Disaster Mttigatton for Low-cost Housing
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1. Introductton

Gtven the potential magnitude of selsmic forces and
general level of construction practices, it ts not
surprising that when an earthquake occurs, peopie are
often safer In an gpen fleld t+han they are In bulldings
that are supposed to shelter them. Earthquakes raretly
kill people, but build{ngs do--unless speclfic
precautions are taken.

Earthquake disasters throughout the werld have tazken more than one
mitlion ttves in this century {(not tncluding the high tolt in the China
earthquske of July 1976). By far, the greatest number of victims were
low-fncome people In developing countries. More than 80% of the deaths
resulted frgm the col :.se of smal} unreilnforced adobe and masonr/
structures. “he hea less of life and property can be stgnificantty
reduced Through fmprov.i buliding design and constructlion methods and by
proper stting. Any attempt to establish guidelines, however, must take
into constderatton the cuitural patterns and socto-economic conditthons
In developing countries as well &s technlcal capabilities.

The need for a low-cost technology to reduce earthquake damage 1o
structures ts particutarty great in many of the countries included in this
housing profile, located as they are along major pilate boundaries where
selsmic activity is frequent. While genera!l princltples in selsmic design
will be discussed In thts paper, the focus wlll be on low=cost, earthquake-
resistant constructton.

2. Causes of Earthquake Damage

Four bastc phenomena account for earthquake-induced damage: ground
shaking, ground rupture In fault zones, ground fatlure, and tsunamis.
A structure located astride a ground rupture in a fault zone would almost
certatniy be damaged by the resuiting vertical or hortzontal offset. Like-
wise, bulldings may be destroyed as a result of ground fatlure which can
take the form of lands)ides, earth lurch, settlement or liquefacttion.
in the latter condlitlon, stlty or sandy soltls saturated with water lose
their shear strength when subjected to vibratfon. Support systems such
as water lines, sewers, transportation and communicatton lines are
particutariy liable to damage In ground fallures. Tsunamls, high veloctty
selsmic seawaves, can cause devastatlon In coastal communtties.

i
Architects and Earthquakes (Washington, D.C.), p.x, Introduction.

2
Resa Razant, "Selsmic Protectton of Unrefnforced Masonry and Adobe Low-
Cost Housing in Less Devetoped Countries: Pollcy Issues and Design
Criterta," p.1.
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Most earthquake damage is caused by ground shaking, and it is the
principal consideration in earthquake-rasistant design. When the earth
moves suddenly, seismic waves (body and surface waves) emanate from the
source of disturbance, with surface objects responding to the resulting
vibration, Such factors as earthquake location and depth of focus {(most
damaging earthquakes are at a shallow depth of less than 20 miles), length
of fault break {(major determinant in duration and magnitude of the earth-
quake), and local! soil conditions (firm soils amplify ground vibrations
less than soft soils, for example) have an effect on the extent of ground
shaking.

Due to its geoclogic environment, Peru can serve as an example of a
country in which all four earthquake-related phenomena are potential
hazards. There was no observed surface faulting in the disastrous 1870
earthquake when the epicenter was located offshore; however, recent faults
are widespread and there was surface faulting in the 1946 Ancash and the
1969 Pariahuanca earthquakes. Nor was there a ftsunami Tn 1970, though
tsunamls have accompanied previous earthquakes in Peru. The great de-
struction in 1970 was due principally to the poor performance of buildings
{mainiy poorly constructed adobe dweliings) in ground shaking and to the
unstable terrain, which accounted for the massive foss of |ife In the
Huascaran debris avaianche and for widespread damage from fallure of
geologic foundations in river valleys and coastal regions.

3. Effect of Earthquake on Structures

The characteristics of ground motion which particularly interest the
architect or structural engineer are duration, amplitude of ground shaking,
frequency and its division into vertical or horizontal components of
motion. Buildings should be able fo withstand extended periods of large
ampt itude ground motion without collapse.

Ground motion from seismic waves Is transmitted to bulldings through
their foundations. The inertia of a building's mass resisfs motlon appiied
to its base, thus creating inertial forces [F(force)=M(mass) times A (ac-
celeration)]. The inertial forces, which exist in every component of the
building, act in rhe direction opposite to that of grcund motion. VYertical
loads are normally provided for in bultding construction and are thus not
considered in earthquake design; horizontal inertial forces must be
provided for, however, in order to glve a structure adequate lateral
resistance.

The elastic properties and mass of structures cause them to develop
vibratory motion when activated by dynamic stresses. In general, less
deformable, riglid structures have shorter periods of vibration than
fiexible structures. |t is important in seismic design to determine the
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probable frequency of ground motion as well as the natural period (rate

of oscillation) of the structure in order 1o avold rescnance which can
occur, particuiarly In tall buildings with complex deflections, when ground
motlon coincides with the' building's natural perlod.

The abitity of a structure to withstand seismic stresses depends on
its capacity to absorb or transfer +the energy released In an earthquake.
When a buiiding is able to recover its original shape after deformation,
it has remained within Its elastic range of deformation. Beyond this
range, in The inelas¥lic or plastic range, fracturing can occur. WMaterials
with a limited plastic range are "brittie;" Those which can withstand
considerable inelastic strain (absorb energy) are "ductile."™ Ductility
depends on design as well as on materiais.

The Earthquake lInsurance Classification of the Pacific Fire Rating Bureau,
USA, types bulldings according to anticipated damage a5 summarized below:

forced masonry exterior panel walls, concrete
fioors and roofs,

l | Relative | i
| I Damage~ . l
i Class | ability i Structure I
| ! | |
| | | |
I Al I 1.0 | Small wood-framed structures as dwellings, not 1
| | | over 300 sg m and three stories. |
| | | |
| | T [
AL [ 1.5 | One story, all steel. Single or multi-storied [
} | | steei frame, fireproof concrete, exterior con- |
I | | crete panel walls, concrete fiocors and roof, I
I ] | moderate wall openings; otherwise Class A V. i
[ { ! [
l l l |
1 ALl | 2.0 I Single or multi-storied concrete frames, concrete |
| ! | floors, walls, and roofs, moderate wall openings, |
| l | otherwise Class V. l
] [ I |
j I 1 |
bOA LY i 4.0 | Large wood frames and other wood frames ngt fo- |
1 | | cluded in Class |. |
! J } |
| | i i
Il AV I 4.0 | Single or multi-storied steel frames, unrein- [
| i | i
4 \ | \
1 | l
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| Relative
| Damage-

]

I

Class | abillty S5tructure 1
t

| I

i I

{ ]

i | |

i I I [
I A Vi | 5.0 } As Class Y but with reinforced concrete frames. !
i | I I
I [ I |
I A ¥YII ! 5.0 | Walls cast in place or precast reinforced con- ]
|  reduced | | crete, reinforced blocks, or reinforced bricks |
|  basic I | with fioors and/or roofs other than reinforced I
I rate I | concrete (reinforcement must be adequate). I
i | | I
( [ l i
i A VI i 7.0 | Buildings with unreinforced bearing walls with {
! | | |ime mortar and certain multi=-storied steel or |
I | | concrete structures with wood floors or unusually |
I I | poor design features. i
[ I I I
( | ( |
| A VIIl | Collapse | Bearing walls unreinforced above, hoilow clay |
I | hazards | tiles or unreinforced hol low concrete blocks. I
I | in mog= | |
| | erate | |
| | shocks I |
| { { |
l I I l
I B I 0.5 | Buildings which can resist earthquake of 1906 {
|  Special | to | type with minimum to slight property damage. I
1 rate I 2.0 | i
i I | I

Note: 1) Category A buildings are generally without specific iateral force
bracing systems.

2) Unfavorable foundation conditions and/or hazardous roof tanks
can lncrease earthquake hazards considerably.

Source: "Building in Earthquake Areas.'" Overseas Buliding Notes.
No. 143, April 1972,

4, Building to Resist Earthquake Forces: Siting

Assessing the seismic risk of a tocation for safe siting of structures
involves consideration of many factors: e.g., presence of faults, history
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of earthquake activity; geological conditions (record of landslides, ground
settiement and warping, inundation by flooding or tsunami); physical prop-
erties of foundation soils (density, water content, shear sfrength, attenu-
ation values)., While generalizations concerning siting may be misleading,
some comments can be made, Sites where there is a possibility of surface
faulting, landslides, flooding or other hazards or where weak foundation
conditions exist should be avoided if possible, or provision made in the
design and construction of bulldings for the mitigation of potential
hazards. Structures sited in a seismic region must be constructed to
withstand effects of strongest anticipated ground motion. When siting
large structures, the failure of which cculd affect targe numbers of people
(dams, nuclear reactors, etc.), detailied geclogical-englineering studies

of the area would be required.

5. Building to Resist Earthquake Forces: Design

Lateral forces which are concentrated at rcof and floor levels are
transferred to other levels througsh vertical elements such as columns,
producing critical shear and bending forces In these elements. Gravity
load changes, caused by l!ateral drifting of the roof, add to bending.

The use of lateral stiffening agents such as cross beams or walls acting
in plane shear (those paralie! %o direction of ground motion) reduce drifft,
alter force distribution patterns.

In a shear wall system, a diaphragm (roof or floor acting as a hori-
zontal beam) must be able to resist the inertia forces generated within
iT as well as a portion of those generated within the walls perpendicular
to ground motion., A sheer wall must be able to resist its own inertia

forces and those transferred to it.
components are a third indispensable
together so that components act as a

The cholce of bullding shape is
design. The strongest configuration
acceptable if the proportion of long

stress distribution, the structure should be balanced:

1/ See Bolt, Geological Hazards, pp.

Proper cgnnec+ions between the two
element. Structures must be tied
single unit,

of critical Importance in seismic
is a square, with rectangular shape
wall fo short is 2.5:1., For uniform
paralle!l walls

46-49.

2/ See A Methodology for Seismic Design and Construction of Single-

Family Dwellings for a further discussion of how these components

tfunction.
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approximatety equal in weight, strengfth and height. Ideally, wall openings
should match in parallel walls. The wings of bulldings of irregular shape
("L, "', or "™U") may experience different movements, thus creating
torsion (twisting around an axis). Failures are most common at points
where wings connect. Torsion may also occur in a flexible section of a
rectangular house with a stiff off-center. If a house must be built in

an irregular configuration, a lightweight "crush" section between wings

Is recommended.

The observance of calculatad separation distance between bulldings
is probably more important in high-rise than in low structures because
of greater deformation in the former. The required distance between any
two structures is determined by a formula based on calculated driff
values. Even smaller structures should be far enough apart that people
evacuating their homes in an earthquake would not be hit by debris from
collapsing houses once they are outside.

The relationship between structural and nonstructural components must
also be considered. Wwhile the effect of nonstructural elements on struc-
tural portions is most significant In cases where the former provide un-
expected stiffness (e.g., non-bearing masonry walls, stair-framing), the
horizontal displacement and shearing and racking action in structural
elements due to drift may have a crifical effect on nonstructural com-
ponents and must be compensated for. Such nonsfructural additions as
cantilevered balconies, cornices, parapets, railings create potential
hazards unless properly anchored. Chimneys require special attention
so that combustible material will not be near an earthquake-damaged flue.

Low-cost housing should be |imited to one or two stories {(preferably
one in adobe construction) with floor and roof weight kept to a minimum.
Low walis have the advantage of lighter weight and a iower center of
gravity.

A building concept growing in acceptance in the United States, which
may have applicability for deveioping countries, is earth-sheitered con-
struction. Houses built partiy underground are significantly more energy
efficient than are those of conventional construction. While research
to test the disaster resistant potential of such housing is limited, the
advantages in such hazards as windstorms and fires appear obvious. De-
velopers of earthesheltered construction believe seismic performance would
also be improved since underground structfures would tend to move with
ground motion rather than resisting it and creating inertlal forces. As
in other types of seismic construction, roofs would need firm ancheoring,

Architects and Earthquakes, pp. 55-67.
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and areas with unstable tferraln or subject To flooding would be unsuitable
building sites.

6. Building to Resist Earthquake Forces: Components and Critical
Connections

While It is essentlal that the various parts of a bullding be ade-
quately connected in order to provide structural integrity, each component
requires attention in planning and construction to ensure satisfactory
performance during an earthquake. The use of proper construction tech-
niques is very important; poor building practices can undermine good
design,

6.1 Foundations

A strong foundation can dampen earthquake effects. The following
guidel ines are suggested:

. Base of foundation should be below top soii and frost level
(at least 45 cm).

. Foundations should not span both soft and hard ground.

. Foundations of separate wings should also be separate.

. Resisting walls of adobe buiidings should rest on wall foundations
extending above ground level to protect against moisture.

. Wall footings should be continuous with building tied into footings.

. Footing width should be 1.5 times wal!ll thickness or at least 35 cm
for single-story house.

. Water pipes and drains reguire special attention to avoid escape
of water into foundation soil guring an earthquake.

. Care must be taken in backfilling buliding and sewer excavations
to prevent earth settlement adjacent to buliding.

6.2 Walls apnd Openings

Unreinforced bearing walls of masonry and adobe, in such common use
in many developing countries, are particularly susceptible to earthquake
damage, the fallure being due to racking shear (initiated by cracks at
points of high stress such as corners of openings), out-of=-plane bending
from transverse forces, or a combination of both. Faulty connection be-
tween roof and walls and walls and foundations Is another cause of faillure.
Filler walls within load-bearing frames have the same structural weakness.
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The use of stabilized adobe and locally available reinforcing
materials (e.g., spiit cane, bamboo, wire mesh) can significantly improve
selismic resistance of adobe walls. The extension of relnforcemenf into
adjacent walls and foundations provides structural unity.

Wal ls can be strengthened, too, by the use of a ring beam to tie walls
together, thus preventing tensile cracking at upper corners,

Wai | openings, which require effective reinforcement to prevent
failure of adjacent piers, should be kept small and a minimum of one meter
away from corners and from each other. (See illustration.) Ideally,
doors should open to outside to allow quick evacuation of buildings in
an earthquake,

Care must be taken To avoid damaging structural members {(columns,
walls, slabs) in the installation of piping.

6.3 Roofs and Upper Floors

The collapse of heavy rocf systems in earthquake-damaged houses Is
a major cause of death and Injury. Failure may be due to insufficient
strength, inadequate connections, or rupture of supporting walls or
columns. The system's configuration defermines the type of failure. The
rupture of the bottom chord in a roof truss, for example, may cause
walls to fall outward. On the other hand, the separation of abutting
walls can result from the failure of a roof to act an a unit and Yo
transfer loads to lateral (shear) walls. (See Tllustration.) The roof
or fioor eiements must be provided with sufficient in-plane stiffness to
enable them to act with diaphragm action in transferring lateral forces.

The substitution of |ightweight roofing material (e.g., lightweight
panel systems, corrugated asbestos sheeting, corrugated metal, grass or
palm ieaves) in tow-cost housing for the commonly used tile or mud can
greatiy improve a bullding's seismic performance. A four-sided roof
aiso offers advantages: the frusses more evenly distribute the weight
of roof and earthquake forces; it requires less reinforcing and thus
can be |ighter; 1t eliminates need for a gable, which is a dangerous
feature if not buiit cf lightweight material. All frusses should rest
on the ring beam (not on the walls themseives) and be properly bolted.

1

Three methods of reinforcing adobe walls (a reinforced concrete system,
t+he Modern Adobe System, and a cross-brace system) are discussed in
detatl! by Frederick C. Cuny in Improvement of Adobe Houses in Peru.

2Cuny, pp. 23-24,

114



DISASTER MITIGATION Earthquake

P

DIAPHRAGH

Proper Connections
- Needed Between
" Main Components
To Tie Bullding
Together

CROuUND
a1oT|o:z:;:z:]

it is necessary In a lateral load-resisting system to use proper con-
nections in order to transfer load through diaphragm, from the diaphragm
to the wall, down Through the wall by means of proper nalling of shear-
resisting materials, proper connections of sil! plates at the base and,
when required, installation of hold-down anchors and proper reinforcing
in footings. (A Methodology for Selsmic Design and Construction of
Single-Family Dwellings.)
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To prevent this type of damage, wal!l openings should be smaller,
petter reinforced at corners; adeguate tie-beams and sufficiently
long lintels are required; connections between roof, wall, and

floor levels must be stronger.

Source: Design, Siting, and Construction of Low-Cost Housing and Com-
munity Buildings to Better Withstand Earthquakes and Windstorms,
p. 16.
(Drawing after photograph)
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During an earthquake, roof fails to act as a unit and does not
transfer loads to lateral (shear) walls. Instead, the frontal
wall (with openings) receives rocof thrust, separating it from
lateral walls,

Source: Design, Siting, and Construction of Low-Cost Housing and Com—
munity Buildings to Better Withstand Earthquakes and Windstorms,
p. 19.
(Drawing after photograph)
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7. Building to Resist Earthquake Forces: Materials

As indicated above, different materials behave differently in the
inefastic range. Ductile.materials such as steel can undergo considerabie
permanent deformation without breaking. Such brittle materiais as brick,
glass and unreinforced concrete, on the other hand, experience sudden
failure at or near the elastic Iimit. Seismic performance is improved
by reinforcement of brittle materiats and the use of ductile connections.

A lack of quality control in the manufacture of buiiding materials
{much of which is done on site) is often a problem In developing countries.

7.1 Concrete

Concrete is versatile, durable and fire-resistant, but it is weak
in tension and therefore requires reinforcement with such materials as
steel, fiberglass or bamboo. Steel rods, which are capable of absorbing
tensile stresses, function particularly weill with concrete. Care must
be taken to see that reinforcements are properly positioned and anchored,
Concrete should be thoroughly mixed in a special mixer, never on a2 soil
face, and properly dried and cured. A main cause of failure of reinforced
concrete members in an earthquake Is the poor execution of concrete
Joints. Concrete joints should be located as specified (based on stress
analysis) and kept clean during construction.

7.2 Masonry

Because of its low tensile strength, masonry (brick, stone) needs
reinforcement. Mortars must be durable, especially in structures subject
to extreme cold or structural stresses. Masonry walls should be securely
tied to the reinforced concrete confining frames. A better anchorage is
formed if the masonry wall is builf before the col*mns and tie beam are
concreted. Some common causes of masonry failure:

. Excessive sagging (more than one fthirtieth of thickness).
. Poor quality of mortar; carelessness [n curing.

1
Low-Cost Construction Resistant to Earthquakes and Hurricanes pp. 104-105.
L)
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. Unsuitable brickiaying techniques.
Incompiete fiiling between bricks.

. Use of fragiie, poorly baked bricks.

. Improper arrangement of bond and placement of bricks.

. Failure to meet specifications for fastenings and separations
between masonry and main structure.

7.3 Soll

The low cost and ready availability of natural earth account for its
widesprea¢ = In many developing countries. A major weakness of adobe,
its lack = oisture resistance, can be at lieast partly overcome by the
use of high foundations, eaves, stucco covering and stabilization, the iat-
ter an important breakthrough in improving the durability of adobe blocks
and bricks. The kind of asphalt used in stabilization is determined by
the type of soil. Generally, those with sand and/or silt content of more
than 45% are not suitable for reinfo[cemenf. Main construction faults
affecting stablil ity of adobe houses:

. Poor adobe-making technique.

. Use of Insufficiently dried adobe.

+ Incomplete covering in horizontal layer and incomplete fill of
verticai Joints between blocks.

. Poor geometrical quallty of the walls.

. Poor interlocking at wall intersections and lack of proper
fastening.

. Walls built Yoo rapidly (the maximum vertical rate should be one
meter per day).

. Failure to lay courses along the whole contour of the wails
(instead of in "solated panels), thus causing possible differential
settiement,

. Lack of continuity Tn timber tie beams.

. Poor execution of wall coverings.

7.4 Wood

Wood has good strength in both tension and compression, making 1t
especially suitable for construction of bending-resisting eiements. Among

Its many uses: wood joists and plywood panels for roofs and fioors, sand-

"ibid., p. 110.
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wich panels for exterior walls. It is not readlily available, however,

in all areas (e.g., coastal Peru) and, thus may be costly. Alternatives
such as raw timber, cane, bamboo, palm or thatch may be substituted for
some purposes. Protectlion is needed against moisture, fire and insects.

7.5 Metals

With high strength, stiffness and ductility, stee! is widely used,
as bars and wire mesh, for reinforcing concrefe and masonry. Other uses
of metals in low-cost construction Include corrugated sheet metal of
gaivanized steel or aluminum for |ightweight recofing and siding; steel
connectors for bolting and anchoring; rods and cables for bracing.

8. Butlding Codes

Progress in the development and implementation of |ow-cost, earth-
quake-resistant housing requires continued action in the areas of finance,
design and construction, and education. Needed, too, is Improvement and
better enforcement of building codes in many earthquake-prone countries.
The lack of feasible codes can offen be attributed to the foliowing
problems:

. Technical design limits are not known due to lack of study of
local materials and construction systems.

. Geological and soil conditions have not have been adegquately
studied.

. Seismic records may nof be available.

. A reliable system of inspection and enforcement may be lacking.

Building codes must be compatible with local conditions (which may
vary from region to region within a country) and with local capabitities
if widespread evasion is to be avoided.

1Design, Siting, and Constru:tion of Low-Cost Housing and Community
Bulldings To Better Withstend Earthquakes and Windstorms pp. 39-93,
r
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Building facade showing traditional taquezal! construction. The severe
damage suffered by th's Type of construction in the 1972 Managua earth-
quake resulted in great loss of |ife.
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Multistory building under construction in Bogota, Coiombia. This

appears to be of a type of construction, common in many countries of Latin
America, in which non-structural mascnry walls and partitions are enclosed
within a reinforced concrete structural frame. Although the integrity

of this particular buiiding cannot be assessed from a photo alone, the
type of constructicon descr ped is vulnerable To earthquake damage. {Photo
by Oliver Davidson, Regionai Preparedness Jfficer - Latin America and the
Caribbean, US Office of Foreign Disaster Assistance.)
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