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Failure of Frame Elements

3. A wall section between two operangs above each other is 1 Failure of columns due to excessive bending: The

a weak point of the wall under lateral in-plane forces.
Cracking in this zone occurs before diagonal cracking of
piers (Figure 7.1-2). In order to prevent 1t and to enable
the furll distributron of shear among all the piers, either a
ngd slab or R.C band must exast between them.

Farlure of Non-bearmg Wails

The comman modas of fufures of mfilled wall or partiion

wall are the following:

1 Overuming of wall due to out-of-plane inera
forces

2 Local cushing of the comers.

3  Shiding on bed joints

4  Dragonal cracking through the bedding joints.
5  Dhagonal cracking through the unts.

Falure of Wall Cormections

1 Walls can be damaged duie to the setsmuc force of the
roof, whuch can cause tensson cracks and separation of
supporting, walls (Figure 7.1-3}. Thas faiture 1s charac-
terisuc of heavy flar roofs (or floors) on joiss which in
turn are supported by beanng walls, but without proper
connecton with them. Also if the connection with

the foundation is not adequate, walls crack there and
siide Thus may also cause falure of plumbing pipes.

2. Failure due to Torsion and Warping: The damage in
an unsymmetrical butlding occurs due to torston and
warping in an earthquake This mode of fathure causes
excessive cracking due to shear in all the walls Larger
damage occurs near the comer of the bualding.
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columns of a frame may be damaged (by cracking or
buckling) due to excessive bending combined wath heavy

gravity loads, or due to large secondary moments
resulttng from eccen ity (see Figure 7 1-4) The latter
behavior occurs when storey height is big, columns are
slender and vertical loads are heavy.

2 Fahme of igd jounts of frame elements Severe crack-
ing occurs near the rigid joints of frame elements due to
sheaning action, whuch can even cause collapse of the
frame by complete fatlure of columns or beams

3 Unexqual setlement of individual fooungs. The unequal
settlement of individual column fooungs may result in
excessive deformation 1n the frame and can cause 1its

collapse.

4 Falure of gable frames, as may be used for assembly
halls, anema houses, school auditonums etc , 15 Lkely if
connecuons are inadequare, since the frames have a
tendency of spreading out and there 15 no secondary
resistance avatlable once a joint fals (see Figure 7 1-5).

Fdilure of Roofs and Floors

1. Dislodging of roofing matenal: Improperly ued roofing
matenal is disiodged by mertia forces acting on the roof
Thas farlure 15 typical of sloping roofs, particularly when
slates, day, tiles etc are used as roofing matenal Bnttle
material like asbestos cement may be broken if trusses
and sheenng purlins are not braced together

2, Weak roof-support connection s the cause of
separation of roof trusses from supports Complete roof
collapse mostly accurs due to collapse of the supporung
struc ture The rupture of the bottom chord of the roof
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Figure 7.1-3 Fall of Roof because of Inadequate
Connection between Roof of Wali {1}

Figure 7.1-4 Fadure of Columns due te Excessive
Bending [1]
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iruss may cause a complewe collapse of the tuss as well
as that of the walls (Figure 7.1-6).

3 Heavy roofs, as used in rural areas, with thick earth
cover on round tmbers, give large forces on the walls and
lead to complete collapse.

4, Lean-to roofs can cause instability i the lower
supportng walls or piers. From lack of ties, collapse
easily occurs.

Chimneys and Flue-Pipes
Brick or biock chimneys have a very bad record in earth-
quakes. They often break off at roof level (Figure 7.1-7)
It is always cheaper, safer 1o use a simple flue pipe.
‘Where a bnck dummney is to be used, it should be bonded
to a wall and be reenforced.

Falwre of Ground
1. Inadequate depth of foundation: shallow foundations
deteriorate as a result of weathening and consequently
become weak to earthquakes.

b raTs

Figure 7.1-6 Failure due to Rupwre of Bouom Chord of
2. Differential settlement of foundation: during severs Roof Truss
ground shaking, liquefaction of loose water-saturated
sands, and differential compaction of weak, loose sails
occurs leading to excessive cracking and tilting of disastrous disintegraton.
building, which may even coliapse completely
Lessons Learned from Past Earthquakes
3 Shdng of Slopes: Earthquakes cause shiding failures in The study of damage and falures after earthquakes 15 one of

man-made as well as nanral hill slopes, and buildings the main sources of design cnitena for earthquake-resistant
resung on such siopes have a danger of complete buildings and structures These design cnitena and methods
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Figure 7.1-5 Fadure Modes of Gable Frame [1]
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for reinforcang or strengthening buildings can be bnefly
described
on the following lines:

1. Improvement in design by good structural planning,
2 Need of integral action to make the bulding behave as
a unit,

3. Adequate structimal members and strong, ductile
connections berween walls, roof elernents and foundation,
4. Ranforang or strengtheming of weaker sections by
steel, umber or reinforced concrete,

5 High quahty of construction and insernon of specal
bonding elements.

sesmic farlure, wall, frame, truss, roof, conmection,
ground.
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SESSION 8: MATERIALS

Topic 8.1: Materiais

Masonry, imber, renforced concrete and steel are the main
matenals used for the constructon of houses and bwldings

For hugh-rise buildings, steel and i s1tu reinforced concrete
are used For medium-nse buldings, precast reinforcad con
cretz and retnforced masonry can aiso be used. Tumber and
urreiniforoed masonry are used for low-nse buildings. The fol
lowing table shows the suitability and applicabulity of the
major structural materials for earthquake resistant buitdings

Type of Building
High - rise Medium - rise Low - rise
1. Steel 1. Steel 1. Masonry
2 Insmu 2 Instu 2. Tomber
remforced remforced
concrete concrete 3. Instu
3 Precast Reinforced
concrete concrete
4. Prestressad 4 Precast
concrete concrete
5. Remforced 5. Steel
masonry

Table 8 1-1 Structural Matertals m Approximate Order of Sust
abilasty/Applicability

Ttus chapter includes a bnef account of the properties of
common matenals for the structural elements of
non-engineered binldmgs. Typical numencal values of the
properties are also presented for use where local standards are
not avalabie

In terms of earthquake resistance, matenals must have the
following properties

- High strengtiyweight rano

- High ductlity

- Ease \n making full strength connections and bracang

- Homogeneity

Generally, the hugher the soucture the more important the
above properties are Some matenials, such as masonry, are
not suitable for flexible structures On the other hand steel is
used essentally to obtain flexible structures, although if
greater stiffness 1s desired. diagonal bracing or renforced
concretz shear panels may be incorporated in steel frames.
Concrete can readily be used to achieve almost any degree of
suffness

Tunber 15 1 atself an exceflent matenal for earthquake
resistance It is light strong, easily braced and capable of
absorbing energy It 1s in the connections where its strength
or weakness e Timber floors do not funcuon as ngid dia

phragms and do not transmit forces between stuff vertical
elements as effectively as, for example, in situ reinforced
concrete slabs.

Failure of unreinforced masonry 15 common Many
earthquake codes ban the use of unreinforced masonry
altogether. However, economnc reasons still ensure that 1t 1s
widely used for low-nse buldings and as infill walls to
framed stuctures On the contrary, low-nse houses of
reinforced masonry have shown sansfactory performance
during earthquakes

Quality of matenials and workmanship are important factors
for a durable and stong structure All countnes, espeqally
developnng countries. have problems in finding good quahty
matenals at reasonabie prices.

Natural sand and gravel may contain a lot of deletenious sub

. stanoss such as chlondes and sulphatas, which accelerate the

corrosion of the reinforcement because sulphate reacts wath
cement and leads to deteriorabon of concrete.

Crushed aggregates from aad rocks, such as gramte, are
good. Weathered rock should not be used Some basic
materials (gabbro, diabase) are also good, but one must be
very carefl wvath serpenune and other ulma basic rocks,
which contain a great amount of ferromagnesium minerals

These mmnerals detenorate very quickly under the presence of
water and at high temperature Amorphous siica should not
be used since this matenal reacts with cement {alkah-silica
reaction or cancer of concrete) and feads to detenoranon of
concrete.

Limestone, dolomute and espeaally marbie are good matenals
for concrete. They do not usually contain any potennally
active munerals but limestone has a lugh water absorption

Miid steel or hot-rolled hugh yield steel wath strength not
exceeding 400 N/mm2 is recormmended for earthquake
resistant structures For reinforced concrete structures good
quality of concrete and adequate cover to reinforcement 15
neaded, in order to avoid corrosion of remnforcement

Timber must also be preserved and protected from motsture
to avord detenoration of 1ts strength through decay or other
atack The presence of knots and of other defects make
tmber a non-homogeneous matenal and its quality has a
considerable effect on 1ts performance during earthquakes

In many cases the failure of buwidings in earthquakes has
been atnbuted to poor guahty of matenals and
workmanstup Each country should take the necessary



measures and actions, $o that proper matenals are available
at reasonable prices

The properties of commonly used matenals for the construc-
non of low-nse buildings are briefly descnbed.

Masonry
The strength of masonty walls depends on many factors such
as the following,

1. Compressive strength of the masonry urut. The common

masonry umits are,
Bricks

-Common bumt clay bricks - sohd or perforated
-Sand-hme bncks

-Lime-pozzolana bricks

-Adobe or unbumt clay brick or clay mud
Stones

-Regular s1zed

-Random rubble

Concrete blocks

-Solid blocks

-Hollow blocks

2 Mix of the mortar used and age ar whuch tested. The mor
tar used for different wall consmmuctions vanes in qual ity as
well as strength 1t is generally described on the basus of the
main binding matenal such as cement mortar, lime mortar,
cemerd hime mortar, hme-pozzulana or hydrauhe lime mortar
Clay mud mortar ts also used i marny countries parhcularly
tn rural areas.

3. Slendemness rano of the wall, that 1s the rano of ef fective
height of the wall 1o s thickness Larger is the slendemess
rano, smaller the strength

4 Eccentnaty of the verucal load on the wall - Larger the
eccentriaty, smaller the strength.
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5 Percentage of operung in the wall - the larger the openings,
the lower the strength,

The tensile and shear strength of masonry depends upon the
bond or adhesion between the masonry umit and the mortar;,
the values are only a small percentage of the crushing
strength. The richer a mortar 1s in cement or lime content, the
higher is the tensile and shear strength i relagen to the
crushing strength. Tests carried out on brick-couplets in
cement mortar give vatues as in Table 8 1-2

Brick couplet tests under combined tension-shear and
compression-shear stresses show that the shear stwrength
decreases when acting with tension and increases when
acting with comnpression. Figure 8.1-1 shows the combined

strengths.

Mortar Mix Tensile Shear- Compreasive Strenght in
Strenght | ing Nmm2 corresponding to
NMMzZ | strenght | crushing strength of umt

N2

Canar | Sand 35 | 70 [ 105 | 140

1 12 004 012 15 14 33 35

1 6 025 035 21 33 51 60

1 3 [ 1.04 24 | 42 | 63 75

Table 8.1.-2 Typical Strenght of Masoury

The tensile strength of masonry is not generally used for
design purposes under normal loads and the area subjectad
to tension is assumed cracked However, under sersmic
conchtons, the perrmissible tensile and shear stresses in Table
8 1-3, acung on the area of honzonwl monar bed joint in

masonry, may be adopted
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Mortar Mix Pormixuhle Stress

Nimm2 for strenght of

Compressive Sarenght in

Cemerg | Line| Sand| Tensle | Shewmg
Strengiz | Strenght 35 170 § 105 144
Nmm? | Nom2

1 & 045 008 035|055 085 10

1 1 6 0.13 020 035} 070 1.0 11

1 3 013 0.20 035 070 11 13

Table 8.1-3 Typical Permussible Stresses.

The umit weight of masonry mainly depends on the type of
masorgy umt For example bndowork wall have a urt weight
of about 1900 kg/m3 and dressed stone masonry 2400

kg/m3.

Adobe
The: earth used in mud houses and adobe (sun dried bricks or
blocks) should be of good quality as follows

1. A mud paste made wath a smal} quantity of water so that
the mud does not stck to hands, should be capable of
being roiled 1n the form of a thin thread between 5 and
15 em long withour cracking. If it cracks below 5 cm,
day is t be added, 1f it does not rack above 15 am, sand
15 to be added.

2. In particular for souls with hugher cay contents, 1t is
necessary that a sufficent quantity of fibrous matenals
(straw, cane bagasse, horse hair, etc.) be added to the mix
before making adobes

3. After 4 weeks of drying in the sun the adobe should be
strong enough to support, 1n bending, the weaaght of a
man (Figure 8.1-2) If it breaks, more clay and fibrous
matenal are to be added.

Structural timber

Timber finds extengve use in buildings both for structurat as
well as nonstructural purposes It 1s ight in weight, nearly
equally strong in compression and tension along its gran,
and very resilent under umpact and vibranons. These
qualities make it eminently suitable for construction under
severe seismic conditions Unfortunately, there are several
shortcomings too, which mhubit its umversal use for
structural purposes. Unless thoroughly preserved and
carefully protected, it decays and rots with time, 1s liable to
insect attack and 1s vulnerable to fire hazards

Timber 1s 1n short supply everywhere and hence its cost is
increasing rapidly, In view of its hghmess. very easy
workability such as cutting, nailing and safe transportability,
tmber makes an excellent matenal for post-earthquake relief
and rehabiitation construcnon.

Material Properiies

POOR Gooo

Figure 8.1-2 Testing Strenght of Adobe

Due to the large varienes of timber in use in vanous

countries, it will not be practicabie to present thesr strength

properties here But 1t will be useful to mention that these

depend on a number of factors as follows:

- Wood speces,

- Direchen of loading relative to grain of wood,

- Defects like knots, checks, cracks, splits, shakes and
wanes,

«  Moismre content or seasoring,

- Sapwood, pith, wood from dead tees and dned wood
conditions,

" - Location of use, viz. inside protected, outside, altemate

wenting and drymng.

The permissible stresses must be determined taking alj these
factors into account. Table 8.1-4 in the text gives typical
basic stresses for timber placed in three groups A, B and C,
dassified on the basis of strength. It is reasonable to increase
the nomal permissible stress by a factor of 1.33 to 1.5 when
earthquake stresses are supenmposad.

Characteristics of Elements

Timber is non-homogenecus and anisotropic matenal
showing different characteristics not only wn cduifferent
directions but also in tension and compression,

Plain and reinforced concrete

Concretz is used 1n building construchon 1n several ways
Plain concrete 15 used as base course, as floonng etc. For
such purposes both cernent wath stone aggregate or ime with
under fired brick aggregate are used Since plain concrete is
quite soong in compression but weak in tension, it is
renforced with steel reinforcement so that concrete takes the
compression and steel takes the tensmion, Where stresses are
reversible, as in columns subjectad to bending moments due
to earthquake, steel ranforcement is used on both faces.
Other variations are cast-in-situ concrete and pre-cast
concrate components The latter can vary from simple joists
and small panels to complete wall panels, footings, columns,
roof beams and slabs; depending on the level of technology,
handling equipment and wansportation facilines. In most
developing countnes, 1t does not appear feasible to adopt
large scale pre-casting for use wn bulding consgucton in
widaly dispersed towns and villages Although cancrete is a
heavy material, reinforced concrete has been found to be a



very suitable material for construction in earthquake areas
due to its strength, stiffiness and energy absorption.

Typesof | Location | Permissible StressN/mm2, for
Stress

Group A | GroupB | Group C
Bending | Inside 18.2 123 8.4
and
Tension Outside 15.2 10.2 7.0
along
grain Wet 120 0.9 6.0
Shearin | All 1.2 0.9 0.6
Beams
Shear
along All 1.7 13 09
Gram
Compress | Inside 120 7.0 6.4
ion
parallel to | Qutside 10.6 62 5.6
Grain Wet 8.8 5.8 4.6
Compress | Inside 6.0 22 22
ion
perpendic | Outside 4.6 1.8 1.7
ular to

Table 8.1-4 Basic Permissible Stresses for Tunber Groups.

Material Properties

Concrete strength 1s defined on the basis of 28 days cube
compressive strength or cylinder compressive strength. For
use 1n buldings, the cube strength Fc between 20 o 25
N/mm’ will be adequate for R C. work. The unit weight of
R.C. is about 2400 kg/m3 and modulus of elasndty is
vanously related with the conerete strength. Each country has
115 own standards for allowable stresses and load factors
which may be referred to in this regard.

Under sasmic condition these allowable values may be
increased by 33 percent or the load factors may be decreased
by 25 percent unless specified otherwise in nanonal
standards. It 1s important to know that the tensile strength of
correte 1s only about one-tenth of the compressive strength.
The diagonal tension caused by seismic shear forces, if not
thoroughly taken by well designed stirmups or ties, can lead
to wide cracking and failure,

Concree is a brittle material and weak against impact, shock
and vibrations. Ductility is imparted to it by the reinforcing
steel retnforcement.

Steel

Steel is used in different shapes and sizes in building
construction and mosdy for structural purposes. Recently
increased use is being made for non-structural purposes such
as in door and wandow frames, but this 15 mostly in the
affluent courinies. Angles, channals and I-joists are the most
comuman shapes used for tusses, columns and beams. Use of
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steel in structural forms is limited, due o its high cost. But it
may become competitive if used in light gauge forros for
colunmns and beams and in tubular form for roof trusses.

The methods of jointing steel sections are bolung, riveung
and welding Welding is the most economical 1n terms of
material but it needs careful design and construction 4o
achieve desired strength, ductility and stiffness in the joint
Boilting is the simplest form which could be used in the
remotest village without electricity or tugh skill of
workmanship. Stiffness of bolted structures is generally less
than others uniess high-strength grip bolts are used.

The more common use of stee! in buldings is in the form of
reinforcing bars i reinforced concrete. The various forms
used are plain mild steel bars, high-stength deformed bars.
welded wire fabric, expanded metal meshes. The diameters
and sizes vary across a wide range to suit vanous
requirements.

Material Properties

Tension

Compression

Perpendicutar to Grain

Bending

Figure 8.1-3 Charactenistics of Timber
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Sted 15 a heavy, strong, stiff and ductile material, quite strong
in tension and compression with high strength shear as well.
Its resilierice to impacts and shocks is also very high. Thus 1t
15 one of the most suitable materials for earthquake resistant
consTuction.

The mechanical properttes of steel depend upon its chemical
composition and amount of hot and cold working. As an
illustraton, the chemucal composition and mecharnical
properties of some steels are shown in Table 8.1-5.

Type of CQlassof | Normal Size | Guaranteed| Tensile | Mininmm
Steel and | Sted ot Tickness | Minimum |Strenght | Flomgutiorn
percentage | Products { (mum) Yidd Soress| Mipimum

of Nmm2) {(Nmm2) |Perceat
Chemicals

Miid Plates, 61030 260 420 23
C=025 Secans over 40

$=006 and Flats

P=006

Mild Bars 101020 260 420 3
C=025 |[{rowmd, over 20 240 420 23
§$=006 suare,

P=006 |hexagonal)

High Plates, 61028 360 580 20
Strenght Sectians 2910 45 350 580 0
C=030 |adFlas 461063 330 580 20
$=005 and Bars over 63 300 580 0
P=006

High Plates, 6w 16 360 550 20
Srenght - | Sections, 17wi2 350 550 20
weldable | Flas and 33t063 30 520 20
C=022 |Bas ove 63 290 500 20
$=006

P=006

Si=010

Notes

C=Carbon, S=Sulphur, P=Phosporus, Si=Silicon
Table 8.1-5 Chemical Composinon and Mechanical
Propertes of Structural Steels

matenial, applicability, property, masonry, timber,
concrete, steal.

Topic 8.2: Strengthening and Repair Materials

The most common matenals for damage repair works of
various types are cement and steed In many situations non-
shnnking cement or an admixture like aluminum powder in
ordinary portland cement is admissible.

Steel may be required in many forms from boits, rods, and
angles to channels, expanded metal and welded wire fabric.
Wood and bamboo are the most common matenials for
providing temporary supports and scaffolding etc., and wall
be requured 1n the form of rounds, sleepers, planks, etc.

Besides the above, special marerials are available for best
results in repair and strengtherming.

Shot-Crete.

Shot-cree is a method of applying a combinaton of sand and
portiand cement which ts mixed pneumatically and conveyed
in dry state to the nozzle of a pressure gun, where water is
mixed and cement hydraton starts just prior to expulsion.
The matenal bonds perfectly to properly prepared surfaces of
masonry and steel. In versatility of application to curved or
wregular surfaces, its high strength after applicanon and good
physical charactentstics, make for an 1deal means to achieve
added structural capability in walls and other elements There
are some minor restnctions of dearance, thickness, direction
of application etc.

Epoxy Resms:

Epoxy resins are excellent bincing agents with high tensile
strength. There are chemical preparations the compositions
of which can be changed as per requirements The epoxy
components are mixed just pror to applicanon. The product
is of low viscosity and can be myected 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 curning (lower
strength for higher temp ) and method of applicaton

Epaxy Mortar:

For larger void spaces, it is possible to combine the epoxy
resins of either low viscosity or higher viscosity, with sand
ageregate to form epoxy mortar. Epoxy mortar mixture has
higher compressive strength, higher tensile strength and a
lower modulus of dasncity than Portdand cement concrete
Thus the mortar is not a shff matenal for repiacing rewnforced
concrete. It 15 also reported that epoxy 1s a combustible
matenal.

Therefore it is not used alone. The sand aggregate mixed to
form the epoxy mortar provides a heat sink for heat that 15
generated and 1t provides increased modulus of elasticity too

Gypsum Cement Mortar
It has rather linuted use for structural application It has
lowest strength at failure among these three materials



Quick-setting Cement Mortar

This materiai 1s patented ard was originally developed for the
use as a repawr matenal for reinforced concrete floors adjacent
to steel blast fumaces. It is a non-hydrous magnesium
phosphate cement with two components, a liquid and a dry,
which can be mexed in a marmer similar to portland concrete.

Mechanical Anchors:

Mechanical type of anchors employ wedging action to
provide anchorage. Some of the anchors provide both shear
and tenston resistance Such anchors are manufactured to
give sufficient swrength,

Alternatively chermical anchors bonded in drilled holes with
polymer adhesives can be used.

t Matenal, repair, strengthening,

Seismic Engineening 185
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SESSION 9: SOILS AND FOUNDATIONS

Topic 9.1: Soils and Foundations

The vertical and lateral loads of structures are transmitted to
the sotl through the foundations. The design of foundanons
depends upon the structural system of the superstructure, the
beanng capacty of the soil and the intensity of load trans
mutted from above These factors are much less critical for
low hesght buldings than for tall heavy struchires

The rmost important factor for good behavior of ow buildings
15 the behaviar of the soil itself If the soul consists of loose
sandy sou and the water table is hugh, the soil loses much of
its shear srength when shaken. Under severe shaking, 1t may
even hquefy Then the bulding will have unequal settienent
and suffer damage Also, when separate individual footings
are used under load beaning columns 1n soft soils, they could
be displaced relative to each other This aspect must be
explored mn alluvial soils where the water table is ugh, say
wittun 6 o 7 m below ground level. and particularly in severe
to cata strophic sesrmc zones, Determination of standard
cone penetmration test values (N-values) will be quute
indicagve of the density and bearing of the soil. If the
N-values are less than 13, there is room for concem and for
N<10, lquefacthon 1s defirutely indicated It will be best to
avand such a site Otherwise, deep foundations in the form of
piles wall have w be used since compacnon of soil for
individual buildings may not be feasible. Inter-connection of
mndividual foottngs at foundanon or plinth-level beams wall
be useful where the beanng capaaty of the saul is less than
about 10 vm’ (0 1 MPa).

Steep slopes liable to landslides dunng earthquakes or sites
subject to the danger of rock fall should also be avorded

Choice of Site

The chotce of stte for bunldings, from the sesmic point of
view, 1s mainly concemned with the stability of the scil. The
following aspects are to be considered,

Stability of Slope

Earthquake-induced landslides differs from convenaonal
landslides by thear geometry, fallure mechanism and type
of shding, Convenmonal landshdes are caused by rainfall
infiltraiing a slope. Water tends to reduce the shear
strength of soil deposits, and increases their weight
When the shear strength of the matenal 15 exceeded, a
mass of sou shaped like a wedge with a roughly circular
bottom moves downward (n response to gravity

Earthquake-induced landslides are triggered by the energy
of the ground shaking This shaking, depending on tts
intensity and duraton, weakens and eventually loosens
rock and soil matenals, ulamately forcng them down the

slope. These landslides appear to be confined to surface
fattures. and result 1n rock falls. rock slides, and soif or -
debnis slides

All of the factors that play a role in statc slope stabil ity
also affect dynamic slope stability. The safety factor for
dynamic conditions is lower than that for static conds
tons The man factors controlling the mggenng of land
shides are the intensity and duranon of ground shaking,
and the inclinaton of the slope The potental for
landslides 15 mcreased when steep slopes are underlain by
low-density, weathered, weakly cohesive sols or hughly
fractread matenal Earthquake-induced landshdes
normally occur with the initial shock, but 1 some cases
this only serves as the weakening agent, and subsequent
aftershocks actually cause the failure Heavy ran
following a major earthquake usually compounds the
problem Steep slopes devoid of vegetaton, steep road
cuts where blocks of unconsohdated matenals are
detached are particularly susceptible to shdes. Debrs
shdes usually occur on moderate-to-steep natural slopes
and include loose sous or colluvial matenals above the
bedrock. A conservatve nile-of-thumb gives slopes of
about 35 degrees prone to landslides, and 25 degrees
prone to debris shides.

Hillslides liable to slide during an earthquake should be
avoided and only sable slopes should be chosen to locate
the buildings It 1s preferable to have several separated
blocks on terraces than to have one large block Sites sub
Jject to the danger of rock falls also have to be avoided

Very Loose Saevds or Sensifive Clays

These two types of soils are hable to be disturbed by the
earthquake so much as to lose their ongnal structure and
thereby undergo compaction. This would result in large
unequal settfements and damage buldings. If the loose co
hesionless soils are saturated with water they are apr w0
lose thear shear resistance altogether during shalang and
liquefy, Three major factors are conduaive to hquefaction.
These are groumd shaking, shallow water table, and sandy
material, Generally, low-lying areas covered by young, un
consolidated, well-sorted sand and/or silty sand matenais
are more susceptible to hquefy. Some minor topographic
re hiefs, such as stream banks or gentle to steep slopes, are
aiso prone to hquefacuon ground fallure. However,
ground failure can also occur on flat ground if the
hequefiable materials are not evenly loaded. such as in the
case of road fills Such soils can be compacted. but for
small buldings the operation may be oo costy and
should better be avoided For large bullding complexes,
such as enoire nesghborhoods, this factor should be
thoroughly investigated and addressed.



Foundations

For the purpose of making a building truly earthquake
resistant, 1t will be necessary to choose an appropriate
foundation type for it Since the loads from low height
butldings are light, providing the reqtured bearing area wall
not usually be a problem. The depth of footing tn the sail
should go below the zone of deep freezing in cold countries
and below the level that undergoes considerable volume
changes in clayey soils Choosing the type of foundation for
earthquakes, the soil may be grouped as follows

1. Finp sod having allowabie bearing capacity of more than
10 Ym2 (0.1MPa).

2. Soft sol having allowable beanng capaaty of less than or
equal o 10 ym2 (0.1MPa)

3 Weak sous which are liable to large differential settle-
ment, or hquefaction dunng an earthquake

Note: Appropriate soil investgaton should be made to
establish the allowable beanng capacity wherever
possible.

Firm Soil
In firm sail conditions, any type of footing, individual or

stnp type, could be used. It wall be desirable to connect '

the ndividual column footings in zone A by means of
R.C. beams just below plinth level intersecting at nght
angles and capable of resisung 10 percent of the larger
column load as a strut or te.

Soft Soil
In soft sol 5t wall be desirable to use plinth band 1n all
walls and necessary to connect to the individual column
footings by means of plinth beams as suggested above.

It may be mentioned that continuous reinforced concrete
footngs are considered 10 be most effective from
earthquake considerations as well as to avoid differential
setflements under normal vertical loads. These should
ordinanty be pro vided continuously under all the walls,
continuous footing should be reinforced both in the top
and bottom faces, width of the footing should be wide
encugh o make the contact pressures small and uniform,
and the depth of footing should be below the lowest level
of weathering. The height of continuous fooungs should
be equal to or more than 1/18 of the building height but
not less than 60 cm, except for one storey buildings in
which 1t should not be less than 50 cm from the ground
level.

Weak Soil
Such sous must be compacted before constructing the
build ing or speaal types of foundanons must be used,
such as piles

General Rules for Foundations
The siting and foundations are extremely important factors
for the safety not anty of an earthquake resistant burlding, but
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of arty other type of bunlding. It 15 essential to have the advice
of a qualified engineer for the sitng and foundations of the
building, espeaally with soft soils.

However, the following are very important recommendations

for the design and constructon of foundations:

1. The mimmum depth of the shallow foundations must be
determuned by a number of condhtions. In the first place,
it must be such that the base of the foundanon les
beneath the surface layer of soil, which undergoes cycles
of hurmidity and dryness and vanatons in velume owing
to seasonal changes In addition, the depth must be
greater than that of the vegetanon layer, in whuch the soul
is weakened by the presence of roots and decaying
vegetable matter In very cold regions the muumum depth
of the foundanen depends also on the depth of the
freexning process dunng the wanter

2. The loads which act on foundations are transmitied to the
soit and produce deformanons in 1. This deformanon
increases with the load, and if the latter 1s suffigent by
large, the deformations are so great that the resuit 15
regarded as a fracture of the soil. The load transmut tad
through the foundation to the sail 15 expressed in terms of
the “cortact pressure”, the average pressure calculared as
the total load drvided by the area of the foundanon

3 Foundations should be designed as conunuous wn order
w avord reiative honzontal and vertical displacements

4 Where arammstances require the usa of separate founda-
tions, they should be joined to each other and to the rest
of the structure by means of foundanon beams Such
foundation beams may or may not be designed to
withstand seismuc moments Where simple tes are used,
they should be designed to take compression and tension
forces of the order of one tenth of the maximum verncal
load supported by the fooungs being joined. Foundanon
beams connecting separate footings or foundanons, can
be designed only as ties if there are other beams on top of
them able to resist moments

5 It is recommended that parts of building foundanons
which rest on sotls of different types or are sunk to
different depths should be designed as separate yruts In
such cases there should also be structiral independence
in the superstructure, It is also recommended that if
different parts of a bulding are to be structumlly
independent because of the shape of thesr ground plan,
their foundations should also be independent

6. The design of water pipes and drains requures special care
in the case of buddings in earthquake zones Im proper
design of such installations can causa breakage of pipes
during an earthquake, so that water escapes and filters
down wnto the foundation soll, where 1t may change the
soil structure and parbally alter 1ts beanng capacity
Proper desaign of such tnstallanons and correct placement
of pipes in relanen to foundanons wail preven: these
problems

7 It 1s wmportant, in designing the foundauons of a buld
ing, to know the ground-water level and 15 usual
vanatons The groundswater level should be at least one
meter bedlow the foundanon level
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8. Foundations w be preferably ar the same level.

9. Questionable soils prone to liquefaction, settlements,
landslides, rocksliding, faulting and others durnng ea
rthquakes, should be investigated by field and laboratory
testing to determine the possibilities and conditions for
construction of structures.

¢a Are weak foundations of the types described
COmMmON in your country?

b. Is it common that in later years additional floors
were added to buildings?

c.  What can be done to reduce vulnerability?

t soil, foundation design, slope stability, bearing
capadty.
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SESSION 10: STRENGTHENING OF FOUNDATIONS

Topic 10.1: Strengthening of Foundations

Masonry walls can be damaged due to differential settlement
of foundations or sliding caused by an earthquake
Foundation strengthening can also be required to increase the
beanng area when reconstruction increases buwiding weght
It may aiso be desired to provide strucunmal tes at the
foundation to help the buillding behave as a single unit.

Sasmic srengtheming of foundations is the most complicated
task, and may require careful underpinmng. To avord disturb
ance to the integnty of the building during the foundation
srengthemng process, proper mvestgation and the advice of
an engneer 1s called for Some gwdance is gtven for the
sirengthening scheme.

1. Introducing new load bearing members to relieve the

already loaded members. Jackang operations may be
needed 1n this process

2 Improving the drainage of the area and preventing

saturation of foundation soul to obwviate hquefacuon
which may occur because of poor drainage.

3. Prowiding aprons around the building to prevent soakang
of the foundation and prowiding for draining off of the
water

4. Adding renforced concrete stnps amached to the existing
foundanons of the burlding. These wall also bind fooungs
on one sade, if not both sides, of the wall. The ranforced
concrete strips have to be hnked with the walls or
foundanons by keys inserted berween them

Stage-by-stage underpinrung (s possible by means of plaang
concratz 1 blocks of about 50 to 100 am length, in a spacng
equal or greater than twice ther length (Figure 10 1-3)

Another method, mentioned before, 1s to build a reinforced
con crete beit all around the building at the foundaton level

Thas reanforced concrete belt can be constructed on the
outside of the burlding only or can be constructad on both
sides (Figure 10 1-1 and Figure 10 {-2) Potental shding of

ww

Figure 10.1-1 Strenghtemng Exusting Foundation (R.C. Strip on Cutside only)
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a foundaton can be prevented by constructing reinforced
concrete "briddles”, especially in sloping ground. These
"briddles” are extended deep into the soil, on the down side
of the foundation and nun parallel to ground contours (Figure
10 14)

t foundation, strengthering,

_j.l ‘

BASEMENT
5
[
ws i
- ad
23

\'.’f

da-20
=130
VAR.
alf~ % ®
VAR.
16 @) «o15
[~—BASEMENT

DAY 45

Figure 10.1-2 Strenghrenung Existing Foundation (R C. Strip on Both Side)
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SESSION 11 : REINFORCED CONCRETE FRAMES AND WALLS

Topic 11.1: Reinforced Concrete Frames and
Walls

Design codes for reinforced concrete bunldings in seismic
zones are well estabhished and when property applied prowide
a sourd basis for design and detailing. Concrete is strong in
compresazve forees but 15 very weak in tensile forces, there-
fire, steel ranforcement must be used 1n structures subjected
to tension and shear The dimensions and rewnforcement of
the rewnforced concrete members should be appropnately
calculated by an engineer. Good detailing and workmanship
are also very important factors tn the behavior of reinforoed
concrete structures in earthquakes

Reinforced Concrete Frames

The construction considered here 1s that in which the R.C
frame 15 ngdly jointed and 15 supposed to carry afl vertical
and iateral loads The wall panels are only for cladding and
partiions and not relied to provide structural strength.

For the stabilety of the winfill panels, the measures as outitned
tn an earher stage will be adequate The sections of the R.C.
beams and columns will have to be appropnately calcutated
by ratonal analysis using the design value of seismic coeffi-
aents For achieving good performance of R.C frames,
suntable detals for the steel reinforcement must be adopted so
that adequate ductility 15 obtamned under a severe shock
(Figure 11.1-1). The following recommendanons should be

followed for beams, columns, and connections

Beams

1. Longiudinal Steel: Beams should be ranforced on both
top and bottom face, throughout. Where resnforcement is
required by calculation, the percentage should correspond
to ductie behavior, Where it 1s not required, theorencally
a mimmurmn of about 0.35 percent of cross-sechonal area
must be used

2. Splhang of Steal, All longutudinal bars should be
anchored and spliced for full strength development. All
sphees should be contained within at least two stirrups so
as to avord spalhing of the cover of concrete The spliang
15 45 to 50 diameters the bar size.

3 Transverse Sieed Verycal shear stirrups should be closely
spaced at not more than half of effective depth at the two
ends of the beatn, for a distance of two tumes the depth of
the beam. The ulimate shear strength of the beam should
be designed to be more than 1ts ultimate flexural strength.

Colunms
Vertcal ranforcement should be dismbuted on ali the
faces of the columns. Spirally reinforced columns are
supertor to columns with tes Concrete confined wathin
the spirals s stronger and much more ductile as compared
to plan concrete or that contaning widely spaced
sturrups The behavior of tied colurmns can be much
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Figure 11.1-1 Details of Rewnforcement in Remforced Concrete Construction {1]



improved by using the nes with adequate anchorage at
ends in the form of swntable hooks and spactng closely so
that the longitudinal bars carmot buckle In a length of
about 45 om near the ends of colurns, a spacing not
mere than 10 o may be adopted for achieving ductihity.
The comer columns of buildings are stressed more than
any other column due to bi-axial bending and torsion,
and should thesefore be made stronger.

If they are constructad conformung to the above
mermoned oonsiderations, columns have good structural
performance against sasmc forces When infill walls
wath wade operungs are attached to columns (See Figure
11 1-2), the porton of the cotumns that will deform when
they are subjected to lateral forces become very shert and
attract large shear forces. It 1s anuapated that shear
faiture of tus short column portion may ocaur and 1t may
cause parnal or toml fajure of the bulding Therefore,
spaang of hoops should be at least the same as the ends
of columns

Connections

The beamy/colurm connecons are the crincal sectons for
transfer of forces and need great attentton in design.
Where the joint 15 not confined by beams on all four
sdes, it will be necessary to place the closaly spaced ties
1 the column throughout the haght of the joint as well
The beamn and column bars must be well anchored in the
Comprassion zone 5o as to achueve therr full strength.

Shear Wall Buildings
Shear Walls with Frames
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The system considered here is a composite one m wiuch
the R.C. frame members mainly transmit the vertcal
loads, but for tateral loads the shear resistance of walls 1s
relied upon. Bounded wall panels can resist very large
lateral loads. Depending on the loads to be camed, the
wall panel can be in masornry or concrete, plan or
rarforcad. But in each case, a necessary condition for the
composite behavior 15 the adequate shear transfer at the
contacts of panels and frames Therefore, these wall
panels must be located at per manent positions and
should be anchored into the bounding columns (Figure
13 1-7, Figure 13.1.10). It wall be quute reasonable to
build the walls and columns together Alternanvely,
dowels can be left projechng from the columns and
beams wihuch are built into the walls

In this case, the connections between the bounding
members of reinforced concrete are loaded quite heawly
and must be made extra strong. The suggesnons gven
before for connec tons wall be appropnate here also,
bestdes providing full anchorage to beam and column
reinforcement across the con necuon.

Shear Walls withowt Frames

Ranforced concrete shear walls without frames can be
used as one of the construchon methods espeaally for
apartment houses. This type of construction behaves well
against sesmic achons dunng severe earthquakes, 1f
carmed out up to 3 storeys and conforming to the
following requirements

1 Shear wall ratio, whach 15 the total length of the shear
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Figure 11.1-2 Shear Failure of Short Column {1]
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9

I

wall divided by the floor area, should not be less than 15
can/m’ at the first floor

2. Floor area encdlosed by shear walls should not be more
than 30 m®

3. Shear wall should not be less thant 15 an in thickness
and should be adequately reinforced by vertical and
horizontal reinforcang bars

4. Corners, junctons and openings on the shear wall
should be adequately renforced.

a. Are engineers and contractors familiar with the
descnbed strengthening techniques ?

b Would distnbution of simple leaflets be enough ?

¢ Would you propose to establish comprehensive
tramung programs?

rexrfiroad concrete, frame, wall, column, connection.
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SESSION 12: STRENGTHENING OF REINFORCED CONCRETE
STRUCTURES

Topic 12.1: Strengthening of Reinforced Concrese
Structures

Repanng of reinforced concrete elements ts required affer
damage. Strengthemng such elements 15 a method to increase
earthquake resistance Thus, the swength of the structures can
be moderately or sigmficantly increased and the ducnlity can be
mproved.

Depending on the deswred earthquake resistance, the level of the
damage, the type of the clements and therr connecuons,
members can be repawred and/or strengthened by injection,
removal and replacement of damaged parts or jacketing. For
reparr of conarete structures the advice of engineers 15 requared.

Establishing bonds between old and new concrete 15 of
importance. It can be done by chupping away the concrete
cover of the onginal member and roughening its surface, by
preparing the surfaces with glue (for instance, with epoxy pror
to concreting). by additonal welding of reurforoement or by
formanon of reinforced concrete or steel dowels.

Perfect confinement by close, adequate and appropriately
shaped strrups and ties contnbutes to the improvement of the
ductlity of the swengthened members. Redismbution of the
nternal forces n structures due to member stiffness changes 1s
very LInporant.

Jackeang with sieel profiles (angles and straps) 15 used for the
strengthering of columns. The beam-to-column joint 1s difficult
1o be strengthened 1n thus way

Jackenng by steel encasernent 1s implemented by gluing of steel
plates on the external surfaces of the original members. Steel
plates as remnforcement are glued to the concrete by epoxy
resin. This does not requure any demoliton, it 1s easy to
umplement and hardly increases the cross section of the
members Tramned techmcians are required for this work.

Jackettng by steal profiles or encasement requires specal
measures for fire and corrosion protection of the new steel
profiles Ranforced concrete jacketng does not need such a
protection but the construction procedure 1s more difficult.

t swengtherung, reanforced concrete, yackenng.

Topic 12.2: Srengthening Columns
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Figure 12.2-1 Epoxy Injection [8]

Increasing flexural and shear strength, wmprowving column
ductibty and rearangement of colurnn suffness can be achieved
by repamnng techmques

Coturrm flexural strength increases with the enlargement of the
concrete area and by adding reinforcement. Shear strength,
espeaally ducality, is improved by closely placed ranforce
ment ties or steel stnps

Damage to renforced concrete columns may include shight
cracks (honzontal or diagonal) wathout damage 1o
remforcement, superfical damage in the concrete withour
damage w rerforcement, crushing of the concrete, buckling of
remforce ment or rupture of ties. Based on the degree of
damage, techniques such as injections. removal and
replacement or jackenng can be applied

Local Repairs

Resin iyections are applied only for damaged columns with
shght cracks without damaged concretz or renforcemnent
Epoxy resin imjection is suitable for eracks with wadth from O |
to 5 mm (Figure 12.2-1). Cement grout mnjections can be
apphied for larger cracks (widths from 2 1© 5 mm)

Removal and replacement is necessary for heavily damaged
columns with crushed concrete, buckled longitudinal bars or
ruptured ties.

When the concrete 1s shghdy damaged, the loose concrete 15
removed, the surfaces are roughened and dust removed
Depending on the amount of concrete removed. some
additonal ties or retnforcement may be added and local
jacketing 1s camed out (Figure 12 2-2)

When the verncal remnforcement 1s buckled, the ves are
ruptured and the concrete is crushed, total removal and
replacement of the damaged parts must be camed aut (Figurs
12.2-3) If only repair 15 requured, the onginal cross secuions
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sze will be mainmined. If swengthening is necessary, the area
of the cohmn must be increased. Damaged and loose concete
should be removed, new vertical reinforcement tnserted and
welded to the exsting ranforcement and new tes placed.
Non-shrinkage concrete or concrete with low shrinkage
properties shouid be used. Spedal attention must be paid to
achieve a good bond between new and old concrete.

Reinforced Concrete Jacketing

Jacketing should be applied in cases of heavily damaged
columns or in cases of nsufficent column strength. Thus is
really a strengthening procedure although it can also be used
for repamng. Jacketing can be performed by adding rewnforced
concretz, steel profiles or steel encasement.

Reinforced concrete jacketung, depending on the space around
the cohunn, can accomplished by adding jacketing to one, two,
three or four smdes of the colummn (Figure 12.24). Tt is
recommended that colurnns be jacketed on all four sides. In
order to achieve the best bond between new and exisng
concrete, four-sided jackeung 15 best. In case one, two or three
sided jacketing 15 all that 1s possible, the concrete cover in the
Jjacketed parts of the exasting column must be chipped away so
that new ties can be weided to existing ties. In case of a
four-sided jacketing, only roughening of the surface of the
existing colvmn may be required. Four-sided jacketing results
in the Jowest increase of cross sectional area.

Jacketing only within one floor does not improve seismic
response unless shear walls are also added. Adequate column
strength can be aclueved by passing the new vertical
reinforcement through holes drilled in the slab and adding new
concrete tn the beam-column joint region, Special attention
should be paid to the good confinement of the vertical
reinforcement near the floor beams. It must be noted that the

interconnection of columns from floor to floor may cause a

considerable maease of column coss section.Reinforced

concrete jacketing of columns should conform to the following

Pprovisions:

- The strength of the new materiais must be greater than
those of the column.

- The thickness of the jacket should be at least 4 an for
shotcrete applicanon or 10 cm for cast-in-situ concrete.

- The reinforcement should not be less than four bars for
four-sided jacketing and bar drameter should be at least 14
mm.

- Every comer and altemate longirudinal bar should have lat

eral ties with an angle of bend of 135 degrees muumum,
No intermediate bar should be farther than 10 cm fiom
comer of the ties. In some cases, it wall be necessary to dnil
into the core of the column to place epoxy hooked tes into
the hole or dnill completely through the existing column
core to wnstall new tes.

- Thetes should be mrumum 8 mm, and at least 1/3 of the
vertical bar diameter.

- Vertcal spaang of nes is at most 20 cm Close to the joints
the spacing should not exceed 10 an, within a length of
1/4 the clear hesght. In addition, the spaang of ties should
not exceed the thickness of the jacket.

Jackets can be made either with conventional or speqal
cast-in-s1tu concrete or by shotcrete (gurute). For both methods,
the existing concrete must be thoroughly roughened by
chupping or heavy sandblasnng and cleaned of all loose
matenal, dust and grease The surface shouldbethoroughly
moistened before placing the concreteorshotcrete

Steel Profile Jacketing

Steel profile jacketing conaists of four verucal angle profiles
one at each comer of the column, connected together wath steel
straps (Figure 12.2-6). They are welded to the angle profiles
and can be ather round bars (mimumum ciameter of 12 mm) or
steed straps (mummum size of 25/4 mm). The angle pro file
should be no less than L 50/50/5 Gaps and voids between the
angle profiles and the surface of the existing column must be
filled with non-shrinking grout or resin grout. A covenng with
concrete or shotcrete reinforced with welded fabrics is effigent
for comosion or fire protection. Tight bearing between profiles
and floor is achieved by an angle profile collar around the
column, directly 1n contact with the floor structures

t strengthening, jackenng, column, local repair
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Figure 12.2-5 Four-sided Jacketing {1}

1 - extisting resnforcement

2 - added new reinforcement
3 - added new ties

4 - exxsting concrete

S - new concrete

6 - weiding

7 - temporary castform

Figure 12.2-2 Local Jackenung [3}



