maximum spacing is 150 mm at

Figure 6.9 Stud-wall construction

Table 6.2 Maximum spacing of 40 mm × 90 mm finished size studs
in stud wall construction
Group of Single storeyed or first floor Ground floor of double
timber of double storeyed buildings storeyed buildings

exterior wall, interior wall, exterior wall, interior wall,
mm mm mm mm

A 1000 1000 500 500

B and C 1000 800 500 500

Notes: Group of timber defined in Table 6. 1
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Figure 6.10 Brick nogged timber frame

Table 6.3 Minimum finished size of diagonal braces
Category* Group** Single storeyed or first floor Ground floor of double

timber of double storeyed buildings storeyed buildings
exterior wall, interior wall, exterior wall, interior wall,
mm × mm mm × mm mm × mm mm × mm

I and II A 20 × 60 20 × 60 20 × 90 20 × 90
B and C 20 × 60 20 × 60 20 × 90 20 × 90

III and IV A, B and C 20 × 60 20 × 60 20 × 60 20 × 60

Notes: *Categories of construction defined in Table 3.1.
**Group of timber defined in Table 6.1.
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Fig 6.11 Foundation and foundation reinforcement in concrete
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the fringe of the board and 300 mm at other
parts.

6.7 BRICK NOGGED TIMBER
FRAME
The brick nogged timber frame consists of
intermediate verticals, columns, sills, wall
plates, horizontal nogging members
framed into each other. Diagonal braces
may also be framed with the verticals or
nailed or bolted on the faces. The space be-

tween framing members is filled with tight
fitting brick or dressed stone masonry in
stretcher bond.

Typical details of brick nogged timber
frame construction are shown in Fig 6.10.
The vertical framing members in brick
nogged bearing walls should have mini-
mum finished sizes as specified in Table 6.4.
The sizes of diagonal bracing member
should be the same as in Table 6.3. The hori-

Figure 6.12 Wooden column footings
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Table 6.5: Minimum finished sizes of
horizontal nogging members

Spacing of Size, mm × mm
verticals, m

1.5 70 x 100

1.0 50 x 100

0.5 25 x 100

zontal framing members in brick construc-
tion should be spaced not more than one
meter apart. Their minimum finished sizes
are recommended in Table 6.5.

6.8 JOINTS IN WOOD FRAMES
The joints of structural members should be
firmly connected by nails or bolts. The use
of metal straps is strongly recommended
at structurally important joints such as
those of studs/columns with sill or wall
plates and with horizontal nogging mem-
bers.

6.9 FOUNDATIONS
The superstructure should be supported by
concrete or masonry footings as shown in

Fig 6.11. Openings for ventilation need be
provided in continuous foundations,
Figs  6.11(a) and (b). Some reinforcement as
shown is also preferable in very soft soil
areas and in areas where liquefaction is ex-
pected. On firm soil, isolated footings or
boulders can also be used under the wood
columns as shown in Fig 6.12.

•••

Table 6.4 Minimum finished sizes of verticals in brick nogged timber frame construction
Spacing (m) Group of Single storeyed or first floor     Ground floor of double

timber of double storeyed buildings          storeyed buildings
exterior wall, interior wall, exterior wall, interior wall,
mm × mm mm × mm mm × mm mm × mm

1.0 m A 50 × 100 50 × 100 50 × 100 70 × 100
B and C 50 × 100 50 × 100 70 × 100 90 × 100

1.5 m A 50 × 100 70 × 100 70 × 100 80 × 100
B and C 70 × 100 80 × 100 80 × 100 100 × 100

Notes: Groups of timber are defined in Table 6. 1
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Chapter 7

EARTHEN  BUILDINGS

7.1 INTRODUCTION
Earthen construction has been, is and will
continue to be a reality. Recent statistics
show that the percentage of earthen hous-
ing in the next 15 years will be higher than
50%.

Even though this material has clear ad-
vantages of costs, aesthetics, acoustics and
heat insulation and low energy consump-
tion, it also has some disadvantages such
as being weak under earthquake forces and
water action. However, the technology de-
veloped to date has allowed a reduction in
its disadvantages, stressing its most valu-
able advantages.

Earthen constructions are, in general,
spontaneous and a great difficulty is the
dissemination of knowledge about its ad-
equate use.

The recommendations presented herein
are applicable to earthen constructions in
general, but they are especially oriented to
popular housing, aiming to enhance the
quality of the spontaneous, informal or

massive constructions which are the ones
causing the greatest loss of life and dam-
age during seismic events.

Therefore, it does not include solutions
involving the use of stabilizers (cement,
lime, asphalt, etc.) to improve the strength
or durability. Also for making the strength-
ening very economical, minimum use of the
expensive materials (concrete, steel, wood,
etc.) has been indicated to enhance the dy-
namic behaviour of the structure.

7.2 TYPICAL DAMAGE AND
COLLAPSE OF EARTHEN
BUILDINGS
Earthquake experience shows that earthen
buildings may be cracked at MSK Intensity
VI, wide cracks and even partial collapse
may occur at MSK VII and collapses are
widespread under MSK VIII. Damage is al-
ways much more severe in two storeyed
buildings than in one storeyed ones. Some
typical damages are sketched in Fig 7.1.
However, single storeyed houses with flat
roofs constructed in good clay have been
found to be undamaged in Intensity VIII
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Fig 7.1 Typical damages and collapse of earthen buildings (continued on next page)

(a) Corner failure and out of plane collapse of walls

(b) Gables

(c)  Two storey house damage / collapse

(d)  Split level roof
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(e)  L shaped buildings

Fig 7.1 Typical damages and collapse of earthen buildings (continued from previous page)

(f) High walled houses

(g) Awning
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zone whereas at the same location two sto-
reyed houses were completely ruined. The
main courses of failure of earthen build-
ings in earthquakes are graphically sum-
marised in Fig 7.2.

7.3 CLASSIFICATION OF
WALLS AND MATERIAL
PROPERTIES
In earthen construction, the walls are the
basic elements hence it can be classified
according to the wall type as follows:

7.3.1 Classification of earthen
constructions
a. Hand-formed by layers

a.1 Simple forming

a.2 Earth balls, thrown and
moulded as wall

b. Adobe or blocks
b.1 Cut from hardened soil

b.2 Formed in mould

Fig 7.2 Graphic summary of causes of failure

b.3 Moulded and compacted

c. Tapial or pise (rammed earth)
c.1 Compacted by hand blows

c.2 Mechanized or vibrating
compaction

d. Wood or cane structure, with wood or
cane mesh enclosures plastered with mud

d.1 Continuous

d.2 Pre-fabricated panels

Whereas systems (a), (b) and (c) depend
for stability on the strength of earthen
walls, the system d behaves like a wood
frame and its construction will be dealt
with separately.

7.3.2 Suitability of soil
The quality of materials, particularly clay
content of the soil may vary somewhat for
the type of construction. But in general the
following qualitative tests are sufficient for
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determining the suitability of a soil for
earthen construction:

a. Dry strength test
Five or Six small balls of soil of approxi-
mately 2 cm in diameter are made. Once
they are dry (after 48 hours), each ball is
crushed between the forefinger and the
thumb. If they are strong enough that none
of them breaks, the soil has enough clay to
be used in the adobe construction, provided
that some control over the mortar micro-
fissures caused by the drying process is
exercised, Fig 7.3(a)

If some of the balls break, the soil is not
considered to be adequate, because it does
not have enough clay and should be dis-
carded.

b. Fissuring control test
At least eight sandwich units are manu-
factured with mortars made with mixtures
in different proportions of soil and coarse
sand. It is recommended that the propor-
tion of soil to coarse sand vary between 1:0
and 1:3 in volume. The sandwich having
the least content of coarse sand which,
when opened after 48 hours, does not show
visible fissures in the mortar, will indicate
the most adequate proportion of soil/sand
for adobe constructions, giving the highest
strength.

7.3.3 Strength test of adobe
The strength of adobe can be qualitatively
ascertained a follows: After 4 weeks of sun
drying the adobe be should be strong
enough to support in bending the weight
of a man, Fig 7.3 (b). If it breaks, more clay
and fibrous material is to be added. Quan-
titatively, the compressure strength may be
determined by testing 10 cm cubes of clay

after completely drying them. A minimum
value of 1.2 N/mm2 will be desirable.

7.4 CONSTRUCTIONS OF
WALLS
In general, the strength of walls is a func-
tion of clay content, and its activation by
humidity (promoted by wetting or
compaction procedures) and the control of
fissuring.

The positive effect of a traditional prac-
tice, namely �sleeping� the mud (storing it
at least for one day but better for more days)
before the fabrication of adobe bricks or
mortar was confirmed. It seems that this
procedure allows for a better dispersion
and thus for a more uniform action of the
clay particles.

Fig 7.3  Field testing of strength of soil and adobe
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If the soils are clayey, stronger construc-
tions could be built, provided an adequate
technology is used to control the typical fis-
sures caused by drying from high moisture
content. The most economical and simple
form to control such fissures is by adding
coarse sand to diminish the clay contrac-
tion or by adding dry straw to the mud to
control the micro-fissures.

In general, there are no �recommended�
mixing ratios for the soil to be used in
earthen constructions. The different per-
centages of clay, lime, fine sand and coarse
sand will be defined by the most abun-
dantly available nearby soil, its clay con-
tent (see dry strength test), the type of con-
structions required according to the classi-
fication and the amount of coarse sand
needed to control or avoid the visible fis-
sures and attain a monolithic behaviour.

It may be concluded that:

(i) Soils with low clay content should
not be used (see dry strength test).

(ii) Coarse sand needs be added to avoid
fissures and straw to control them.

7.4.1 Hand-moulded layered
construction
These are the most primitive and weakest
type of constructions because of the low
percentage of moisture employed to make
the hand-moulding and the poor level of
compaction attained. For these reasons, all
the clay is not activated, either by moisture,
or by compaction.

Even though a small amount of mois-
ture is used (depending on the soil), some
horizontal and also vertical fissures nor-

mally appear. These should be controlled
by adding straw as much as possible to at-
tain a reasonable workabity of the mixture.
If this is not possible, coarse sand could be
used as additive, in the smallest experimen-
tal proportion able to achieve the disap-
pearance of visible fissures (try with in-
creasing proportions and wait a few days
to check the results). An excess of coarse
sand will inevitably reduce the wall
strength.

Generally, it will be necessary to mois-
ten the area of the lower layer which will
be in contact with the mud, in order to avoid
sudden drying of the contact zone, which
produces the fissures.

7.4.2 Adobe or block
construction
In the case of cut as well as moulded blocks,
the strongest units correspond to plastic or
clayey soils. However, the block strength
plays a secondary role in the masonry
strength, since the joints between blocks
become critical. The blocks used should be
well dried in order to avoid future
retractions. Blocks are made in different
sizes in various countries.

It may be stated that the dimensions of
the blocks, nor the way these are placed,
have a serious effect on their strength.

Traditional practices obtain an adequate
block without important fissures, either by
mixing sandy and clayey soils or by look-
ing after the block so it dries without re-
strictions, thus eliminating the fissures. The
soil to be used should be verified with the
dry strength test, Fig 7.3, to ensure a mini-
mum strength.
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The mud used to fill the space between
blocks (the so called �mortar�) requires
special attention.

To guarantee the bond between blocks
and mortar, the micro-fissures of the latter
should be avoided. The conditions of the
mortar drying are very severe because of
the fact that the mortar gets in contact with
blocks which readily absorb moisture and
also they restrict the drying contraction.
This produces the above-mentioned micro-
fissures, which consequently weaken the
masonry.

The joint mud should normally be the
same as used to manufacture the block. If it
is found to fissure, some straw (nearly 1:1
by volume) should be added to the mortar
until an acceptable degree of workability
is attained. Some coarse sand could also
be added, the adequate proportion being
given by the fissuring control test, 7.3.2 (b).

For clayey soils, the adobe blocks should
be moistened for a few minutes before plac-
ing them. Also it will be useful to moisten
the previous layer of blocks before placing
the joint mortar. For sandy soils, it will be
enough only to moisten the preceding layer
of blocks.

The usual good principles of bonds in
masonry should be adopted for construc-
tion of adobe walls, that is,

(i) All courses should be laid level.

(ii) The vertical joints should be broken
between two consecutive courses by
overlap of adobe and must be care-
fully filled with mortar.

(iii) The right angle joints between walls
should be made in such manner that
the walls are properly joined to-
gether and a through vertical joint is
avoided.

7.4.3 Tapial or pise construction
Tapial or pise constructions are rammed
earth constructions in which moist soil is
poured in wooden forms of the walls and
compacted to achieve the desired density.

Whilst adobe constructions acquire
their strength by activation of the clay
through moisture contained in the soil,
tapial constructions owe it to compaction,
using small percentages of moisture in the
soil.

High strength is obtained by humidity
and compaction when clay is present.
There are however, practical limitations to
restrict the moisture, such as the feasibility
to pound and compact the soil, the exces-
sive deformation occurring when the forms
are removed and the fissuring problem.

The use of low moisture content (such
as the optimum in the Proctor test or lower)
and the control of the amount of clay by
adding coarse sand to the soils are required
to control the shrinkage fissures on drying.
If the amount of coarse sand is excessive,
the strength diminishes dangerously. It is
recommended to make wall tests with in-
creasing percentage of sand, until fissur-
ing is reasonably under control.

The compaction or number of blows
applied to the wall is a function of the
weight and shape of the tool used for this
purpose. Higher strengths are obtained
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under higher compaction, but there is a
point at which this is not true any more. A
normal compaction is recommended and
this will be the one under which no mud
remains stuck to the form when this is re-
moved.

Fifty strokes per 1000 cm2 of wall area,
applied with a mallet of about 8 to 10 kg
weight is the recommended practice. The
required height for the blocks varies be-
tween 50 and 80 cm, but it is very impor-
tant that the compacted layers in the blocks
do not exceed 10 cm each.

The best way to ensure the monolithic
structure of the tapial walls is to sufficient
quantity of water at the sub joints at every
10 cm. Likewise, between the tapial layers,
every 50 to 80 cm, it is necessary to pour
plenty of water on the layer before compact-
ing further material. The placing of straw

between the tapial layers is not necessary.

The use of excessive amounts of straw
in the mud mixture, more than 1:1/4 in vol-
ume is selfdefeating, because it causes a
strength reduction.

7.4.4 Earthen construction with
wood or cane structure
The scheme of earthen construction using
structural framework of wood or cane is
shown in Fig 7.4. It consist of vertical posts
and horizontal blocking members of wood
or cane or bamboo, the panels being filled
with cane or bamboo, or some kind of reed
matting plastered over both sides with mud.
The construction could be done in the ru-
dimentary way, building element by ele-
ment or by using prefabricated panels.

The behaviour of this type of construc-
tion could be very good, as long as the fol-

Fig 7.4 Earthen constructions with wood or cane structures
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lowing fundamental rules are observed:

� Good connections between the wood
or cane elements, so as to ensure an
integral behaviour of the structure.
The connections are normally fixed
with nails. Their number and dimen-
sions should be enough but not ex-

cessive as to split the elements. The
connections can be also tied with
wires, ropes, leather straps, etc.

- Preservation of the wood or cane ele-
ments by charring the surface or
painting by coal tar, especially in the
part embedded in the foundation,

Figure 7.5 :: Adequate Configuration
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which should preferably be of con-
crete, stone or bricks laid with ce-
ment, lime or gypsum mortar.

- Additionally, it is recommended that
the panel filling material should
consist of wood or cane mesh, over
which a layer of mud and straw (1:1
in volume) is placed on each face in

the form of plaster. Very often, the
meshes are knit in themselves and
around the structure.

- In houses built as a continuous sys-
tem as well as in those made with
pre-fabricated panels, an upper ring
beam should be placed, the purpose
of it being two fold:

(i) Ensure the integral behaviour of
all walls, and

(ii) Distribute evenly the roofing
load.

Only after fixing this upper ring beam
and the roof (after completing the nailing),
the mud filling must be placed. This will
avoid fissuring caused by the strokes of the
nailing operation.

In the case of pre-fabricated panels, the
frames could have very small and economi-
cal sections 25 × 50 or 25 × 75 mm. The

Fig 7.7 Pillasters at corners

Fig 7.6 Wall dimensions
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connection between panels is made
through nails, but the wood or cane knit
mesh over which the mud filling is placed,
can be fixed without the use of nails.

7.5 GENERAL
RECOMMENDATIONS FOR
SEISMIC AREAS
7.5.1 Walls

(a) The height of the adobe building
should be restricted to one story plus
attic only in seismic zones A and B
and to two storeys in zone C.

(b) The length of a wall, between two
consecutive walls at right angles to
it, should not be greater than 10 times
the wall thickness �t� nor greater than
64t2/h where h is the height of wall.

(c) When a longer wall is required, the
walls should be strengthened by in-
termediate vertical buttresses,
Fig 7.6 (a).

(d) The height of wall should not be
greater than 8 times its thickness.

(e) The width of an opening should not
be greater than 1.20 m.

(f) The distance between an outside
corner and the opening should be
not less than 1.20 m.

(g) The sum of the widths of openings
in a wall should not exceed one-third

of the total wall length in seismic
zone A, 40 percent in zones B and C.

(h)  The bearing length (embedment) of
lintels on each side of an opening
should not be less than 50 cm. An
adequate configuration is shown in
Fig 7.5 for an adobe and tapial house.

(i) Hand-formed walls could preferably
be made tapering upwards keeping
the minimum thickness 30 cm at top
and increasing it with a batter of 1:12
at bottom, Fig 7.6 (b).

(j) Providing outside pillasters at all
corners and junctions of walls will
increase the seismic stability of the
buildings a great deal, Fig 7.7.

Fig 7.8 Use of longitudinal wood under roof rafters

Fig 7.9 Reinforcing lintel under floor beam
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7.5.2 Foundations
(a) The brittleness and reduced strength

of adobe constructions restricts the
possible locations of these buildings
to areas associated with firm sub-
soils.

Sandy loose soils, poorly compacted
clays and fill materials should gen-
erally be discarded due to their set-
tlements during seismic vibrations.

Also, soils with very high phreatic
level (water table) should be avoided.
These recommendations are particu-
larly important for seismic zones A
and B.

(b) Width of strip footings of the walls
may be kept as follows:

One storey on firm soil � Equal to
wall thickness

1.5 or 2 storeys on firm soil � 1.5
times the wall thickness

One storey on soft soil � 1.5 times
the wail thickness

1.5 or 2 storeys on soft soil � 2
times the wall thickness

The depth of foundation below
ground level should at least be 400
mm.

(c) The footing should preferably be
built using stone, fired brick using

Fig 7.10 Collar band in walls at lintel level

Fig 7.11 Roof band on pillastered walls
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cement or lime mortar. Alternatively
it may be made in lean cement con-
crete with Plums (cement : sand :
gravel : stones as 1:4:6:10) or with-
out plums as 1:5:10. Lime could be
used in place of cement in the ratio
lime:sand:gravel as 1:4:8.

(d) Plinth masonry: The wall above foun-
dation up to should preferably be
constructed using stone or burnt
bricks laid in cement or lime mortar.

Clay mud mortar may be used only
as a last resort. The height of plinth
should be above the flood water line
or a minimum of 300mm above
ground level. It will be preferable to
use a waterproofing layer in the form
of waterproof mud (para 7.7 (c)) or
heavy block polyethylene sheet at the
plinth level before starting the con-
struction of superstructure wall. If
adobe itself is used, the outside face

Fig 7.12 Reinforcement in walls of earthen constructions in zone



14

IAEE MANUAL

of plinth should be protected against
damage by water by suitable facia or
plaster. A water drain should be
made slightly away from the wall to
save it from seepage.

7.5.3 Roofing
Roofs have two main parts: the structure
and the cover. The roofing structure must
be light, well connected and adequately tied
to the walls.

(a) The roof covering should preferably
be of light material, like sheeting of
any type.

(b) If thatch is used for roof covering, it
should better be made waterproof
and fire resistant by applying water
mud plaster, para 7.7(c).

(c) The roof beams, rafters or trusses
should preferably be rested on lon-
gitudinal wooden elements for dis-
tributing the load on adobe, Fig 7.8.
If wood is not used preferably two
top courses of burnt bricks may be
laid instead of adobe for resting the
roof structures.

(d) The slopes and the over-hanging
will depend on local climatic condi-

tions. In zones subjected to rain and
snow, walls protection must be en-
sured by projecting the roof by about
0.5 m beyond the walls, Fig 7.8.

(e) The roof beams or rafters should be
located to avoid their position above
door or window lintels. Otherwise,
the lintel should be reinforced by an
additional lumber, Fig  7.9.

7.6 SEISMIC STRENGTHENING
FEATURES
7.6.1 Collar beam or horizontal
band
Two horizontal continuous reinforcing and
binding beam or bands should be placed,
one coinciding with lintels of doors and
window openings and the other just below
the roof in all walls, in all seismic zones for
constructions of types (a), (b), (c), described
in section 7.3.1. Proper connection of ties
placed at right angles at the corners and
junctions of walls should be insured.
Where the height of wall is no more than
2.5 m, the lintel band can be avoided but
the lintels should be connected to the roof
band as shown, in Fig 7.11. The band could
be in the following forms:

(a) Unfinished rough cut lumber in sin-
gle pieces provided with diagonal
members for bracing at corners,
Fig 7.10(a).

(b) Unfinished rough cut or sawn (50 ×
100 mm in section) lumbers two
pieces in parallel with halved joints
at corners and junctions of walls
placed in parallel,  Fig 7 10(b).

7.6.2 Pillasters and buttresses
Where pillasters or buttresses are used, as
recommended in 7.5.1(j) at T-junctions, the

Fig 7.13 Diagonal bracing of wood-structures of earthen construction
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collar beam should cover the buttresses as
well as shown in Fig 7.11. Use of diagonal
struts at corners will further stiffen the col-
lar beam.

7.6.3 Vertical reinforcement in
walls
a. In mesh form of bamboo or cane
In seismic zone A, mesh form of reinforc-
ing will be preferable. Here the whole walls
are reinforced by a mesh of canes or bam-
boos as shown in Fig 7.12 along with the
collar beams, which may in this case be
made from canes, or bamboos themselves.
The vertical canes must be tied to the hori-
zontal canes as well as the collar beam at
lintel level and the roof beam at eave level.

b. With collar beams or bands
For seismic zones A and B, in addition to
the collar beams recommended in 7.6.1 and
7.6.2 provision of vertical reinforcement in

earthen walls of earthen constructions
types (a), (b), (c) will be necessary whereas
it can be avoided in zone C.

The most effective vertical reinforcement
will be in the form of wood posts, bamboo
or cane located at corners and junctions of
walls. It should be started at the founda-
tion level and continued through and tied
to the lintel and roof bands by binding wire,
fishing line or rope etc.

7.6.4 Diagonal bracing
In case of earthen constructions type d (Sec-
tion 7.3.1), it will be necessary for achiev-
ing adequate seismic resistance in zones A
and B to provide diagonal bracing mem-
bers in the planes of walls as well as hori-
zontally at the top level of walls as shown
in Fig 7.13. This can be done by using canes
or bamboos nailed to the framing members

Fig 7.14 Good features of earthquake resistant construction
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at the ends and intermediate points of in-
tersection.

7.7 PLASTERING AND
PAINTING
The purpose of plastering and painting is
to give protection and durability to the
walls, in addition to obvious aesthetic rea-
sons.

(a) Plastering based on natural addi-
tives could be formed in two layers.
The first one of about 12 to 15 mm, is
a mixture of mud and straw (1:1 in
volume), plus a natural additive like
cow dung used to increase the mois-
ture resistance of the mud, thus pre-
venting the occurrence of fissures
during the drying process. The natu-
ral additive helps to withstand the
shrinkage tensions of the restricted
drying process. The second and last

layer is made with fine mud which
when dried, should be rubbed with
small, hard, rounded pebbles.

(b) A technology has been developed
which consists of plastering walls
with a mud stucco stabilized with
cactus as described hereunder:

The main recommendations for plaster-
ing adobe walls with this type of stucco are
to

(i) Prepare the cactus stabilizer by
soaking cactus chopped pieces
until the soft (inside) part dis-
solves completely leaving the
skin only as residue. The ob-
tained product is characterized
by gluey consistency, green color
and strong smell of decomposed
organic matter.

(ii) Remove dust from the wall sur-
face.

(iii) Apply the stucco in two layers,
a first layer of 12 mm thickness
and a second very thin layer (ap-
proximately 3 mm). The first
layer contains straw, and coarse
sand in amounts that allow an
adequate workability. The sec-
ond layer contains straw in
small pieces (approximately
50mm) and should not contain
coarse sand. The second layer
covers the cracks of the first layer
and provides a surface adequate
to be polished. Both layers are
mixed with cactus stabilizer
(water is not used).

(iv) Rub the stucco surface with a
coarse stone (granitic). Thereaf-Fig 7.15 Axial compression test
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ter, moist the surface with the sta-
bilizer and polish it with a
smooth stone (basaltic stone).

(v) Paint the finished surface with
the cactus stabi1izer.

(c) To obtain a truly waterproof mud
plaster, bitumen may be used in the
following way where this material
is found feasible to use: cut-back is
prepared by mixing bitumen 80/100
grade, kerosene oil and paraffin wax
in the ratio 100:20:1. For 1.8 kg cut-
back, 1.5 kg bitumen is melted with
15 grams of wax and this mixture is
poured in a container having 300
millilitre kerosene oil with constant
stirring till all ingredients are mixed.
This mixture can now be mixed with
0.03 m3 of mud mortar to make it both
water repellent as well as fire pro-
tection of thatch.

The exterior of walls may then be suit-
ably painted using a water-insoluble paint
or wash with water solutions of lime or ce-
ment or gypsum and plant extracts.

7.8 SUMMARY OF DESIRABLE
FEATURES
The desirable features for earthquake re-
sistance of earthen houses are briefly illus-
trated in Fig 7.14.

7.9 WORKING STRESSES
7.9.1 Unit compressive strength
The compressive strength of the unit is an
index of its quality and not of the masonry.

It will be determined by testing cubes of
approximately 100 mm. The compressive
strength fo  is the value exceeded by 80% of
the number of specimens tested.

The minimum number of specimens is
six (6) and they should be completely dry
at the time of testing. The minimum value
of fo  is 1.2 N/mm2.

7.9.2 Masonry compressive
strength
The masonry compressive strength may be
determined by:

(a) Prism test with materials and tech-
nology to use in the field.

The prisms will be composed by the
number of full adobes necessary to
obtain a height/thickness ratio of
three.

The minimum number of adobes will
be four and the joint thickness less
than 20 mm, Fig 7.15.

Special care should be observed to
keep the specimens vertical. They

Fig 7.16 Diagonal compression test
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should be tested after 30 days of con-
struction to obtain a mortar com-
pletely dry. The minimum number of
prisms will be three.

The permissible compressive stress
fm in wall will be:

fm = 0.4R f � m

where:

R = Reduction factor due to wall
slenderness.

R can be obtained by analogy to
an elastic column but not greater
than 0.75.

f � m = Ultimate compressive stress of
prism. Two of every three prisms
should have greater values than
the compressive strength.

Alternatively the following expres-
sion can be used:

fm = 0.2 f � m

(b) If no prism test is conducted, the per-
missible compressive stress will be

fm = 0.2 N/mm2

The permissible crushing stress will
be: 1.25 fm

7.9.3 Shear strength of masonry
The shear strength of adobe ma-
sonry can be determined by:

(a) Diagonal compression test with ma-
terials and technology to be used in
the field, Fig 7.16.

A minimum of three specimens
should be tested. The permissi-
ble strength of wall (vm) will be
obtained from :

vm = 0.4 f � t

Where: f � t  = ultimate strength
of specimen tested. Two of every
three specimens will save values
that exceed f � t .

b. When no tests are conducted, the fol-
lowing value for the shear strength
may be used

vm = 0.025 N/mm2

7.9.4 Permissible tensile
strength of masonry for loads
perpendicular to its plane ( fa)

fa = 0.04 N/mm2

���
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Chapter 9

REPAIR,   RESTORATION   AND
STRENGTHENING   OF   BUILDINGS

9.1 INTRODUCTION
The need to improve the ability of an exist-
ing building to withstand seismic forces
arises usually from the evidence of dam-
age and poor behaviour during a recent
earthquake. It can arise also from calcula-
tions or by comparisons with similar build-
ings that have been damaged in other
places. While in the first case the owner
can be rather easily convinced to take meas-
ures to improve the strength of his build-
ing, in the second case dwellers that have
much more stringent day-to-day needs are
usually reluctant to invest money in the
improvement of seismic safety. The prob-
lems of repairs, restoration and seismic
strengthening of buildings are briefly
stated below:

(i) Before the occurrence of the probable
earthquake, the required strengthen-
ing of seismically weak buildings is
to be determined by a survey and
analysis of the structures.

(ii) Just after a damaging earthquake,
temporary supports and emergency

repairs are to be carried so that pre-
cariously standing buildings may
not collapse during aftershocks and
the less damaged ones could be
quickly brought back into use.

(iii) The real repair and strengthening
problems are faced at the stage after
the earthquake when things start set-
tling down. At this stage distinction
has to be made in the type of action
required, that is, repairs, restoration
and strengthening, since the cost,
time and skill required in the three
may be quite different.

The decision as to whether a given
building needs to be strengthened and to
what degree, must be based on calculations
that show if the levels of safety demanded
by present codes and recommendations are
met. Difficulties in establishing actual
strength arise from the considerable uncer-
tainties related with material properties and
with the amount of strength deterioration
due to age or to damage suffered from pre-
vious earthquakes. Thus, decisions are fre-
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quently based on gross conservative as-
sumptions about actual strength.

The method of repair and strengthen-
ing would naturally depend very largely
on the structural scheme and materials used
for the construction of the building in the
first instance, the technology that is feasi-
ble to adopt quickly and on the amount of
funds that can be assigned to the task, usu-
ally very limited. Some methods like
�splints and bandages�, �wire mesh with
gunite�, �epoxy injection,� etc., have al-
ready been tried and applied in a few coun-
tries for repairing as well as strengthening
earthquake damaged buildings. These as
well as other possible methods will be dis-
cussed in this chapter.

9.2 REPAIR, RESTORATION
AND STRENGTHENING
CONCEPTS
The underlying concepts in the three op-
erations are stated below:

9.2.1 Repairs
The main purpose of repairs is to bring back
the architectural shape of the building so
that all services start working and the func-
tioning of building is resumed quickly. Re-
pair does not pretend to improve the struc-
tural strength of the building and can be
very deceptive for meeting the strength re-
quirements of the next earthquake. The ac-
tions will include the following:

(i) Patching up of defects such as cracks
and fall of plaster.

(ii) Repairing doors, windows, replace-
ment of glass panes.

(iii) Checking and repairing electric wir-
ing.

(iv) Checking and repairing gas pipes,
water pipes and plumbing services.

(v) Re-building non-structural walls,
smoke chimneys, boundary walls,
etc.

(vi) Re-plastering of walls as required.

(vii) Rearranging disturbed roofing tiles.

(viii) Relaying cracked flooring at ground
level.

(ix) Redecoration � whitewashing,
painting, etc.

The architectural repairs as stated above
do not restore the original structural
strength of cracked walls or columns and
may sometimes be very illusive, since the
redecorates building will hide all the weak-
nesses and the building will suffer even
more severe damage if shaken again by an
equal shock since the original energy ab-
sorbing capacity will not be available.

9.2.2 Restoration
It is the restitution of the strength the build-
ing had before the damage occurred. This
type of action must be undertaken when
there is evidence that the structural dam-
age can be attributed to exceptional phe-
nomena that are not likely to happen again
and that the original strength provides an
adequate level of safety.

The main purpose of restoration is to
carry out structural repairs to load bearing
elements. It may involve cutting portions
of the elements and rebuilding them or sim-
ply adding more structural material so that
the original strength is more or less restored.
The process may involve inserting tempo-
rary supports, underpinning, etc. Some of
the approaches are stated below:
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(i) Removal of portions of cracked ma-
sonry walls and piers and rebuild-
ing them in richer mortar. Use of non-
shrinking mortar will be preferable.

(ii) Addition of reinforcing mesh on
both -faces of the cracked wall, hold-
ing it to the wall through spikes or
bolts and then covering it suitably.
Several alternatives have been used.

(iii) Injecting epoxy like material, which
is strong in tension, into the cracks
in walls, columns, beams, etc.

Where structural repairs are considered
necessary, these should be carried out prior
to or simultaneously with the architectural
repairs so that total planning of work could
be done in a coordinated manner and wast-
age is avoided.

9.2.3 Strengthening of existing
buildings
The seismic behaviour of old existing build-
ings is affected by their original structural
inadequacies, material degradation due to
time, and alterations carried out during use
over the years such as making new open-
ings, addition of new parts inducing dis-
symmetry in plan and elevation, etc.

The possibility of substituting them
with new earthquake resistant buildings
is generally neglected due to historical, ar-
tistic, social and economical reasons. The
complete replacement of the buildings in a
given area will also lead to destroying a
number of social and human links. There-
fore seismic strengthening of existing dam-
aged or undamaged buildings can be a defi-
nite requirement in same areas.

Strengthening is an improvement over
the original strength when the evaluation

of the building indicates that the strength
available before the damage was insuffi-
cient and restoration alone will not be ad-
equate in future quakes.

The extent of the modifications must be
determined by the general principles and
design methods stated in earlier chapters,
and should not be limited to increasing the
strength of members that have been dam-
aged, but should consider the overall be-
haviour of the structure. Commonly,
strengthening procedures should aim at
one or more of the following objectives:

(i) Increasing the lateral strength in one
or both directions, by reinforcement
or by increasing wall areas or the
number of walls and columns.

(ii) Giving unity to the structure by pro-
viding a proper connection between
its resisting elements, in such a way
that inertia forces generated by the
vibration of the building can be
transmitted to the members that have
the ability to resist them. Typical im-
portant aspects are the connections
between roofs or floors and walls,
between intersecting walls and be-
tween walls and foundations.

(iii) Eliminating features that are sources
of weakness or that produce concen-
trations of stresses in some members.
Asymmetrical plan distribution of
resisting members, abrupt changes
of stiffness from one floor to the other,
concentration of large masses, large
openings in walls without a proper
peripheral reinforcement are exam-
ples of defect of this kind.

(iv) Avoiding the possibility of brittle
modes of failure by proper reinforce-
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ment and connection of resisting
members. Since its cost may go to as
high as 50 to 60% of the cost of re-
building, the justification of such
strengthening must be fully consid-
ered.

The extent of modification must be
found using the principles of strengthen-
ing discussed in Chapters 2, 3 and 4 and
in accordance with the local factors appli-
cable to each building.

9.3 REPAIR MATERIALS
The most common materials for damage
repair works of various types are cement
and steel. In many situations non-shrink-
ing cement or an admixture like aluminium
powder in the ordinary portland cement
will be admissible. Steel may be required
in many forms, like bolts, rods, angles,
channels, expanded metal and welded
wire fabric. Wood and bamboo are the most
common material for providing temporary
supports and scaffolding etc., and will be
required in the form of rounds, sleepers,
planks, etc.

Besides the above, special materials and
techniques are available for best results in
the repair and strengthening operations.
They are described below:

9.3.1. Shotcrete
Shotcrete is a method of applying a combi-
nation of sand and portland cement which
mixed pneumatically and conveyed in dry
state to the nozzle of a pressure gun, where
water is mixed and hydration takes place
just prior to expulsion. The material bonds
perfectly to properly prepared surface of
masonry and steel. In versatility of appli-

cation to curved or irregular surfaces, its
high strength after application and good
physical characteristics, make for an ideal
means to achieve added structural capa-
bility in walls and other elements. There
are some minor restrictions of clearance,
thickness, direction of application, etc.

9.3.2 Epoxy resins
Epoxy resins are excellent binding agents
with high tensile strength. There are chemi-
cal preparations the compositions of
which can be changed as per requirements.
The epoxy components are mixed just prior
to application. The product is of low vis-
cosity and can be injected in small cracks
too.

The higher viscosity epoxy resin can be
used for surface coating or filling larger
cracks or holes. The epoxy mixture strength
is dependent upon the temperature of cur-
ing (lower strength for higher temperature)
and method of application.

9.33 Epoxy mortar
For larger void spaces, it is possible to com-
bine epoxy resins of either low viscosity or
higher viscosity, with sand aggregate to
form epoxy mortar. Epoxy mortar mixture
has higher compressive strength, higher
tensile strength and a lower modulus of
elasticity than Portland cement concrete.
Thus the mortar is not a stiff material for
replacing reinforced concrete. It is also re-
ported that epoxy is a combustible mate-
rial. Therefore it is not used alone. The sand
aggregate mixed to form the epoxy mortar
provides a heat sink for heat generated and
it provides increased modulus of elasticity
too.
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9.4.1 Small cracks
If the cracks are reasonably small (opening
width = 0.075 cm), the technique to restore
the original tensile strength of the cracked
element is by pressure injection of epoxy.
The procedure is as follows, Fig 9.1 (a) and
(b).

The external surfaces are cleaned of
non-structural materials and plastic injec-
tion ports are placed along the surface of
the cracks on both sides of the member and
are secured in place with an epoxy sealant.
The centre to centre spacing of these ports
may be approximately equal to the thick-
ness of the element. After the sealant has
cured, a low viscosity epoxy resin is injected
into one port at a time, beginning at the low-
est part of the crack in case it is vertical or at
one end of the crack in case it is horizontal.

The resin is injected till it is seen flow-
ing from the opposite sides of the member
at the corresponding port or from the next
higher port on the same side of member. The
injection port should be closed at this stage
and injection equipment moved to the next
port and so on.

The smaller the crack, higher is the pres-
sure or more closely spaced should be the
ports so as to obtain complete penetration
of the epoxy material throughout the depth
and width of member. Larger cracks will
permit larger port spacing, depending upon
width of the member. This technique is ap-
propriate for all types of structural elements
� beams, columns, walls and floor units
in masonry as well as concrete structures.
Two items should however be taken care of
in such type of repair:

9.3.4 Gypsum cement mortar
It has got rather limited use for structural
application. It has lowest strength at fail-
ure among these three materials.

9.3.5 Quick-setting cement
mortar
This material is patented and was origi-
nally developed for the use as a repair ma-
terial for reinforced concrete floors adjacent
to steel blast furnaces. It is a non-hydrous
magnesium phosphate cement with two
components, a liquid and a dry, which can
be mixed in a manner similar to portland
cement concrete.

9.3.6 Mechanical anchors
Mechanical type of anchors employ wedg-
ing action to provide anchorage. Some of
the anchors provide both shear and ten-
sion resistance. Such anchors are manu-
factured to give sufficient strength.

Alternatively chemical anchors bonded
in drilled holes polymer adhesives can be
used.

9.4 TECHNIQUES TO RESTORE
ORIGINAL STRENGTH
While considering restoration work, it is
important to realise that even fine cracks
in load bearing members which are
unreinforced, like masonry and plain con-
crete reduce their resistance very largely.
Therefore all cracks must be located and
marked carefully and the critical ones fully
repaired either by injecting strong cement
or chemical grout or by providing external
bandage. The techniques are described be-
low along with other restoration measures.
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(i) In the case of loss of bond between
reinforcing bar and concrete, if the
concrete adjacent to the bar has been
pulverised to a very fine powder, this
powder will dam the epoxy from

saturating the region. So it should
be cleaned properly by air or water
pressure prior to injection of epoxy.

(ii) It has been stated that cracks smaller
than about 0.75 mm may be difficult

Fig 9.1 Strengthening of existing masonry (continued on next page)
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to pressure inject. So cracks smaller
than this should not be repaired by
this method.

9.4.2 Large cracks and crushed
concrete
For cracks wider than about 6 mm or for
regions in which the concrete or masonry
has crushed, a treatment other than injec-

tion is indicated. The following procedure
may be adopted.

(i) The loose material is removed and
replaced with any of the materials
mentioned earlier, i.e., expansive ce-
ment mortar, quick setting cement or
gypsum cement mortar, Fig 9.1 (c).

Fig 9.1 Strengthening of existing masonry
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(ii) Where found necessary, additional
shear or flexural reinforcement is
provided in the region of repairs.
This reinforcement could be covered
by mortar to give further strength as
well as protection to the reinforce-
ment, Fig 9.1 (d).

(iii) In areas of very severe damage, re-
placement of the member or portion
of member can be carried out as dis-
cussed later.

Fig 9.2 Roof modification to reduce thrust of walls

(iv) In the case of damage to walls and
floor diaphragms, steel mesh could
be provided on the outside of the sur-
face and nailed or bolted to the wall.
Then it may covered with plaster or
micro-concrete, Fig 9.1 (d).

9.4.3 Fractured, excessively
yielded and buckled
reinforcement
In the case of severely damaged reinforced
concrete member, it is possible that the re-
inforcement would have buckled, or elon-
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enclose the longitudinal bars to prevent
their buckling in future.

In some cases it may be necessary to
anchor additional steel into existing con-
crete. A common technique for providing
the anchorage uses the following proce-
dure:

A hole larger than the bar is drilled. The
hole is filled with epoxy, expanding cement,
or other high strength grouting material.

gated or excessive yielding may have oc-
curred. This element can be repaired by re-
placing the old portion of steel with new
steel using butt welding or lap welding.

Splicing by overlapping will be risky. If
repair has to be made without removal of
the existing steel, the best approach would
depend upon the space available in the
original member. Additional stirrup ties are
to be added in the damaged portion before
concreting so as to confine the concrete and

Fig 9.3 Details of new roof bracing
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The bar is pushed into place and held there
until the grout has set.

9.4.4 Fractured wooden
members and joints
Since wood is an easily workable material,
it will be easy to restore the strength of
wooden members, beams, columns, struts
and ties by splicing additional material.
The weathered or rotten wood should first
be removed. Nails, wood screws or

steelbolts will be most convenient as con-
nectors. It will be advisable to use steel
straps to cover all such splices and joints
so as to keep them tight and stiff.

9.5 MODIFICATION OF ROOFS
(i) Slates and roofing tiles are brittle and

easily dislodged. Where possible
they should be replaced with corru-
gated iron or asbestos sheeting.

Fig 9.4 Integration and stiffening of an existing floor
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(ii) False ceilings of brittle material are
dangerous. Non brittle material like
hesian cloth, bamboo matting, or
light ones of foam substances may
be used.

(iii) Roof truss frames should be braced
by welding or clamping suitable di-
agonal bracing embers in the verti-
cal as well as horizontal planes.

(iv) Anchors of roof trusses to support-
ing walls should be improved and
the roof thrust on walls should be
eliminated.

Figs 9.2. and 9.3 illustrate one of the
methods.

(v) Where the roof or floor consists of
prefabricated units like RC rectangu-

Fig 9.5 Details of inserted slab
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lar, T or channel units or wooden
poles and joists carrying brick tiles,
integration of such units is neces-
sary. Timber elements could be con-
nected to diagonal planks nailed to
them and spiked to an all round
wooden frame at the ends. RC ele-
ments may either have 40 mm cast-
in-situ-concrete topping with 6 mm
φ bars 150 mm c/c both ways or a
horizontal cast-in-situ RC ring beam
all round into which the ends of RC
elements are embedded.
Fig 9.4.shows one such detail.

(vi) Roofs or floors consisting of steel
joists and flat or segmental arches
must have horizontal ties holding
the joists horizontally in each arch
span so as to prevent the spreading
of joists. If such ties do not exist, these
should be installed by welding or
clamping.

9.6 SUBSTITUTION OR
STRENGTHENING OF SLABS
(a) Insertion of a new slab
A rigid slab inserted into existing walls
plays an important role in the resisting
mechanism of the building keeping the
walls together and distributing seismic
forces among the walls.

The slab has to be properly connected
to the walls through appropriate keys.
Fig 9.4 shows typical arrangement to be
adopted while in Fig 9.5 some details are
shown.

(b) Existing wooden slabs
In the case in which the existing stab is not
removed the following actions have to be
undertaken:

Stiffening of the slab
This can be achieved either by planks nailed
perpendicularly to the existing ones, Fig 9.6
or by placing a RC thin stab over the old
one, Fig 9.7.

In this case a steel network is nailed to
the wooden slab and connected to the walls
by a number of distributed steel anchors.
These can be hammered into the interstices
of the wall and a local hand cement grout-
ing has to be applied for seating.

Connection of the slab to the walls
A proper link can be obtained by means of
the devices shown in Figs 9.8. and 9.9.

They consist of flat steel bars nailed to
the wooden supporting beams and to the
wooden slab. Holes drilled in the walls to
anchor them have to be infilled with ce-
ment. If a steel mesh has been used, the con-
nection can be made as shown in Fig 9.5,
i.e., inserting a small RC band into the ex-
isting walls, the band has to be keyed at
least each 3 m.

9.7 PLANNAR MODIFICATIONS
AND STRENGTHENING OF
WALLS
9.7.1 Inserting new walls
In the case the existing buildings show
dissymetries which may produce danger-
ous torsional effects during earthquakes,
the center of masses can be made coinci-
dent with the center of stiffness by separat-
ing parts of buildings, thus achieving indi-
vidual symmetric units and/or, inserting
new vertical resisting elements such as
new masonry or reinforced concrete walls
either internally as shear walls, or exter-
nally as buttresses. Insertion of cross wall,
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Fig 9.6 Stiffening of wooden floor by wooden planks

Fig 9.7 Stiffening wooden floor by reinforced concrete slab and connection to wall
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will be necessary for providing transverse
supports to longitudinal walls of long bar-
rack type buildings used for various pur-
poses such as schools and dormitories.

The main problem in such modifica-
tions is the connection of new walls with
old walls. Figs 9.10. and 9.11. show two
examples of connection of new walls to ex-
isting ones. The first case refers to a
T-junction, the second figure to a corner
junction. In both cases the link to the old

walls is performed by means of a number
of keys made in the old walls. Steel is in-
serted in them and local cement infilling is
made. In the second case however connec-
tion can be achieved by a number of steel
bars inserted in small length drilled holes
which substitute keys.

9.7.2 Strengthening existing
walls
The lateral strength of buildings can be
improved by increasing the strength and

Fig 9.8 Connection of floor to wall
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stiffness of existing individual walls
whether they are cracked or uncracked.
This an be achieved (a) by grouting; (b) by
addition of vertical reinforced concrete cov-
erings on the two sides of the wall (c) by
pre-stressing walls.

(a) Grouting
A number of holes are drilled in the wall,
Fig 9.1. (2 to 4 m2). First water is injected in
order to wash the wall inside and to im-

prove the cohesion between the grouted
mixture and the wall elements. Secondly a
cement water mixture (1:1) is grouted at low
pressure (0.1 to 0.25 MPa) in the holes start-
ing from the lower holes and going up.

Alternatively, polymeric mortars may be
used for grouting. The increase of shear
strength which can be achieved in this way
is considerable. However grouting cannot
be relied on as far as the improving or con-

Fig 9.9 Connection of floor with wall
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Fig 9.10 (a) Connection of new and old brick walls (T-junction) (b) Connection of new brick wall with existing stone wall
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nection between orthogonal walls is con-
cerned. Note that pressure needed for grout-
ing can be obtained by gravity flow from
super-elevated tanks.

(b) Strengthening with wire mesh
Two steel meshes (welded wire fabric with
an elementary mesh of approximately
50 × 50 mm) are placed on the two sides of

the wall, they are connected by passing
steel each 500 to 750 mm apart, Fig 9.12. A
20 to 40 mm thick cement mortar or micro-
concrete layer is then applied on the two
networks thus giving rise to two intercon-
nected vertical plates. This system can also
be used to improve connection of
orthogonal walls.

Fig 9.11 Connection of new and old walls (corner junction)
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(c) Connection between existing
stone walls
In stone buildings of historic importance
consisting of fully dressed stone masonry
in good mortar effective sewing of perpen-
dicular walls can be done by drilling in-
clined holes through them, inserting steel
rods and injecting cement grout, Fig 9.13.

(d) Prestressing
A Horizontal compression state induced by
horizontal tendons can be used to increase
the shear strength of walls. Moreover this
will also improve considerably the connec-
tions of orthogonal walls, Fig 9.14. The easi-
est way of affecting the precompression is
to place two steel rods on the two sides of

Fig 9.12 Strengthening with wire mesh and mortar Fig  9.13 Sewing transverse walls with
inclined bars
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the wall and strengthening them by
turnbuckles. Note that good effects can be
obtained by slight horizontal prestressing
(about 0.1 MPa) on the vertical section of
the wall. Prestressing is also useful to
strengthen spandrel beam between two
rows of openings in the case no rigid stab
exists.

9.7.3 External binding
Opposite parallel walls can be held to in-
ternal cross walls by prestressing bars as
illustrated above, the anchoring being done
against horizontal steel channels instead
of small steel plates. The steel channels run-
ning from one cross wall to the other will

Fig  9.14 Strengthening of walls by prestressing
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hold the walls together and improve the
integral box like action of the walls.

Fig 9.15 Splint and bandage strengthening technique

Fig 9.16 Strengthening an arched opening in masonry wall

The technique of covering the wall with
steel mesh and mortar or micro-concrete
may be used only on the outside surface of
external walls but maintaining continuity
of steel at the corners. This would
strengthen the walls as well as bind them
together. As a variation and for economy in
the use of materials, the covering may be in
the form of vertical splints between open-
ings and horizontal bandages over
spandrel walls at suitable number of points
only, Fig 9.15.

9.7.4 Other points
(i) Masonry arches  If the walls have

large arched openings in them, it will
be necessary to install tie rods across
them at springing levels or slightly
above it by drilling holes on both
sides and grouting steel rods in
them, Fig 9.16 (a). Alternatively, a lin-
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tel consisting of steel channels or I-
shapes, could be inserted just above
the arch to take the load and relieve
the arch as shown at Fig 9.16 (b). In
jack-arch roofs, flat iron bars or rods
may be provided to connect the bot-

tom flanges of I-beams, connected by
bolting or welding.

(ii) Random rubble masonry walls are
most vulnerable to complete collapse
and must be strengthened by inter-

Fig 9.17 Strengthening of long walls by buttresses
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nal impregnation by rich cement
mortar grout in the ratio of 1:1 as ex-
plained in 9.7.2 (a) or better still cov-
ered with steel mesh and mortar as
in 9.7.2 (b). Damaged portions of the
wall, if any, should be reconstructed
using richer mortar.

(iii) For bracing the longitudinal walls
of long barrack type buildings, a por-
tal type framework can be inserted

Fig 9.18 Jacketing a concrete column

Fig 9.19 Increasing the section and reinforcement of existing beams

transverse to the walls and con-
nected to them. Alternatively, ma-
sonry buttresses or, pillasters may be
added externally as shown in
Fig 9.17.

(iv) In framed buildings, the lateral re-
sistance can be improved by insert-
ing knee braces or full diagonal
braces or inserting infill walls.

9.8 STRENGTHENING RC
MEMBERS
The strengthening of reinforced concrete
members is a task that should be carried
out by a structural engineer according to
calculations. Here only a few suggestions
are included to illustrate the ways in which
the strengthening could be done.

(i) RC columns can best be strengthened
by jacketing, and by providing addi-
tional cage of longitudinal and lat-
eral tie reinforcement around the col-
umns and casting a concrete ring,
Fig 9.18, the desired strength and
ductility can thus be built-up.

(ii) Jacketing a reinforced concrete beam
can also be done in the above man-
ner. For holding the stirrup in this
case, holes will have to be drilled
through the slab, Fig 9.19.

(iii) Similar technique could tie used for
strengthening RC shear walls.

(iv) Inadequate sections of RC column
and beams can also be strengthened
by removing the cover to old steel,
welding new steel to old steel and
replacing the cover.

In all cases of adding new concrete
to old concrete, the original surface
should be roughened, groves made
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Fig 9.20 Improving a foundation by inserting lateral concrete beams

in the appropriate direction for pro-
viding shear transfer. The ends of the
additional steel are to be anchored
in the adjacent beams or columns as
the case may be.

(v) RC beams can also be strengthened
by applying prestress to it so that op-
posite moments are caused to those
applied. The wires will run on both
sides of the web outside and an-
chored against the end of the beam
through a steel plate.

9.9 STRENGTHENING OF
FOUNDATIONS
Seismic strengthening of foundations be-
fore or after the earthquake is the most in-
volved task since it may require careful un-
derpinning operations. Some alternatives
are given below for preliminary considera-
tion of the strengthening scheme.

(i) Introducing new load bearing mem-
bers including foundations to relieve
the already loaded members. Jacking
operations may be needed in this
process.

(ii) Improving the drainage of the area
to prevent saturation of foundation
soil to obviate any problems of liq-
uefaction which may occur because
of poor drainage.

(iii) Providing apron around the build-
ing to prevent soaking of foundation
directly and draining off the water.

(iv) Adding strong elements in the form
of reinforced concrete strips attached
to the existing foundation part of the
building. These will also bind the
various wall footings and may be
provided on both sides of the wall,
Fig 9.20. To avoid digging the floor

inside the building, the extra width
could be provided only on the out-
side of external walls. The extra
width may be provided above the ex-
isting footing or at the level of the ex-
isting footing. In any case the rein-
forced concrete strips and the walls
have to be linked by a number of keys,
inserted into the existing footing.

Note: To avoid disturbance to the in-
tegrity of the existing wall during the
foundation strengthening process,
proper investigation and design is
called for.

���
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APPENDIX   I

The following definitions are used in the scale:

(a) Type of structures (buildings)
Structure A
Buildings in field-stone, rural structures,
unburnt brick houses, clay houses.

Structure B
Ordinary brick buildings, buildings of the large
block and prefabricated type, half timbered
structures, buildings in natural hewn stone.

Structure C
Reinforced buildings, well built wooden struc-
tures.

(b) Definition of quantity
Single, few About 5 percent

Many About 50 percent

Most About 75 percent

(c) Classification of damage to
buildings
Grade 1 Slight damage
Fine cracks in plaster; fall of small pieces of
plaster

Grade 2 Moderate damage
Small cracks in walls; fall of fairly large pieces
of plaster, pantiles slip off; cracks in chimneys;
parts of chimney fall down.

Grade 3 Heavy damage
Large and deep cracks in walls; fall of chim-
neys.

Grade 4 Destruction
Gaps in walls; parts of building may collapse;
separate parts of the building lose their cohe-
sion; and inner walls collapse.

Grade 5 Total damage
Total collapse of building.

(d) Intensity scale
I Not noticeable

II Scarcely noticeable (very slight)

III Weak, partially observed only

IV Largely observed

V Awakening

VI Frightening
Damage of Grade 1 is sustained in single build-
ings of Type B and in many of Type A. Damage

MSK INTENSITY SCALE (AS RELATED TO BUILDINGS)
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in few buildings of Type A is of Grade 2.

VII Damage of buildings
In many buildings of Type C damage of Grade
1 is caused; in many buildings of Type B dam-
age is of Grade 2. Most buildings of Type A
suffer damage of Grade 3, few of Grade 4. In
single instances landslips of roadway on steep
slopes; cracks in roads; seams of pipelines dam-
aged; cracks in stone walls.

VIII Destruction of buildings
Most buildings of Type C suffer damage of
Grade 2, and few of Grade 3. Most buildings of
Type B suffer damage of Grade 3, and most
buildings of Type A suffer damage of Grade 4.
Many buildings of Type C suffer damage of
Grade 4. Occasional breaking of pipe seams.
Memorials and monuments move and twist.
Tombstones overturn. Stone walls collapse.

IX General damage to buildings
Many buildings of Type C suffer damage of
Grade 3, and a few of Grade 4. Many buildings
of Type B show damage of Grade 4, and a few
of Grade 5. Many buildings of Type A suffer

damage of Grade 5. Monuments and columns
fall. Considerable damage to reservoirs; un-
derground pipes partly broken. In individual
cases railway lines are bent and roadway dam-
aged.

X General destruction of buildings
Many buildings of Type C suffer damage of
Grade 4, and a few of Grade 5. Many buildings
of Type B show damage of Grade 5; most of
type A have destruction of Grade 5; critical
damage to dams and dykes and severe dam-
age to bridges. Railway lines are bent slightly.
Underground pipes are broken or bent. Road
paving and asphalt show waves.

XI Destruction
Severe damage even to well built buildings,
bridges, water dams and railway lines; high-
ways become useless; underground pipes de-
stroyed.

XII Landscape changes
Practically all structures above and below
ground are greatly damaged or destroyed.
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