Journal of Emerging Trends in Engineering and Applied Sciences (JETEAS) 1 (2): 209-215
© Scholarlink Research Institute Journals, 2010 (ISSN: 2141-7016)

jeteas.scholarlinkresearch.org

Earthquake-Induced Phenomena and Structural Damage: A Review

E. O. Eze and O. U. Orie

Department of Civil Engineering,University of Benin, Benin City. Nigeria

Corresponding Author: O. U. Orie

Abstract

The work reviewed the complex interrelationships between seismic wave characteristics, ground conditions, and
structural damage. The characteristics examined include the wave type, velocity, acceleration, frequency contents
and wave amplitude. The ground factors examined include the local geology, thickness and depth of the deposit,
epicentral distance, topography, intensity and duration of ground shaking. The focal depth and the directivity of the
Jfault rupture were shown to contribute significantly to structural damage. Some structures usually prone to damage
by earthquake-induced phenomena include bridges, masonry buildings, chimneys, tall roofs, communication
satellite masts as well as buildings with plan irregularities. The work showed that the performance of a structure
during an earthquake is dependent on the epicentral distance and the site conditions
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INTRODUCTION

Earthquake (the shaking of the earth) is a natural
disaster. Compaction, liquefaction, landslides, surface
displacement and subsidence are obvious effects of
quake-induced ground motions. Structural stability
during earthquake is a function of the type, local
construction practice (Anieckwu, 2006 and Orie, 2010),
its proximity to the epicenter, the earthquake
magnitude, and duration of ground shaking, local
geology and the topography. Studies reveal that
structures on different and sometimes same foundation
soils exhibit varied response and damage. However,
well constructed simple structures and those built in
compliance with seismic codes generally fare well
under earthquake ground motion. When an earthquake
occurs the affected bedrock is excited and the
overlying soil or rock is in turn set into reactive motion
which is then picked up by engineering strictures
founded thereon. The damage potential of an
earthquake depends on a number of factors related to
the characteristics of seismic waves generated, local
ground conditions and the characteristics of the
structure. Wave characteristics include the type,
velocity, acceleration, frequency and frequency
contents, period, and duration. Soil conditions include
geology, topography, the water table level and the
epicentral distance of the site in question. The
structural elements relating to the damage potential
include the type and shape of the structure as well as
the construction practices.

Seismic Wave Characteristics

Earthquakes waves are of various types including the
P-, the S-, the Raleigh and the Love waves. These have
varying oscillation frequencies and amplitudes or
displacements. The P- waves travel fastest of all
seismic waves. As longitudinal waves they may be
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audible close to an earthquake epicenter. Though P-
waves travel fastest, they are not as destructive as the S
— or Love waves. P-waves have smaller amplitudes of
vibration and the force of gravity S-waves, on the
other hand, develop violent vibrations strong enough
to cause damage. They have higher frequency contents
than the love waves, although the latter may be more
powerful because of the larger amplitudes (Bell, 1983).
As the waves reach the surface, ground motion occurs.
This can be described in terms of amplitude, particle or
vibrational velocity and acceleration. The peak
velocity and acceleration are required in evaluating
seismic loading of a structure. The inertial response of
a building to earthquake motions depends on the
maximum or peak acceleration while the maximum
velocity is a measure of the energy transmitted to
structures. The maximum particle velocity, Vi
imposed by seismic waves as they pass beneath a
structure in terms of the amplitude A, and angular
frequency, o is given as:

Viax = ®A =2nfA )
Where f = frequency. The peak acceleration, a, to
which the structure is subjected is given by:

Amax = 4T A ()
The product of the maximum acceleration and the
mass in of the structure gives the maximum force, F .«
imparted to a building as:

Fmax = mamax = K

w
Parra 3)
g
High values of acceleration indicate high loading while
high velocities are associated with high energy at low
resonance frequencies of buildings. Important as the
peak ground acceleration at a location may be, it is not
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the only determinant the intensity of the shaking
effects of a ground motion. The effects depend also on
the frequency spectrum of the ground motion as well
as the shaking duration. A very high acceleration
reached over a very short period, for instance, causes
little damage to many types of structures. This was the
case in the Park field earthquake in 1966. No
significant damage was done to buildings despite the
high peak acceleration of 0.5g, -a high frequency but
short duration. In contrast, ground motions with
relatively low amplitudes which continue over a
reasonable uniform frequency for some time can build
up large acceleration and cause damage in some type
of structures. The maximum acceleration in the M,, 7.7
Mexico City event of 1957 was only about 0.05 — 0.1g
(Merino  Coronado, 1957) but the frequency
characteristics and duration were sufficiently high and
so the earthquake caused complete collapse of multi-
storey structures (Rosenblueth,1960).

Local soil deposits usually amplify the base or bedrock
excitation due to earthquake. The ratio of the
maximum ground surface acceleration on soil to that
on adjacent rock out crop is the ground amplification
factor. The factor has values in the range 1-2 for strong
motion and over 10 for microtremors (Doyle, 1995).
Soft soils such as alluvium, colluvium and loess have
higher amplification factor than firmer soils. Soil
deposits, however, do attenuate base motion in which
case, the amplification factor is less than unity.
Whether or not a given soil deposit attenuates or
amplifies bedrock excitation depends on the thickness
and dynamic properties of the soil, and the frequency
content of the base motion. The damping characteristic
of the stratum is the principal element in this regard.
Wave Frequency and Amplitude

Frequency and amplitude are the basic elements of
harmonic wave from which can be obtained the
acceleration, partied velocity, force and kinetic energy.
The frequency range of most powerful earthquake
vibrations is 0.5 - 5 Hz (Bozorgnia and Bertero, 2004).
This parameter is important in assessing structural
damage as all civil engineering structures have the
fundamental resonance frequency in the range 0.5 - 10
Hz (Reilly and Brown, 1991). If the wave train from
an earthquake contains significant energy at
frequencies close to the resonance frequencies of
structures large displacement and structural damage
may occur.

The influence of the amplitude of ground acceleration,
their frequency components and to some extent the
duration of the ground motion on different structures is
represented by means of a response spectrum — a plot
showing maximum response induced by ground
motion on different structures in single-degree of
freedom (SDOF) oscillators having different
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fundamental periods but with the same degree of
damping. The response spectrum (Winterkorn and
Fang, 1975) is usually plotted in terms of maximum or
peak acceleration against natural period (Fig 2.1), but
maximum velocity or displacement is sometimes used.
Even for a particular site the response spectra can be
very different as can be seen in Fig.2.2. Human
response limits for machines foundations and damage
to structures in term of amplitude and frequency are
given in Fig 2.3. The spectra are commonly used to
assess the lateral
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Figure 2.1 Acceleration response spectrum for El Centro,

California [W interkorn and Fang, 1975].

Figure 2.1: Acceleration response spectrum for EI
Centro, California (Winterkorn and Fang, 1975)

forces induced on structures, of particular importance
is the acceleration spectrum.

The response spectrum of a structure is site specific as
it depends on local soil type at a site. Soils and rocks
respond differently to base motion induced by an
earthquake. In the M,, 7.1 Loma Pieta earthquake of
1989 sites underlain by soils experienced peak ground
accelerations two to three times greater than those at
nearby sites on rock or stiff soils. In the M, 8.0
Michoacan earthquake of 1985 buildings in Mexico
City, about 350 km from the epicenter fared worse
than those in cities much closer to the epicenter [Seed
et al, 1987]. The cause was the thick deposits of soil
underlying Mexico City.

Earthquake Magnitude and Intensity

The magnitude, M of an earthquake is a quantitative
measure of its strength with regard to the energy
released at the source. Any earthquake has a unique
value of magnitude. Currently, there

are several scales of earthquake magnitude. The first
and one of the most commonly used is the Richter
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scale, also called the local magnitude scale and
designated the Richter magnitude, M; is

defined as the maximum trace amplitude to a
logarithm of base 10, A, of the ground motion
recorded in microns at epicentral distance of 100 km
on a Wood — Anderson Type seismograph having
damping equal to 80% of the critical damping, natural
period of 0.8s, and magnification of 2800. This
magnitude scale is instrument sensitive and is limited
too to earthquakes recorded at epicentral distance less
than 1,000 km. These facts led to definitions of other
magnitude scales such as the surface wave, the body
wave, the seismic moment and the moment magnitude
scales -the most commonly used being the moment
magnitude scale (Kappos, 2002). The surface wave
scale, M is defined as:

3.1)

where A is the amplitude, T the period of the ground
motion, and A the epicentral distance. This scale is

A
Ms=log(F)+l.66logA+3.5
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Figure 3.1 Effect of soil conditions on the peak horizontal acceleration

[Arora,

2008]

determined with respect to the amplitude of Rayleigh
waves with a period of about 20s. The body wave
magnitude scale, m, is similarly defined but is based
on the amplitude of P- waves. The seismic moment
scale, M, is a description of the extent of deformation
at the event source, while the moment magnitude, M,
is defined as a simple function of M,. All the five
magnitude scale hardly yield the same values, and so it
is necessary that whenever magnitude is used for
estimating seismic hazard the scale employed must be
stated. A notable feature of all scales, except Mw, is
the saturation - beyond a certain level, the scales stop
to increase with increasing earthquake size, Fig. 3.2:
the Richter and the body wave scales (M,, and my
respectively) saturate at about M 7.0 and the surface
wave scale M, at about 8.0. At saturation the scales
progressively — underestimates the strength  of
earthquakes produced by large fault ruptures. The M,
is the only extant magnitude scale that does not suffer
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saturation for great earthquakes. Though current
practice tends toward predominant use of M,, My and
M, scales still enjoy worldwide use. Instrumental
records of earthquakes are just about 100 years old.
Since the recurrence periods of strong earthquakes
including design earthquakes, is significantly longer
than 100 years, recourse is made to historical record of
earthquakes in seismic hazard analysis. Even where
historical records go back to a thousand years as in
China, their completeness and quality vary greatly.
The effects of past earthquakes on humans and
structures are the critical information furnished by
such records.

The intensity is a qualitative measure of damage
caused by earthquakes. Larger events give rise,
generally, to higher intensity. For the same earthquake,
the intensity scale must commonly used. This scale, as
well as the Medvedev scale, categorizes damage in 12
classes or degrees, Roman- numbered I — XII. Both
scales are generally equivalent, though there is a small
discrepancy at the lower end of the scale.

The main advantage of intensity measure of
earthquake size is that is can be estimated from the
historical records — hence its relevance in historical
seismology. The measure is also useful today as a

Magnitude scale, M
(=2}

2 3 4 5 6 7 8 9
Mw

Figure 3.2 Relationship between moment magnitude
scale, Mw and other magnitude scales (Hunt, 1986)

compliment to instrumental records, and it can be
estimated in all affected areas, including where there is
no instrumentation. The main disadvantages are that it
varies considerably within the area and its estimation
involves substantial subjective judgment. A major
problem in estimating intensity is that similar
structures respond differently to the same earthquake.
Ground Response

Based on their responses to bedrock excitation, soils
are classified as stable or unstable. Stable soils
undergo elastic and plastic deformation but serve to
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dampen seismic motion and still maintain some
strength level. In contrast, unstable soils undergo
sudden compaction or complete loss of strength under
the imposed load. Where structural damage is related
to large instability of the soil, resulting in considerable
permanent movement of the ground surface,
association of damage with local soil conditions is
readily apparent. Appreciation of the effects of soil
condition on damage due mainly to base excitation
requires an understanding of the complex relationship
between soil type, soil depth, the amplitude of ground
motion and the characteristics of the structure
involved/affected. Seismic ground motion results in a
number of significant phenomena in soil deposit
including compaction, surface displacement and
subsidence of surface over extreme area, soil
liquefaction as well as landslides.

Ground vibration due to earthquakes often results in
compaction and associated settlement of cohesion less
soil deposits. Compaction occurs mostly in well
drained saturated fine sands. It gives rise to subsidence
at times over extreme area. The New Madrid quake of
1811-12 resulted in ground subsidence of up to 7m in
the valley of Mississippi River (Grantz, 1964). Many
structures founded on sand deposits settled more than
Im during the 1964 earthquake in Niigata Japan [Hiu
et al, 1996]. In Portage area of Alaska, 1984, a
combination of about 1.2m of settlement due to
tectonic movement and about equal settlement due to
compaction of the surface layer of sand resulted in
ground settlement/subsidence of about 2.4m (Atwell
and Farmer, 1976). Susceptibility to compaction is
influenced by the particle size characteristics of the
soil, the relative density, confining pressure and the
duration of effective ground shaking.

Liquefaction is one of the most dramatic effects of
earthquakes. It is manifested in the formation in the
ground surface of sand boil and mud spout, seepage of
underground water through cracks and in some
instances, by development of quick sand-ice condition
over large ground surface. Diagnostic properties of
liquefiable soils include the standard penetration test
(SPT) number, particles size distribution and the
uniformity coefficient. Envelopes of particle size
distribution curves of soils identified to have
undergone cyclic liquefaction are shown in Figure 4.1.
Also shown in this figure is the envelope for some A-3
soils in Nigeria. This envelope falls well within those
of soils known to be prone to liquefaction. The A-3
soils were from erosion ravaged parts of the country.
Cyclic liquefaction also occurs in surficial deposits or
in strata at depth. Buildings may sink considerably into
the ground or lightweight structures can rise to the
surface where liquefaction occurs in deposits at depth.

Percentage passing,%
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Flow slides are also triggered if liquefaction occurs on
sloping terrains. The relation between soil liquefaction
and risk is not a simple one. In some cases abound
damage to structures has been intensified due to
foundation liquefaction while in others damage to
superstructures has been reduced. Also, there are many
cases which indicate the importance of the depth of
liquefaction on damage: the deeper the liquefied
stratum, the lighter the damage. Soils most prone to
cyclic liquefaction include: clean, cohesionless, water-
saturated fine sands generally with 9m of the ground
surface, deposited during the last 10,000 years
(Quaternary deposits). Such deposits include aeolian,
fluvial and colloid materials. Some clayey soils exhibit
structural softening behaviour under seismic loading.
The behavior may give rise to/result in features which
have many characteristics of liquefaction failures.
Development of liquefaction is determined by the
magnitude of the cyclic shear stress or strain cycles,
the initial density, the confining pressure and the
mutual shear stress acting on the sand.

Structural Response

Structures on different or sometimes on the same
foundation/soil exhibit/display surprisingly varied
response and damage. However, extensive
observations and studies (PWD, 1952; Finn, 1972; Eze
and Suoware, 1993 and Atsekhame, 2006) showed that
civil engineering structures and other constructions
respond to earthquake- induced ground shaking in the
following general manner.
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Figure 4.1 Envelopes of particle size curves of soils known to have liquefied.

Buildings

All buildings have certain natural period at which they
tend to vibrate. The fundamental natural period
depends on the flexibility and mass of the building,
being high in massive and flexible structures like
elevated water tanks and suspension bridges and low
in rigid buildings such as single-storey and low-rise
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buildings. .If the seismic waves have vibration within
the same period as a building, the amplitude is
increased, and they will shake the building severely. If
the ground is significantly different, the effect is much
less severe. Adjoining buildings may have different
fundamental periods and may vibrate out of phase with
each other. In building spaced less than 1m apart, the
resulting interference can give rise to mutual
destruction. If the buildings are closely spaced down
slope, progressive collapse may occur. Taller building
because they are flexible, surfer more structural
damage when located on soft ground that also have
large fundamental periods. Low buildings with shorter
periods are more vulnerable on rock since they have
higher frequencies. The earthquakes resistance of a
building depends on optimum combination of strength
and flexibility, since it has to absorb and resist the
impact of seismic waves (Green, 1989). The following
considerations  apply. In  general, however,
observations and studies show the following general
trend:

1) Buildings with irregular configurations suffer more
damage than those with regular configurations. Plan
irregularities include E, T, U, H L etc. (Figure. 4.2).
Irregular building configuration is one of the most
important cause of damage of reinforced concrete
building under seismic ground vibration (Sharma,
2009). Plan irregularities give rise to large torsional
forces, which, in addition to the inertia forces, may
result in partial or complete collapse of the building.

s

515

Figure 4.2 Some building irregularities: i-iv =
asymmetrical plan irregularities, v = vertical
geometric irregularity, vi-vii = re-entrant
corners [Green, 1989].
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2)  Structures not specifically designed to resist
seismic loading perform far worse on soft saturated
alluvium than on firmer foundations. This was typical
in the 2010 Haiti earthquake s [Haiti earthquake-
Wikipedia, 2010]. However, rigid building on
alluvium suffer less damage than those on rock- this
being due to the cushioning effect of rigid structures.

213

Unreinforced masonry (U R M) buildings are usually
risky. Seismically strengthened U R M building offers
better resistance than non-retrofitted ones.

3) Structures and systems that are properly designed
pose little or no damage even in regions having poor
soils or high level ground shaking.

4) Deep foundations generally are not hazardous in an
earthquake. Contrarily, shallow foundations are
sensitive to the vertical component displacement
especially if the structure is light and the water table is
is high. Buildings constructed using different types of
materials can be hazardous.

5) Generally, well constructed simple structures often
survive seismic involved ground shaking unscratched.
6) Inadequate seismic separation between buildings on
soft soils leads to folding of building resulting in
significant damage.

7) Properly constructed wood framed building can
withstand strong ground motion.

8) Building made of brick-stone and concrete brick
are not resistance to ground shaking, but the resistance
can be satisfactorily improved by reinforcing with steel
especially at weak points.

9) Masonry buildings usually collapse under seismic
load. This is due mostly to their low shear and tensile
strength, their high rigidity, low ductility and low
capacity for bearing reversed/cyclic loads and the
redistribution of stress.  Brick masonry building
however can be made much safer by appropriate
reinforcing steel (Krinitzsky et al, 1993).

10) Framed structures due to their flexibility are
capable of resisting large deformation and
redistribution of stresses. Reinforced concrete or steel
framed buildings usually remains largely undisturbed
even after strong earthquakes.

11)  Chimney and tall roofs are hazardous to
occupants.

12) Modern buildings with still column and beams
and/or reinforced concrete perform satisfactorily well
if placed on firm foundation having flexibility and
some ductility to absorb strong ground shaking.
However, the Northridge M,, 6.7 earthquake of 1974
caused some unexpected fractures in welds in some
steel frame buildings, which may be more susceptible
to strong ground motion than previously suspected
[U.S. Earthquake Centre, 1994].

13) For piles and other deep foundation, the main
factors affecting their performance under earthquake —
induced ground motion are the connection of the piles
to the structure, the foundation interaction and loss of
pile soil (soil supported by pile). Piles embedded in
loose soil fills tend to follow the movement of the fill
during earthquake, resulting in building coming off the
plies. (National Building Committee, 1975).

14 Compacted engineering landfill materials perform
very well unlike uncontrolled hydraulic fills, the latter
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contribute to extensive damage to buildings and
underground utilities (Graf, 1990)

Bridges

Performance of bridges during earthquakes is
influenced by proximity of the bridge to the fault and
site condition. The potential damage of an earthquake
depends on a number of factors: how well the building
are constructed and maintained, the seismic energy
impacted as represented by the magnitude, acceleration
and duration of strong ground motion, the ground
response which is determined by the type and
character of the rocks and soils involved and the
epicentral distance.

Effect of site condition on bridge response came to be
widely recognized following the 1989 Loma Pieta
earthquake). Since then, bridge seismic practices have
changed, largely reflecting lessons learnt from
performances of last quakes (Chen and Duan, 2000).
Excellent example of new contribution era is in the
observation of the relative performance of bridges on
Routes 3 and 5 of the Hanshin Expressway in Kobe,
Japan. Route 3 was constructed in the period 1965-
1976 while Route 5 was completed in the early to mid
1990’s (Chan, 1995). The routes run parallel to each
other and while Route 3 is farther inland, Route 5 was
built largely on reclaimed land. Despite the potentially
worse soil conditions for Route 5, it performed far
better than Route 3, losing only a single span owing
apparently to permanent ground deformation and span
unseating. In contrast, Route 3 sustained moderate to
large scale damage in 637 piers, with damage in over
1300 spans, and approximately 50 spans requiring
replacement. The M 8.3 Alaska quake, 1994 caused
external damage to bridge foundations located at a
distance of 80-130 km from the zone of major energy
release. Damages included horizontal movement of
abutment foundations, towards the stream channels,
spreading and settling of abutments and piers (National
Building Committee, 1975).

Landslides

Large earthquakes generate thousands of landslides
such as the 6.7 M,, Northridge earthquake of 1994
(U.S. Earthquake Centre, 1994), and the El Salvador
quake of 2001 (Lomnitz and Rodriguez, 2001).
Earthquake-triggered landslides offshore are known to
have generated tsunamis as typified by the 9.2M,, 1964
Alaska quake and the accompanying 48 m high
tsunami that devastated the waterfronts of Seaward and
Valdez (Hampton et al, 1993).

CONCLUSION

A lot has been achieved in the understanding of the
characteristics of earthquakes and how these impact on
structural damage. The advances made in earthquake
resistant construction in the past two decades
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particularly in the U. S. and Japan should be taken
advantage of even in areas currently regarded as
“quake-free”. Frequent tremors in southwestern
Nigeria-one in 1986 and recently in 2009 [Adepetumi,
2010] are reminders that countries should not be said
to be that safe from this natural disaster. It may be
necessary to incorporate some elements of seismic
resistance in some critical constructions like tall-rise
buildings, dams etc.
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