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Appendix A

Earthquake Sources and
Shaking

Despite the paucity of earthquakes in Aizawl’s short recorded history, all available scientific
evidence shows that a strong, damaging earthquake will affect Aizawl in the future. This
appendix describes the source faults capable of generating earthquakes that can affect Aizawl,
the rationale for selecting the scenario earthquake, and the method used to estimate the level of
shaking that the scenario event would cause.

Regional Tectonic Setting

The Indian plate moves northward relative to Asia and thrusts underneath it along the
Himalayan thrust front. This arc-shaped plate boundary ends at hair-pin structural bends, or
syntaxes, where the Himalayan collision transitions to transpressional boundaries. Beyond the
eastern Syntaxis, along the eastern flank of the Indian continental “indenter”, the relative
motion is both right-lateral and shortening. This tectonic system, or orogen, has been operative
for at least 30 million years and has resulted in the penetration of India into Asia, the lifting of
the Tibetan Plateau, and the fragmentation and eastward flight of Southeast Asia, moving out of
the way of continental India. Figure 1 shows the plate boundaries and other major structures in
the region.

Figure 1. Left: Motion of the Indian “land mass” relative to the Asian plate during the last 71 million years.
The Indian plate includes this continental portion plus surrounding oceanic lithosphere. The large amount of
convergence was first entirely accommodated by subduction of Indian oceanic lithosphere under the Asian
plate. By tucking lithosphere into the Earth’s mantle, subduction can accommodate convergence without
major deformation of the plates on either side. Starting about 38 million years ago, continental parts of the
Indian plate began to collide with continental parts of the Asian plate. Continental lithosphere is light and
cannot subduct. This collision slowed down the convergence and caused the rise of the Himalayas, the
Tibetan Plateau, and the eastward “escape” of Southeast Asia. Subduction, however, continued on the flanks
of the Himalayan arc, the contact zone between the continents. Right: The India-Asia collision is ongoing, as
shown by current tectonic regime in south and Southeast Asia. The continued northward motion of India and
the Himalayas relative to the flanking parts of Southeast Asia has warped the boundary forming the Eastern
Syntaxis (ES). Subduction along the Sunda Arc continues north into the Burma (B.) Arc, including parts that

Effects of a Magnitude 7 Earthquake and Recommendations to Reduce Losses

59

flank the Ganges-Brahmaputra delta and are now entirely on land. Plate boundaries are in red, while black
lines are major active faults within Asia.

Himalayan tectonics is a dramatic manifestation of the buoyancy of continental masses and of
the space problems that arise when continental portions of the plates collide and converge. In
contrast, convergence occurs easily where cold and dense oceanic lithosphere of the Indian
plate subducts into the mantle along the Sunda Arc. The eastern Himalayan Syntaxis marks the
transitions between collision and subduction. This sharp bend of the plate boundary manifests
protracted differential velocity: continental India kept pushing the Himalayan collision front
northward relative to Asia while the subduction boundary lagged behind, gradually closing in
toward India and eventually developing an arc-continent collision, which is currently
progressing southward from the syntaxis. The transition from subduction to collision is gradual,
involving progressively deeper and more competent parts of the plates.

Aizawl is situated on a ridge of the Burma Ranges, the vast fold belt associated with subduction
of the Indian plate along the Burma segment of the Sunda Arc, south of the eastern Himalayan
Syntaxis. The Burma fold belt is the surface manifestation of contraction and thrust faulting in
the wedge of sediment scraped, or accreted, off the Indian plate as it subducted eastward under
the Sunda plate (Figure 2). The process of accretion involves the transfer of sediment from the
lower subducting plate to the upper plate and implies tectonic shortening of this sediment in the
direction of subduction. Shortening is accomplished primarily by folding driven by blind, i.e.,
buried, thrust faults. Wedges of accreted sediment are typical of subduction boundaries, but the
Burma wedge is extreme in having accreted the huge amount of sediment eroded from the
Himalayas. As a result of this extraordinary sediment supply, the Burma accretion belt is very
wide and thick, and is thus mostly above sea level, while most accretion belts are submerged. In
the northern part of the belt, at the latitude of Aizawl, the belt is 350 km wide and completely on
land.

Structurally, accretion wedges, including the Burma fold belt, are floored by a shallow-dipping
plate boundary fault called a megathrust. These megathrusts are typical of subduction
boundaries and are responsible for the largest known earthquakes (e.g., Sumatra 2004; Japan
2011). These faults separate the subducting lithosphere below from the accreted sediments
above. In the Burma fold belt, tectonic compression and sediment accretion occur
simultaneously. Tectonic stress and gravity reach equilibrium when the shape of the accretion
wedge attains a critical taper angle between the landward-dipping megathrust and the seawarddipping upper surface. As continuing accretion makes the wedge wider, internal shortening of
the wedge by thrust-folding makes it thicker, thus maintaining critical taper. Additional
shortening is required to counteract the effect of erosion. Thus all parts of an accretion wedge
tend to be tectonically active (Davis et al., 1983).

Located approximately 150 km north of Aizawl, the Shillong Massif is a huge east-west striking
anticline (a structure in which the rock layers are bent into an inverted ‘U’) involving ancient
rocks of the Indian crust. The anticline is rooted on a north dipping thrust fault, which is mostly
blind, meaning that it does not break the surface, and is the likely source of the 1897 Shillong
earthquake. This regional thrust fault retains the name Dauki fault, although it is blind and
differs from the structure identified with that name in some of the literature. Paired with the
massif-anticline and on the footwall side of the Dauki fault is a very prominent and rapidly
subsiding trough called a foredeep, identified as the Sylhet basin. The Dauki contractional
orogen continues beyond the massif, both to the east buried under the Burma accretion belt,
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and to the west-northwest beyond the Brahmaputra River, which bevels the edge of the
structure through erosion. This orogen is developing obliquely across the continental margin of
India and may eventually reach from the Himalayan collision to the Burma subduction, thus
shunting across the Eastern Himalayan Syntaxis. Tectonic and geomorphic processes on the
Shillong anticline are clearly not in equilibrium, and the Sylhet foredeep contains only
Quaternary sediment. This regional structure is surprisingly young, but is already
accommodating some of the shortening previously taken solely by the eastern Himalayas,
possibly initiating a profound re-organization of the Eastern Syntaxis. A consequence of
tectonics in transition is that major structures capable of generating huge earthquakes, such as
the Dauki fault, are so young that they may have accumulated relatively little deformation and
thus have only a modest geomorphic expression.

Figure 2. Profile showing seismicity and tectonics across the Burma fold belt. This wide zone of active folding
is the result of accretion of the light sedimentary cover above the megathrust (blue), the shallow part of the
boundary allowing subduction of the oceanic Indian plate to the east under Burma. Hypocenters from the last
40 years are black dots and, for the larger earthquakes, balloons representing the faulting that generated the
earthquakes, as deduced from the seismic waves. Hypocenters from the box in the inset map are projected in
the profile. Most current seismicity is diffused within the Indian plate below the megathrust. The faults
responsible for this seismicity tend to be normal to this boundary; fault motion tends to be parallel to the
boundary such that the subducting Indian plate is stretched in the direction of subduction (thin black lines
show the extension direction for each earthquake). Where the boundary is shallow-dipping as below Aizawl,
these earthquake sources can be described as sub-vertical strike-slip faults, either oriented northwest and
right lateral, or oriented southeast and left-lateral. In contrast, geodetic data show ongoing shortening across
the belt, which occurs in the accretion wedge above the megathrust and is structurally manifested by the fold
belt. Models of the geodetic data suggest that the megathrust is locked and the motion is currently absorbed
elastically for the most part. If so, a large megathrust earthquake rupture is expected (redrawn from Howe et
al., AGU, 2013).
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Earthquake Sources Relevant to Earthquake Hazard in Aizawl
Earthquake magnitude and distance are obvious parameters affecting whether damage occurs,
but many other factors contribute as well, such as the direction the earthquake rupture
propagates, the absorption of seismic energy as the seismic waves pass through rock and soil,
called attenuation, and seismic response at the location in question. Technically, the term
hazard describes the probability of a given shaking irrespective of what is being shaken. The
probability of damage, or the risk, involves also the presence and vulnerability of people,
buildings and infrastructure exposed to the hazard. As a result, the maximum distance at which
a given magnitude earthquake can cause damage varies greatly. Conversely, the area where
earthquake sources are pertinent to the hazard at any specific site is large. Poorly constrained
parameters make this area larger. Following is a preliminary list of tectonically distinct classes
of earthquake sources likely to be pertinent to earthquake risk in Aizawl. Figure 3 shows major
faults and regional structures.

Figure 3.Tectonic map of the India-Burma collision/subduction boundary south of the Eastern
Himalayan Syntaxis. Earthquakes deeper than 60 km illuminate the Indian lithosphere subducted
below Burma. Shallower events are omitted to avoid clutter. C-M F = Churachandpur Mao fault
(Seeber et al., AGU 2013).

Several research teams are independently combining GPS data from Bangladesh, India, Tibet
and Myanmar to resolve motions of the Indian, Asian, and Burma plates near the ‘triple junction’
between these plates, which is centered at the Eastern Himalayan Syntaxis, north of Aizawl. All
rates of relative motion mentioned here are preliminary and some of the conclusions are being
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debated. As expected, the motion across the India-Burma subduction boundary is oblique
convergence. At approximately the latitude of Aizawl, we measure 18mm/y of convergence
normal to the boundary and 45mm/y of dextral motion parallel to the boundary (Steckler et al.,
AGU 2013). We also find 8mm/y of shortening across the Dauki fault, with little or no boundaryparallel motion. We believe that seismicity and GPS velocity profiles pertinent to the structures
listed below generally point to elastic deformation within the seismogenic depth range that will
eventually be released by earthquake ruptures. Different conclusions have been published.
Probabilistic hazard analysis, a type of analysis in which concepts from probability and statistics
account for uncertainty, can formally incorporate contrary hypotheses in the calculations.

The sources responsible for the largest earthquakes relevant to hazard in Aizawl are very large
thrust faults, or megathrusts, that are responsible for most of the convergence. These faults are
shallow-dipping and thus separate lower and upper plates. Near the main faults, these plates
tend to deform internally and to contain secondary intraplate faults that also generate
earthquakes. Maximum magnitudes from these secondary sources tend to be smaller,
nevertheless they are important for hazard because these faults are numerous and widely
distributed and thus their earthquakes tend to be more frequent and can generally occur closer
to population centers.

The India-Burma Subduction Megathrust
The Burma Ranges are the topographic expressions of the active fold-thrust belt of an accretion
wedge riding above the megathrust of the active subduction of the Indian plate under the Burma
plate. This megathrust accounts for most of the India-Burma shortening and for some of the
dextral motion as well. In our interpretation of the GPS data, much of this fault is now locked,
from approximately the longitude of Aizawl west, and about 13 mm/y is loading elastically this
part of the fault. Much convergence can likely be absorbed before reaching failure, given the
large size of the fault and the high compliance of sedimentary rock in the accretion wedge above
the megathrust.

Maximum displacements greater than 10 m are typical of large megathrust ruptures; for
example, displacements from the M9.0, 2011 megathrust rupture in Japan reached 50 m. Given
the GPS results, a characteristic rupture with 13 m of east-west shortening would recur after
1000 years. Total motion on these ruptures would probably be greater than 13 m because the
slip would likely be oblique to the boundary to accommodate some of the dextral motion as
well. Consequently, it is understandable that such a rupture has not been recorded in several
hundred years of written and oral history. On the other hand, no megathrust rupture in the last
five centuries implies at least 6.5 m of shortening has been absorbed elastically since the last
rupture. A complete single-earthquake rupture of the seismic ‘gap’ between the 1762 rupture
on the south and the Dauki fault to the north would be approximately 250 km along strike and
150 km along dip, which may be expected to deliver an earthquake with magnitude greater than
8.5.
The effects of such a megathrust rupture are conjectural, with no local historic precedent and
mostly submarine analogs. But, such an event can be expected to cause damage from strong and
prolonged shaking, landsliding, sediment liquefaction and ground failure, river course changes
and flooding, and years of damaging aftershocks. Effects may be considerably worse if the
earthquake happens during the rainy season. The regional and widespread nature of the
damage is likely to compound the negative effects and slow down the recovery. This megathrust
Effects of a Magnitude 7 Earthquake and Recommendations to Reduce Losses

63

is a relatively low probability earthquake source, but with very high-stakes, potentially directly
affecting more people than any other prior earthquake in history. More research is urgently
needed to better understand and constrain the seismogenic behavior and effects of this source.

Dauki Thrust Fault
The Dauki fault is a deeply rooted thrust fault responsible for the uplift of the Shillong Massif.
This fault is most likely the source of the 1897 Assam earthquake. This earthquake was centered
on the western Shillong massif, approximately 250 km from Aizawl, but according to Oldham,
the “area of extensive damage to masonry buildings” reached into the fold belt as close as 70 km
northwest of Aizawl. Several lines of evidence suggest that the Dauki fault continues eastward
below the Burma fold belt and the megathrust that floors them (Seeber et al., AGU 2013). It is
conceivable that the 1897 earthquake only ruptured the west segment of the Dauki fault and
that another segment of this fault to the east has continued to accumulate elastic strain for a
rupture. This eastern segment is 150 km from Aizawl, close enough for Aizawl to be included in
the “area of extensive damage to masonry buildings” of an 1897-like earthquake on the Dauki
fault’s eastern segment.

Thrust fault(s) Responsible for Anticlines Either Below or Near Aizawl
Like most anticlines, the one hosting Aizawl city is likely to be constructed above one or more
thrust faults. Fold-related faults in a fold belt are typically a series of ramps rooted into the same
shallow angle detachment, or “flat”. Each of these ramps absorbs some displacement from this
basal fault. The megathrust is the master fault postulated to spawn the steeper ramps below
each anticline in the Burma belt. Seismicity weakly constrains the megathrust to be 20 km deep
below Aizawl (Howe et al., AGU 2013). North and south of Aizawl city, the anticline axis can be
traced continuously for 30 km, but at the city the axis is offset to the left 3.5 km. This suggests
distinct thrust faults north and south of the city, each about 30 km long.
No direct subsurface evidence is available for the Aizawl anticline, but the dip-dimension of the
ramps can be postulated from surface structural data combined with examples of younger and
less developed anticlines closer to the deformation front in Bangladesh. Counting from the first
exposed anticline (Lalmai), Aizawl is the 13th. If each of these share equally the total shortening,
slip-rate on each ramp would be ~1 mm/y. Several ramp earthquakes in the M5-6 range have
recently occurred in the fold belt in Bangladesh. The maximum earthquake magnitude these
ramps can generate is expected to increase as the ramps and folds grow in age and in structural
relief east of the deformation front and may be in the M6-7 range for Aizawl. These estimates
imply recurrence times for such a maximum earthquake of several thousand years. Several such
faults are close enough to contribute to the hazard in Aizawl, however. At least some of these
ramp earthquakes are likely to be clustered as aftershocks of megathrust ruptures. These ramp
earthquakes are shallow, and as a result we expect damage at lower magnitudes. This translates
into many more damaging earthquakes, given the typical ten-fold increase in number of
earthquakes for each one-unit decrease in magnitude.
Earthquakes within the Indian (lower) Plate
Most of the current seismicity in the area of the fold belt originates in the lower plate below the
megathrust (Figure 2). We have no structural information about the faults generating these
earthquakes, but we can learn about these sources from seismology. Lower-plate seismicity is
known from subduction zones worldwide. Based on such data, maximum magnitudes are likely
to be less than or equal to M7, which is higher than from the ramps above the megathrust. But
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lower-plate sources are deeper and seismic wave attenuation is expected to be higher, not only
for the longer path to the surface, but also because attenuation may be particularly high across
the megathrust, which the waves have to traverse. From observed seismicity, these lower-plate
earthquakes below the megathrust are generated by quasi vertical strike-slip faults, which
either strike SW-NE and have left-lateral motion (meaning that when facing the fault, the
opposite side of the fault moves to your left), or they strike NW-SE and have right lateral
motion.

Strike-slip Faults Parallel to Fold Belt
Of the 45 mm/y of dextral shear measured by GPS across the India-Burma boundary, 21 mm/y
are taken up by the Sagaing fault (Vigny et al., 2003; Maurin et al., 2010), which is 330 km from
Aizawl and thus too far to affect Aizawl’s hazard. A substantial portion, possibly more than half,
of the remaining 20 mm/y is in part taken up by the Churachandpur Mao fault (Gahalaut et al,
2013), whose southern continuation along the belt may reach as close as 75 km to Aizawl. Little
is known about this fault, but until proven otherwise, this fault needs to be considered a
significant source of hazard for Aizawl. Some dextral motion may be widely distributed and
absorbed by thrust folds.

Kabaw Fault
The Kabaw regional fault bounds the Burma Ranges to the east at a minimum distance of about
150 km from Aizawl. It is thought to be active, based on the young sediments being deformed.
This fault is likely to contribute to the shortening unaccounted for by the megathrust, but little
is known about it. This fault is mostly expressed by folds verging to west and is clearly dipping
to east where exposed along its northern segment. This geometry places the high land of the
axial zone of the Burma Ranges on the footwall side and the Central Valley on the hanging wall
side of the fault. The structure is thus opposite to the one expected from the morphology. It is
possible that the Kabaw fault is an antithetic roof thrust of a deeper thrust fault dipping to west
(e.g., Figure 2).

Rationale for Selecting the Scenario Event

After evaluating the sources described above, we selected a M7 right-lateral strike-slip event
occurring within the lower Indian plate below the megathrust. At Aizawl, we estimate the depth
to the megathrust to be 20 km. The rupture plane is vertically oriented, centered at 30 km
depth, and is 10 km wide and 25 km long. We arbitrarily selected a NW-SE striking rupture; the
rupture could also strike SW-NE. Because most current seismicity occurs below the megathrust,
such an event is plausible and least controversial.

We selected this scenario event based on the potential strength of shaking and the general
likelihood of occurrence. The strength of shaking at Aizawl anticipated from the above sources
varies from relatively weak shaking from more distant events, to very strong shaking from
shallow thrust fault earthquakes beneath the city. With many possible levels of shaking, and the
relative likelihood of each event poorly constrained by available data, we exercised scientific
judgment to select the most appropriate event for the purpose of this scenario. We selected an
event that is quite plausible, based on the observed seismicity and world-wide analogs. This
event causes shaking strong enough to affect the city and to demonstrate vulnerabilities, but is
far from being a less likely “worst case” scenario. Based on observed seismicity, the selected
scenario earthquake seems more likely than some of the other events considered.
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Shaking Caused by the Scenario Event
The level of shaking for the scenario event was determined by the United States Geological
Survey using their ShakeMap software. This software models the shaking from a defined
earthquake source using relationships based on data from past earthquakes, called ground
motion prediction equations. For this scenario, ground motion prediction equations are from
Akkar and Bommer (2010) and generally apply to a tectonically active environment; published
ground motion prediction equations specifically for northeast India did not exist when we
created this scenario. The ground motions that result are for rock sites, which can be used
without significant modification in Aizawl, where rock is either at the surface or very close to it.
The estimated maximum value of peak ground acceleration is 0.42g and the peak ground
velocity is 50 cm/s. For the main part of Aizawl city, the peak ground acceleration is 0.35g, and
the peak ground velocity is 40 cm/s.

Figure 4. Scenario earthquake peak ground acceleration contours created using USGS ShakeMap software
(see usgs.gov for details). The black line shows the location of the rupture plane’s top edge, if projected to the
ground surface. The red circle is the epicenter, the location on the ground surface directly above the point
where the rupture initiated.

This level of ground shaking is similar to what the Indian Standard IS 1893 (BIS, 2002)
prescribes for Seismic Zone V, and is in the range of shaking anticipated by recent probabilistic
seismic hazard analyses. The peak ground acceleration (PGA) value at Aizawl from Iyengar et al.
(2010) is 0.35g for a 2500 year return period (~2% probability of exceedance in 50 years). The
peak ground acceleration value from MIRSAC (2005) is 0.4g for 950 year return period (10%
probability of exceedance in 100 yrs). As described in the scenario, we expect this level of
shaking to cause considerable damage throughout the city.
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Appendix B

Landslides
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1.0 Introduction
Landslides represent a major threat to human life, property, constructed facilities,
infrastructure and the natural environment in most mountainous and hilly regions of the world.
Aizawl faces an elevated threat of landslides due to specific geologic, seismic, climate, and
development conditions that exacerbate landslide hazard conditions. Ongoing geologic
processes have created the narrow, steep-sided ridges comprised of weak rock layers that
underlie Aizawl City. The unfavorable geologic conditions and steep slopes are subject to
devastating failure in the form of pervasive landsliding, often triggered by heavy monsoon rains.
As a result, destructive landslides dominate the historical geologic hazard record in the region.
The most recent demonstration of this active and ongoing geologic process occurred on May 11,
2013 when a catastrophic landslide occurred in the Laipuitlang locality, causing the deaths of 17
people and destroying several buildings.

This appendix describes the types of landslides that occur in Aizawl and their underlying causes,
as well as the process Lettis Consultants International (LCI) followed to estimate the amount of
landsliding likely to occur during the scenario earthquake. We investigated potential sliding in a
Study Area in north-central Aizawl with representative slopes and development, shown in
Figure 1 following the text of this appendix, and extended the results to the remainder of the
urban area. The Study Area includes the northern portion of the central Aizawl ridgeline with
the highest density of urban development, as well as the valley to the east and limited slope
areas to the west. It has an area of approximately 4 km² and comprises large areas of developed
hillslopes as well as undeveloped, natural terrain hillside. The Study Area includes all or part of
approximately 19 Aizawl localities.

Subsequent sections describe the geologic context, engineering geologic mapping, slope stability
analyses, hazard zone definition, and method of estimating the area likely to slide during the
scenario. Please note that the analyses and results in this section are based on limited site
specific subsurface information including geotechnical laboratory analyses, as well as empirical
data from published earthquake induced landslide hazard reports. Ground deformations under
static and seismic conditions can result from a variety of sources, and reasonable assumptions
have been made to model conditions, including material strength, groundwater conditions, and
expected seismic shaking. The information presented represents an attempt to characterize the
slope stability hazard of a specified study area in Aizawl under assumed conditions; maps and
analyses should be updated as new information becomes available.

2.0 Regional Geology
Aizawl is located within the hills of the Western Burmese ranges, which extend from Mizoram’s
borders with Tripura and Bangladesh across the state and into Myanmar. The altitude of the
city varies between 800 and 1188 meters above mean sea level. The area is characterized by
dramatic north-trending ridges and valleys and steeply dipping hillslopes. These nearly
parallel, repeated, linear ridgelines―spaced approximately 25 km apart―are part of the larger
Burmese fold and thrust belt formed by the collision of the Indian and Asian crustal plates along
the Burma segment of the Sunda Arc. (Appendix A: Earthquake Sources and Shaking contains a
detailed description of the regional tectonic setting). Aizawl City is located along the
topographic crest and steep limbs of one of these anticlinal folds.
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The folding and related compressional faulting that has created the Burmese fold and thrust belt
has resulted in the uplift and deformation of late-Tertiary (approximately 5 to 20 million years
old) marine sedimentary rocks consisting of sandstone and siltstone-shale flysch deposits.
Flysch is a sequence of sedimentary rocks deposited in a marine environment in an active
tectonic environment. These flysch deposits include repeating, well bedded, clastic sandstone
and siltstone-shale units that comprise approximately 70 and 29 percent of the Aizawl area,
respectively (Aizawl Development Authority, 2013). These weak to moderately cemented units
were deposited in a deep to shallow marine or deltaic environment and are now exposed along
a series of narrow, N-S trending ridges and valleys.

The geologic units in the central part of northern Mizoram are mapped as part of the Surma
group with further lithostratigraphic classification that includes the Bhuban and Bokabil
subgroups in the Aizawl area (Evans, 1964; Jaggi and others, 1986). The Bokabil subgroup
consists primarily of alternating beds of argillaceous siltstone-shale and thinly bedded, medium
grained sandstone interbeds. The Bhuban subgroup consists of mainly arenaceous, fine to
medium grained, thinly to moderately bedded sandstone with interlaminations of shale.

The folded stratigraphy and steeply incised terrain produces two types of slopes that are of
particular interest when assessing landslide hazard, shown below. The first and most
susceptible to landsliding are slopes where the bedding of the rock layers is parallel to the
direction of the slope, a condition called slope parallel bedding or adverse bedding. The second
type are slopes with bedding perpendicular to the slope, called slope perpendicular bedding or
slope normal bedding. Slopes in the Aizawl area with adverse bedding have a higher prevalence
of landslides. Steep slopes with perpendicular bedding are also prone to failure, as they are
susceptible to landsliding along intersecting discontinuities, such as joints and fractures.

Slope parallel (adverse) bedding and slope perpendicular bedding (Image credit: MOSSAIC w/LCI additions)
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3.0 Landslides in Aizawl
The geologic conditions in Aizawl that contribute to elevated landslide hazard include: 1) steep
slopes; 2) weak rock strengths; 3) pervasive discontinuities (i.e., joints, fractures, and faults);
and 4) slope parallel sub-surface bedding. These geologic conditions, in conjunction with poorly
regulated building practices, heavy monsoonal rain, and the potential for strong seismic ground
shaking, produce a high risk environment with potential for significant loss of life and property.

The following sections summarize landslide characteristics for Aizawl City.

3.1 Landslide Types
The term landslide encompasses the downward lateral movement of earth materials due to
gravity (Keefer, 1984). We classify landslides with a two-part designation based on Varnes
(1978) and Cruden and Varnes (1996). The designation captures both the type of material that
failed and the type of movement that the failed material exhibited.

Many different landslide classifications exist that describe failures in both rock and surficial soil
materials. Most landsliding in Aizawl is located in rock. Therefore we only modeled rock
failures or landslides that occurred in hard or firm bedrock that was intact and in place prior to
slope movement. Landslide movements are interpreted from the geomorphic expression of the
landslide deposit and source area. Falls and slides are the two most recognized types of
landslide movement in Aizawl. Falls are masses of soil or rock that dislodge from steep slopes
and free-fall, bounce, or roll downslope. Slides displace masses of material along one or more
discrete planes. In rotational sliding, the slide plane is curved and the mass rotates backwards
around an axis parallel to the slope; in translational sliding, the failure surface is more or less
planar and the mass moves parallel to the ground surface.
The figure below shows the specific types of landslides that most commonly occur in the Aizawl
area: deep and shallow seated translational and rotational rock slides; and rock falls.

Translational Rock Slide

Rotational Rock Slide

Rock Fall

Common types of landslides in Aizawl (Image credit: Geology.com)

Rock slides are landslides involving bedrock in which the rock that moves remains largely intact
for at least a portion of the movement. Rock slides can range in size from small and thin to very
large and thick, and are subject to a wide range of triggering mechanisms. The sliding occurs at
the base of the rock mass along one to several relatively thin zones of weakness, which are
variably referred to as “slide planes,” “shear surfaces,” “slip surfaces,” “rupture surfaces,” or
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“failure surfaces.” The sliding surface may be curved or planar in shape. Rock slides with curved
sliding surfaces are commonly called “slumps” or “rotational slides,” (or locally, referred to as
“sinking areas”). Those with planar failure surfaces are commonly called “translational slides,”
“block slides,” or “block glides.” Rock slides that occur on intersecting planar surfaces are
commonly called “wedge failures.”

Rock falls are landslides where a mass of rock detaches from a steep slope by sliding, spreading
or toppling and descends mainly through the air by falling, bouncing or rolling. Intense rain,
earthquakes or freeze-thaw wedging may trigger this type of failure. Rock falls occur on steep
slopes of hard, fractured rock. The scar left by a rock fall on the slope may be no more apparent
than an area of rock that is less weathered than the surrounding rocks. Rock fall deposits are
loose piles of rubble that may be easily removed by erosion. Because neither the scar nor the
deposit are distinctive, and because the most frequently occurring rock falls are typically small,
individual rock falls are usually not shown on regional-scale (1:24,000 and smaller) landslide
maps.

3.2 Landslide Triggering Mechanisms
Landslides occur when the destabilizing forces acting on the earth of a hillside are greater than
the stabilizing forces, meaning that one force overrides the other. Rock slides and rock falls are
primarily triggered by intense rain (precipitation-induced landslides), earthquakes, or human
activity. These triggering mechanisms are summarized below.

3.2.1 Precipitation-induced landsliding
Aizawl has a sub-tropical climate that includes annual monsoonal rains typical starting in May
and continuing through August or later. These heavy rains can create saturated conditions
especially in areas with poor surface drainage. Monsoonal rain infiltrates the ground surface
through the natural porosity of the soil and rock as well as through fractures or other
discontinuities in the rock that increase permeability. This infiltration elevates ground water
levels already present at depth until the ground cannot hold any more water. This is referred to
as saturated conditions. Saturated conditions result in the reduction of shear strength and the
increase of pore water pressures that decrease the ability of the slope to resist gravitational
influence. By directing surface drainage away from slopes, or by containing runoff within
drainage systems, it is possible to prevent saturated conditions and prevent a decrease in slope
strengths. Uncontrolled surface water runoff (or overland flow) can also act as an erosional
agent that increases landslide hazard by modifying surface conditions through gullying and
sheetwash erosion.

3.2.2 Earthquake-induced landsliding
Earthquakes are one of the main triggers of landslides. The effects of earthquake-induced
ground shaking are often sufficient to cause failure of slopes that were marginally to moderately
stable before the earthquake. Seismic accelerations cause short-lived disturbances to the
balance of forces contributing to slope stability. Seismic shaking may cause loss of cohesion
and/or reduction of the frictional strength of the material, by shattering the rock mass or
increasing the pore pressure of natural ground water within slopes when subjected to cyclic
loading.
Topographic relief also influences the intensity of earthquake ground motion. Seismic waves
can be amplified as they enter the base of a topographic ridge, are partially reflected back into
the rock mass, and diffracted along the free surface. Seismic waves are then focused upward,
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and the interference of their reflections and the associated diffractions increases toward the
ridge crest, giving rise to higher ground accelerations on topographic high points (Meunier, et
al., 2008). For example, landslides induced by the 1994 Northridge earthquake and the 1999 Chi
Chi earthquake were strongly clustered near ridge crests (Harp and Jibson, 2002; Meunier, et al.,
2008). Though we do not include the effects of topographic amplification in the analyses for this
scenario, Aizawl’s ridge tops could experience similar effects during a strong earthquake.

3.2.3 Human-induced Landsliding
Recent studies have shown that landsliding has increased in many regions due to human
activity such as highway construction, deforestation, terracing, and agricultural activities.
However, changes in the magnitude and frequency of landsliding due to human activity are
widely debated. Barnard and others (2001) estimate that approximately two-thirds of the
landslides that occurred following the 1999 Chamoli earthquake in the Garhwal Himalaya of
Northern India were initiated or accelerated by human activity. In areas of high landslide
hazard, relatively minor amounts of human modification to the ground surface may adversely
affect the stabilizing forces on the slope. These types of modifications often include slope
grading activities, fill deposits and construction atop slopes, and poorly designed or
unaccounted for surface drainage.

4.0 Engineering Geomorphological Mapping
Given the size of the Study Area (4.3 km2) and the limited amount of field reconnaissance, the
engineering geomorphological mapping was undertaken based on topographic interpretation
and Google Earth imagery. The morphology (shape) of the land surface has been recorded in
accordance with the system proposed by Savigear (1965). This technique is based on the
assumption that the plane and curved surfaces of the ground adjoin in discontinuities (breaks of
slope and inflections) that can be recognized, measured and mapped. The legend of symbols
used to record the morphological features identified during the mapping is presented on the
Geomorphological/Terrain Maps (Figure 2, following the text of this appendix). This system
comprises the most broadly accepted international standard for the mapping of morphological
features. The mapping was performed at a scale of 1:5000.

Surficial geologic units such as colluvium or alluvium were not mapped due to the limited aerial
imagery and field reconnaissance. However, our evaluation of landslide processes and types
described above indicate that most landsliding in Aizawl is bedrock related.
4.1 Landform Mapping
Critical landform components such as landslide complexes, debris fans, and overly steep (or
distressed) slopes were interpreted and are shown on Figure 2.
•

Landslide complexes are large scale features involving the downslope movement of
large areas of the ground surface. They are likely the result of multiple landslide events,
often involving multiple landsliding processes and are identified geomorphologically as
containing rounded headscarps, hummocky topography, and deeply incised toe.
Typically these features are located in the mid-slope terrain with their heads located at
the boundary of the upper terrain. It is considered that these landslide complexes were
probably formed in the geological past, possibly in a different climatic regime or
resulting from pre-historic earthquake ground motion. Subsequent erosion and
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•

•

anthropogenic activity has resulted in the removal of many of the landforms associated
with the original landslide complex.
Debris fans are located at the base of cliff terrains and are conical accumulations of
rockfall and landslide complex deposits. Debris fans are located primarily along west
facing slopes in the Study Area, where geologic bedding is normal to slope.
Distressed slopes are steep areas associated with active drainage incision and
accelerated erosion. They also contain significant concentrations of landslide features.

4.2 Terrain Unit Mapping
Terrain units are areas within which certain predictable combinations of surface forms and
their associated soils and processes are likely to be found. Terrain units have been defined as a
distinct and relatively unique group of geologic materials and landforms assemblages, typically
occurring within a set range of altitude. The distribution of the terrain unit across the Study
Area is shown on Figure 2 and provides spatial relationships from which landslide hazard can
be evaluated. The lower boundaries of these units are often associated with abrupt changes in
slope angle as well as depositional and erosional environments. Based on the engineering
geomorphological mapping, seven distinct terrain units were identified within the study area:
•
•
•
•
•
•
•

Cliff terrain;
Incising terrain;
Mid-slope fan terrain;
Mid-slope bedding parallel terrain;
Mid-slope bedding perpendicular terrain;
Upper terrain; and
Valley terrain.

We used these terrain units to develop a landform evolutionary model for the Study Area that
describes how the current landscape formed as well as the geologic processes at work. The
landform evolutionary model in the Aizawl region is characterized by a period of rapid uplift
and deformation followed by drainage incision and downcutting. The incising terrain is the area
most affected by drainage incision and continues to erode up-slope into the mid-slope terrains
throughout the Study Area. The mid-slope terrains differentiate between slope parallel and
slope perpendicular terrains by their underlying bedding structure. The mid-slope bedding
perpendicular terrain is characterized by steeper slopes that are likely the result of erosional
processes controlled by rock falls and topples along joints from more resistant bedrock units.
The mid-slope bedding parallel terrain has moderately steep slopes controlled by the dip of
resistant underlying bedrock units. Many large landslide complexes within this terrain do not
appear to be related to the current period of incision. These landslide complexes may be a
result of an earlier period of incision or, most likely, earthquake ground shaking. The mid-slope
fan terrain is an accumulation of debris from the up-slope cliff terrain. The upper terrain is
defined as the gently to moderately sloping ridge tops as well as the upper portions of spurridges between incising mid-slope bedding parallel terrain.
The landscape evolution of the Study Area does not simply reflect differing periods of incision
alone but instead appears to be controlled by a complex interplay of erosional processes and
geological (i.e. lithological and structural) control.
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5.0 Slope Stability Analysis and Results
In geotechnical engineering practice, slope stability is usually expressed in terms of an index,
most commonly the Factor of Safety (FS). The FS is the ratio of the shear strength of the soil to
the shear stress induced on the potential failure surface. In concept, any slope with a FS above
1.0 should be stable. In practice, however, the level of stability is seldom considered acceptable
unless the FS is significantly greater than 1.0 (Kramer, 1996). For our analyses, and part of the
accepted standard of practice, we considered any slope with a FS of less than 1.5 to be unstable.

We performed slope stability analyses on two cross sections through the main ridge in the
localities of Dawrpui Vengthar, Zarkawt, and Electric Veng (Figures 3 and 4, located following
the text of this appendix). The two profiles represent slopes within differing terrain units and
bedrock structure, and are representative of the geologic conditions of the region.
•

•

Cross section A-A’ located on the western side of the city’s main ridge in the Dawrpui
and partially the Zarkawt council areas where bedding is not parallel to slope (i.e.
bedding dips into slope).
Cross section A’-A” located on the eastern side of the city’s main ridge in the Zarkawt
and Electric Veng council areas where bedding is parallel to slope.

Topographic profiles along the cross section lines were extracted from 8 m Digital Elevation
Model (DEM) data distilled from the Aizawl Master Plan. Slope stability analyses were
performed using Galena Slope Stability Analysis System. We modeled the stratigraphy as
alternating 23 m thick, east dipping sandstone and shale beds, with shale material properties
from Mizoram Public Works Department laboratory test data and sandstone properties from
Hoek and Brown (1988, 1997). A dip of 25° east was chosen as the closest approximation for the
regional bedding orientation, but we also analyzed dips of 15°, 20°, 25° and 30°for cross section
A’-A” to investigate the effect of dip on the stability of the bedding parallel slopes. We
considered two scenario groundwater conditions: (a) monsoonal conditions with a phreatic
surface 1 m beneath the ground surface (b.g.s.); and (b) dry conditions with the groundwater
phreatic surface at a depth well beneath the modeled failure surfaces (50–100 m b.g.s).

We chose circular failure surfaces at various positions along the profiles and at several failure
depths to estimate a range of plausible slope failure scenarios. Galena automatically calculates
the failure surface with the lowest factor of safety within a pre-defined range of variation,
termed the critical surface. We modeled two failure scenarios along the west-facing slopes of
cross section A-A’: a shallow landslide (~18 m deep) and a deep landslide (~40 m deep). Both
modeled failure surfaces are located along the steep (25°-30°) upper slopes of the hillside near
the head of a gully within the mid-slope bedding perpendicular terrain unit. We modeled two
failure scenarios along the east-facing slopes of cross section A’-A”: a shallow landslide (~16 m
deep) near the ridge crest on a moderately steep slope (15°-25°) within the mid-slope bedding
parallel terrain unit, and a deep landslide (~23 m deep) on the steeper (20°-35°) section of
slope straddling the mid-slope bedding parallel and incising terrain units. Figures 3 and 4
(located following the text for this appendix) show critical failure surfaces for each scenario.

We used the Bishop Simplified method of analysis because it is best suited for analyses of
circular failure surfaces in homogenous and isotropic materials (Galena, 2013). We analyzed
three pseudostatic seismic conditions: static (no earthquake force), 0.1 g peak ground
acceleration (PGA), and 0.35 g PGA (scenario level shaking).
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For the west facing slopes of cross section A-A’, instability (i.e., FS value below 1.5) occurs for
the deep and shallow failure surfaces for only one combination of conditions: monsoonal
groundwater conditions and a 0.35 PGA earthquake load. All other analyses produced FS values
greater than 1.5. Intersecting discontinuities were not considered in the analyses of either the
west or east dipping slopes, though field reconnaissance indicates that discontinuities affect
slope stability by providing a weak failure surface.

Results for the east-facing bedding parallel slopes show significantly higher potential instability.
For the shallow upper failure surface, 0.35 PGA earthquake load produces instability (FS values
below 1.5) for both monsoonal and dry groundwater conditions with bedding orientation
modeled at 20° and 25°; stable conditions (FS values above 1.5) result from either groundwater
condition when the bedding orientation is modeled at 15° and 30°. For the deep lower failure
surface, 0.35 PGA earthquake load creates instability for monsoonal groundwater conditions at
all modeled bedding orientations. With dry groundwater conditions, instability occurs for
bedding orientations of 15°, 20° and 25°. Instability results under static, monsoonal
groundwater conditions at bedding orientations of 25° to the east for the upper surface, and
15°, 20° and 25° for the lower surface. An example of the relationship between bedding dip and
ground surface dip can be seen from the recent 2013 Laipuitlang landslide. The ground surface
in the area of the recent Laipuitlang landslide slopes between 29 and 35 degrees to the east.
The bedding in the area dips approximately 25 degrees to the east. The slightly shallowerdipping bedding is daylighting on the steeper slope, creating an adverse slope condition that is
prone to failure. The stability of these adverse slope conditions is further exacerbated by
grading for building or road construction on the slope.
Slope stability analyses demonstrate the detrimental influence of groundwater and earthquake
shaking on the stability of typical Aizawl hillslopes. Key results include:
•

•

•

•
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East facing bedding parallel slopes (A’-A”) are significantly less stable (i.e., FS values are
significantly lower) than the west facing slopes (A-A’) where bedding dips into the slope.
East facing bedding parallel slopes (A’-A’’) are marginally stable under monsoonal static
conditions. Relatively minor modifications of the ground surface on these slopes, such
as slope grading for building or road construction, can reduce the stability of these
slopes.
On the east facing bedding parallel slopes (A’-A”) bedding dips of 20° and 25° had
significantly lower factors of safety than bedding dips of 15° and 30°. This is likely the
result of the slope/ bedding parallelism with a 20°-25° dip and the increased likelihood
of the failure surface being primarily in the modeled weak shale material.
In the majority of the analyses the critical failure surface (failure surface calculated to
have the lowest FS during the multiple analyses) was the deepest surface geometrically
permissible within the weak shale material. This implies that large, deep seated,
rotational rock slides are more likely than more shallow failures.
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7.0 Landslide Hazard
For the purposes of the earthquake scenario, we define landslide hazards as physical situations
where ground movement could result in human injury or damage to facilities and
transportation routes within the Study Area (Van Dine et al., 2004). The landslide hazard map
(Figures 5a and 5b, following the text of this appendix) sub-divides the study area into zones of
similar landslide hazards. Landslide hazards have been assessed by extracting relevant
components recorded within the Engineering Geomorphological Maps, including the slope
morphology, type and extent of landforms and landslide features, drainage line characteristics,
and the overall location of the hillslope within the landscape as a whole (i.e. its Terrain Unit).
The landslide hazard map considers the level of hazard for natural terrain; human activities that
modify slopes and reduce their stability may increase the hazard.

Landslide hazard severity is assigned using the landslide hazard matrix shown in Table 1, which
evaluates the terrain units and secondary classifiers such as landslide complexes. The landslide
hazard zones have been cross-checked by quantitative analyses of available landslide data
(Table 2). For the purpose of this study, landslide hazard has been assessed independent and
irrespective of the down slope consequence; effects on buildings downslope are considered
separately. Figure 6 (following the text of this appendix) shows an oblique 3-dimensional image
of the landslide hazard zone map draped onto Google Earth satellite photography of Aizawl. The
high percentage (88%) of the Study Area in the “very high” and “high” landslide hazard zones is
a reflection of the geologic conditions.
Table 1 – Landslide Hazard Matrix
Very High
Primary
Classifier

Incising and Cliff
Terrains

Secondary
Classifier

Landslide Complex

Landslide Hazard
High
Moderate
Mid-Slope
Terrains

Upper Terrain

Low
Valley Terrain

While the approach described above primarily identifies hazards arising from rock slides (the
most commonly occurring type of mass earth movement in Aizawl), the mapping of cliff terrain
shows possible source areas for rock falls. Additional mapping of surface deposits including
colluvium, alluvial fans, and areas of thick residual soils would assist in the evaluation of
potential hazards from debris slides and debris flows.

8.0 Estimates of Landsliding Due to the Scenario Earthquake
To determine potential landslide damage to buildings and infrastructure, we estimated a
percentage of the total area that will fail under the scenario earthquake. The landslide hazard
map allows us to estimate the percentage of failure as a function of hazard zone. This
estimation is based on theoretical and empirical landslide inventory data as well as from site
specific data collected from the Study Area and the results of our slope hazard calculations.
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Rock slides and rock falls are the most common type of landslide in Aizawl and are the most
likely to occur in response to earthquake ground motions (Keefer, 1984). The radius of the area
affected by landslides, and the intensity of landsliding within this area, increase with the
magnitude of an earthquake (Youd and Perkins, 1978; Keefer, 1984, 2000). Where sufficient
data are available, the density of earthquake induced landslides is linearly and highly correlated
with measured peak ground accelerations (Meunier et al., 2007). Aizawl is located within a few
tenths of a kilometer of the scenario event, and estimated ground motions are on the order of
PGA = 0.35 g, so we expect significant landsliding to occur (Table 2).

Most of the material displaced during an earthquake is produced by a small number of large
landslides. Statistical methods for estimating the size of landsliding are available and utilize
probability density functions and empirical landslide distribution equations derived from
landslide inventories (i.e., Malamud et al. 2004). These equations are derived from global
datasets that include rainfall and rapid snowmelt landslide inventories as well as earthquakeinduced landslide inventories, but produce comparable results for use in estimating landslide
failure percentages in terms of spatial area.

We used both quantitative (Malamud et al., 2004) and qualitative methods to estimate the total
maximum landslide area (ALmax) that might fail during a M 7.0 earthquake with PGA = 0.35 g in
close proximity to Aizawl. We do not attempt to model topographic amplification of ground
motions, which may significantly increase the total landslide failure area. A brief description of
each method and results are provided below:

Quantitative Landslide Model
Malamud et al. (2004) presents a statistical distribution of landslide areas and landslide
volumes by defining a probability density function using three complete landslide inventories.
These include landslide inventories from 1) the earthquake-induced 1994 Northridge
earthquake; 2) the 1997 rapid snowmelt event in Umbria Italy; and 3) the heavy rainfall event
in Guatemala from Hurricane Mitch in 1998. Based on the agreement between these three sets
of probability densities, a distribution equation is presented from which landslide areas and
volumes can be predicted for scenario events (Malamud et al., 2004). The quantitative landslide
model is combined with empirical relations of landslide density to calculate a percentage of area
expected to fail during the seismic shaking. The results of this analysis represent the minimum
total failure percentage for the Study Area (Table 2, following page).

Qualitative Landslide Model
The qualitative model uses slope specific hazard data derived from our slope stability
calculations and reconnaissance mapping of the study area in Aizawl. The failure model with
the lowest factor of safety is used to estimate an average landslide volume for the Study Area.
This landslide area is combined with empirical relations of landslide density to also calculate a
percentage of area expected to fail during seismic shaking. The results of this analysis represent
the maximum total failure percentage for the Study Area (Table 2).
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Table 2 - Estimates of Total Failure Percentage in the Study Area

Hazard
(1)
Zone

Hazard
Zone
Area
2
(km )

Percent of
Study
Area
(%)

No. of
Landslides/
Hazard Zone
from existing
inventory

Landslides
per sq.
km

(2)

Very High

2.40

56

20

9.9

High

1.35

32

15

5.4

(3)

Moderate

0.27

6

1

2.1

(3)

Low

0.24

6

0

0

Notes:

Calculated
No. of
Landslides/
Hazard
(4)
Zone

24

8

1

0

Landslide
Area
2 (5)
(m )

Total
Landslide
Area
2
(m )

Percent
Landslide
Area
(%)

Global
Average

Min

Min

Modeled

Max

Max

3,070

73,680

3

16,000

384,000

16

3,070

24,560

2

16,000

128,000

9

3,070

3,070

1

16,000

16,000

6

3,070

0

0

16,000

0

0

1. See Landslide Hazard Map (Figure 3, following the appendix text)
2. Landslide concentration in San Gabriel Mountains from1994 Northridge earthquake (Harp and Jibson, 2002)
3. Landslide concentration in Santa Cruz Mountains from the 1989 Loma Prieta earthquake; 5.4 = maximum, 2.1 =
minimum (Keefer, 1997)
4. Landslides per sq. km] x Hazard Zone Area (rounded up)
5. Global average from Malamud et. al. (2004); Modeled area uses approximate credible dimensions of the deep
landslide modeled along section A’-A” (see Section 6.2)

The minimum and maximum estimates of percent landslide area in Table 2 correspond to dry
and monsoonal conditions, respectively. Because the Study Area’s slopes are representative of
slopes throughout the city, we can extend these estimates to the remainder of the Aizawl urban
area by direct extrapolation. Because the total Aizawl Urban Area is 152.8 sq. km (Aizawl
Development Authority, 2013), for the scenario earthquake we can expect a total landslide area
of 3.6 sq. km for dry conditions and 18.1 sq. km for monsoonal conditions. The area of
landsliding we estimate will create an enormous amount of debris that in many cases will need
to be cleared to reopen streets and repair infrastructure and building damage. These area
estimates do not include the runout zone, which is the area affected by the slide mass as it
moves down slope. For the purposes of estimating the number of building collapses, the percent
landslide area for the generally densely developed high hazard zone has been increased by 50%
over the values in Table 2 to account for the damage to buildings in the runout zone. For the
other zones (including the very high hazard zone), we have not applied an amplification factor
to the values in Table 2 because development is less dense. Also, we used the empirical relations
for landslide density and the average landslide areas in Table 2 to estimate, approximately, the
number of landslides that the scenario level of shaking would cause throughout the Aizawl
urban area. Based on the slope stability calculations discussed previously, we expect that
earthquake induced landslides occurring during the monsoon would be larger and more
destructive.
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9.0 Conclusions
Aizawl’s geologic conditions create very severe levels of landslide hazard, as evidenced by the
88% of the study area located in the “high” or “very high” landslide hazard zones. The landslide
data for the region, which include landslide inventory data, laboratory testing, slope stability
calculations, and discontinuity data, are limited but support these high hazard classifications.
Additional data collection including better scale topographic mapping, landslide mapping, and
subsurface investigations in the Aizawl area are needed to further refine these landslide hazard
zones. Despite the benefits additional information will provide, it is abundantly clear from the
available information that a strong earthquake such as the M7 scenario earthquake we describe
will cause numerous, perhaps hundreds, of devastating landslides in Aizawl.
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Appendix C

Buildings

Collapsing buildings cause the majority of deaths when an earthquake strikes. Collapsed
buildings also block roads and damage infrastructure, which impedes emergency response and
slows the community’s recovery. Workers must clear away and dispose of the rubble before
streets can re-open and new buildings can be built to replace those that failed. For these
reasons, estimating the number of building collapses during the scenario earthquake is critical
to determining the impacts on people, transportation, response efforts and recovery.

The procedures for estimating building collapses and the deaths they may cause in future
earthquakes have been well established by professionals who specialize in estimating
earthquake losses. Starting with information on the types of buildings in the city and the
prevalence of each type of building, structural engineers then determine the expected
percentage of collapses for each building type, using statistical relationships based on past
earthquake damage, computer simulations, or professional judgment. The next step is to
estimate the number of people present in each type of collapsed building, by estimating how
many people usually live or work in each type of building and how many are likely to be inside
at the time of the earthquake. Finally, engineers arrive at the estimated number of deaths by
applying a rate of expected fatalities to the number of occupants affected in the collapse of each
building type. Heavy buildings, such as reinforced concrete or masonry, kill a higher proportion
of occupants during collapse than light buildings do. In Aizawl, landslides triggered by an
earthquake will increase fatalities. The city will experience larger and more devastating
landslides during monsoon season, which means that fatalities will be higher during monsoon
season than during the dry season.

The following sections describe how we estimated the building collapses and fatalities caused
by the scenario event. We do not estimate how many buildings will suffer less severe levels of
structural damage, because these levels of damage primarily cause economic and functional
losses, rather than deaths and injuries. We do expect many buildings that do not collapse to be
badly damaged and require major repairs or replacement.

Aizawl Building Types and Typical Vulnerabilities

Though every building is slightly different, engineers group buildings into a manageable
number of basic types for a given scenario. For this scenario, we use three basic types.
Engineers define building types such that it will be reasonable to assume that all buildings
within each type will experience similar levels of earthquake damage for a given strength of
shaking. Buildings within a type often have the same construction materials, structural system,
and approximate building height. Other characteristics that affect a building’s vulnerability to
collapse, such as whether or not the building has earthquake-resistant features, are also shared
within a building type. Concepts from statistics account for the variability of building responses
within each building type to the same strength of ground motion.

Aizawl has three main types of buildings:
•

•
•

traditional timber buildings often referred to as Assam-type and classified as Ordinary
buildings by the Aizawl Municipal Council (AMC);
lightweight wall buildings with reinforced concrete beams and columns often referred
to as semi-pucca and classified as Semi-permanent buildings by AMC; and
reinforced concrete frame buildings with brick infill walls often referred to as RCC and
classified as Permanent buildings by AMC.
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We further divided the semi-pucca and reinforced concrete building types into subtypes, to
account for the different behavior expected 1) when a building’s concrete frame has steel
reinforcement that has been properly placed (called ductile detailing) so that the frame
experiences benign, gradual damage during an earthquake, or 2) when the building’s frame
does not have such ductile detailing so the frame experiences sudden brittle failure. Beginning
in 2007, the Aizawl Development Authority and AMC mandated compliance with the National
Building Code (2005), so buildings built from 2008 onward are much more likely to have
earthquake-resistant ductile detailing than buildings constructed before that time. We also
divided the Assam-type buildings into older and newer subtypes to account for the greater
vulnerability of older Assam-type buildings.

Because of Aizawl’s hilly terrain, the majority of buildings are on a slope, in contrast to most
cities elsewhere in India. For concrete buildings, the team differentiated between buildings
constructed on a level pad (with a retaining wall behind on sloped sites) and those with
foundations that step down the hill. Semi-pucca and Assam-type buildings are assumed to step
down the hill or be supported on tall “stilt” frames. Aizawl has a small number of other building
types, such as load-bearing masonry buildings belonging to the Assam Rifles, but there are not
enough of these buildings relative to the total to justify a separate type.

Aizawl’s buildings have several important characteristics that reduce their ability to resist
collapse during earthquake shaking. A lack of earthquake-resistant design and problematic
construction practices create one set of significant vulnerabilities. The methods used to
accommodate the steeply sloping terrain, such as tall stilt supports and stepped foundations, as
well as the larger earthquake demands that hillside buildings experience, create other
important vulnerabilities. Landslides are not the only problem on Aizawl’s steep slopes.
Buildings built on moderate to steep slopes are much more vulnerable to earthquake damage
than buildings on flat ground. The short, stiff supports on the uphill side must resist most of the
lateral force as the earthquake pushes the building out from the hill. The long supports on the
downhill side must move a long way as the building twists around the stiff uphill side supports.
Both uphill and downhill supports must resist higher demands than the designer or builder
likely intended, which can lead to failure, especially in cases where the supports are already
vulnerable due to weak members or poor connections.

Traditional Timber (Assam-type) Buildings
For Assam-type buildings, rot-resistant timber or reinforced concrete foundation posts
embedded in the ground form the foundation system. Figure 1 shows a typical Assam-type
house on timber posts. The foundation posts support slender timber posts that extend up to the
floor of the lowest living level. A modest number of equally slender cross braces provide lateral
stability to the post support system; sheathing fastened to vertical and horizontal studs
provides lateral resistance for the living spaces above the post support system. Because the
walls in the living space are typically stiffer than the post support system, the post supports
experience most of the earthquake-induced deformation. The post supports can be either
natural round timbers or sawn lumber, with natural timber being more vulnerable because it is
more difficult to make good connections.
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Figure 1. A traditional timber Assam-type building on an active landslide in Ramthar Veng (left)
showing an inadequately braced natural timber post support system that accommodates the slope; a
tenuous splice connection in a vertical support post in the same structure (right)

Due to the slope, vertical posts under the living space can be quite long on the downslope side of
the hill (generally a full storey height or more), requiring one or more splice connections (see
Figure 1). From field observations, we expect that these splices will not be able to accommodate
much shaking before they fail. Connections in Assam-type buildings, including the critical
connections in the post support system, often contain the minimum number of fasteners needed
to support the building under gravity loads; earthquake forces do not appear to have been
considered. These buildings also have few interior walls, and the roof is not stiff enough or
strong enough to help hold the building together during strong shaking. Assam-type buildings
appear most likely to collapse due to a failure in the post support system, either through
sidesway or loss of gravity load carrying capacity due to a connection failure.

Semi-Permanent (Semi-pucca) Buildings
For semi-pucca buildings, the detailing and strength of the reinforced concrete beams and
columns, and the geometry of the frame as the building steps down the hill, govern the response
to earthquake shaking. Semi-pucca buildings are typically built by masons without engineering
design, but we observed that a number of masons build semi-pucca buildings with ductile
detailing. Semi-pucca buildings without ductile detailing are considerably more vulnerable to
collapse than those with ductile detailing. Semi-pucca buildings tend to have columns that are
much more slender, and thus weaker, than similarly sized reinforced concrete buildings. One
reason is that AMC building regulations do not require structural drawings for semi-pucca
buildings, so these buildings are unlikely to have code-mandated strength levels. Semi-pucca
buildings are also generally lighter than reinforced concrete buildings because they do not have
concrete floor slabs and brick walls, which helps reduce the amount of strength needed to resist
loads from gravity and earthquakes. However, owners tend to add brick walls to semi-pucca
buildings over time, and some owners build concrete floor slabs despite regulations, as Figure 2
shows. Both additions increase the weight and therefore the forces the frame must resist. Brick
walls can also fall out of the frame and harm occupants or those outside. For semi-pucca
Effects of a Magnitude 7 Earthquake and Recommendations to Reduce Losses
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buildings without ductile detailing, a brittle failure at the beam-column connections or in the
columns is most likely to cause collapse. For buildings with ductile detailing, excessive sidesway
of one or more storeys after significant flexural yielding in the frame is most likely to cause
collapse.

Figure 2. Semi-pucca buildings in southeast Aizawl; note concrete slab at top level of building
under construction and lightweight walls that have been replaced by brick in building on
right.

Reinforced Concrete (RCC) Buildings
Aizawl’s reinforced concrete buildings exhibit significant variety in age, height, configuration,
level of seismic design, condition, and construction quality. Despite this variety, several
characteristics tend to dominate the seismic vulnerability, and these characteristics
differentiate between buildings that are likely to collapse during the scenario event and those
that are not. The first differentiating characteristic is whether the frame has ductile detailing
that will prevent the columns from failing in a sudden, brittle manner. The second is whether
the building steps down the hill, with fewer and fewer columns to resist the earthquake forces
from the storeys above, as Figure 3 shows. The third is whether the building has an open storey
with fewer walls, which makes the building more vulnerable to collapse because damage tends
to concentrate in the open storey, as numerous past earthquakes in India and elsewhere have
shown. Many buildings in Aizawl have open storeys, often at the road level to accommodate
shops. Due to the steep slopes, many buildings have several storeys or basements extending
downhill below the road level.
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Figure 3. Reinforced concrete building with steps down hill (left) and simplified version used for analysis
(right)

Aizawl’s concrete buildings have a number of other vulnerabilities, such as upper floors that
cantilever out further than the floors below, irregular arrangements of beams and columns,
added storeys that increase loads beyond what the design engineer originally intended, and
inadequate gaps between buildings that cause buildings to hammer together during shaking.
Many buildings, even new ones, have columns with the same dimensions and reinforcing over
the entire building height, causing damage to concentrate in the ground storey where forces are
highest relative to the capacity of columns to resist them—rather than spreading out the
damage over multiple storeys, as the building code intends. If present, these vulnerabilities (and
the general vulnerabilities mentioned previously) will affect how individual buildings respond
to earthquake shaking.

Building Inventory

After defining the building types, the next step is to determine the number of buildings of each
type. This can be accomplished either by taking a detailed inventory of all the buildings in the
city or by estimating the prevalence of each building type from census data, extrapolation from
inventories for representative areas, or satellite or aerial imagery.

For this scenario, the project team obtained data on the overall number and type of buildings in
Aizawl city from the Houselisting and Housing Census 2011 of the Government of India; current
AMC building permission records; and an AMC houselist survey completed in 2009 for the 76
localities that were part of AMC at that time (as of 2013, AMC had expanded to 92 localities).
The team also identified four case study neighborhoods and obtained more detailed information
for each from Google Earth satellite imagery and walking surveys. The case study
neighborhoods of Electric Veng, Zarkawt and Dawrpui Vengthar represent an east-to-west
“slice” of Aizawl’s main ridge that captures the range of predominant slope conditions in the
Effects of a Magnitude 7 Earthquake and Recommendations to Reduce Losses
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city. The fourth neighborhood is Dawrpui, the city’s major commercial district located atop the
main ridge. We present results for the Electric Veng case study in the main document.

The Houselisting and Housing Census 2011 contains information on the total number of
dwellings or other units (called Census Houses in the census), the number of units by use type
(residential, commercial, school, hospital, etc.), and the number of units with various wall, roof
and floor materials. A single building can have multiple units. One household was assumed to
occupy one residential unit. The Aizawl Urban Area was taken as equivalent to the urban
portion of Tlangnuam Sub-district of Aizawl District. The number of units of each of the three
basic types was inferred from the wall, roof and floor material, though there is some uncertainty
because the roof, floor and wall materials for Assam-type (traditional timber) and semi-pucca
can be the same.

Building permission records from AMC, available from 2008-present, when combined with
estimated completion percentages, provide the number of reinforced concrete and semi-pucca
buildings constructed under AMC or Aizawl Development Authority building regulations—and
therefore are more likely to have ductile detailing. The AMC building permission records were
also used to provide an estimated update of the total numbers of each building type to March
2013 levels; housing census data includes buildings completed through approximately April
2010. The total number of buildings was estimated from the total number of units using the
ratio of buildings to units (0.65) obtained from the 2009 AMC houselist survey, which covers
approximately 75% of Aizawl’s building stock. Using this conversion, Aizawl has approximately
49,000 buildings.

Table 1 shows characteristics of Aizawl’s building stock. Extrapolating field survey data from
the case study neighborhoods to the rest of the city, we estimate that 90% of pre-2008
reinforced concrete buildings have stepped foundations, while the remaining 10% are built on
flat sites. We estimate that the percentage is slightly lower for newer buildings, with
approximately 80% on stepped sites. Aizawl’s building stock has evolved over time, with recent
trends favoring reinforced concrete construction.
Table 1. Aizawl building stock information

Building Type

Number

% of
Total

Residential + Residential-cumOther Units
Number % of Total
% of
Residences Total

Assam-type (total)
Older
Newer
Semi-pucca and other (total)
Pre-2008
2008 onward
Reinforced concrete (total)
Pre-2008 Flat base
2008 onward Flat base
Pre-2008 Stepped base
2008 onward Stepped base

31,885
14,692
17,194
9,380
9,080
300
34,465
3,037
409
29,381
1,638

42%
19%
23%
12%
12%
0%
46%
4%
1%
39%
2%

29,977
13,765
16,212
7,586
7,299
287
26,863
2,301
386
22,634
1,542

46.5%
21.4%
25.2%
11.8%
11.3%
0.4%
41.7%
3.6%
0.6%
35.1%
2.4%

39.6%
18.2%
21.4%
10.0%
9.6%
0.4%
35.5%
3.0%
0.5%
29.9%
2.0%

Total

75,730

100%

64,426

100%

85.1%
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Total Units

Non-residential Units
Number

% of
Total

1,908
927
982
1,794
1,781
13
7,602
736
24
6,747
95

% of Total
Nonresidences
16.9%
8%
9%
15.9%
16%
0%
67.3%
6.5%
0.2%
59.7%
0.8%

11,304

100.00%

14.9%

2.5%
1.2%
1.3%
2.4%
2.4%
0.0%
10.0%
1.0%
0.0%
8.9%
0.1%
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Estimating Building Collapses Caused by Shaking
The expected percentage of collapses for each building type were determined using statistical
relationships, called fragility curves or fragility functions, which relate the probability of collapse
to the strength of ground shaking. Fragility curves can be based on data from past earthquake
damage to similar buildings, on computer simulations of damage, or on professional judgment
of experienced structural engineers. Though engineers have developed many fragility curves for
building types around the world, Aizawl’s buildings are unique enough that existing curves do
not apply to the majority of buildings. In particular, almost all existing fragility curves were
created for buildings on flat ground.

Due to the previously-described vulnerabilities of Aizawl’s Assam-type buildings, we could use
collapse fragility curves for timber buildings in other parts of the world only with significant
modifications. Because they are located on vulnerable post support systems on steep hillsides,
Aizawl’s timber buildings are more vulnerable to collapse than typical timber buildings used to
develop existing fragility curves, necessitating a reduction in the median collapse capacity and
an increase in the uncertainty. We obtained the collapse fragility curve for Aizawl’s Assam-type
buildings by reviewing existing timber building fragility curves in a database created by the
Global Earthquake Model 1 and creating a modified curve based on engineering judgment.

We created fragility curves for ductile and non-ductile semi-pucca buildings by assuming that
semi-pucca buildings follow the same general fragility relations as reinforced concrete
buildings. We assumed that lighter weight walls and floors offset the increased vulnerability due
to smaller, weaker columns.

For reinforced concrete buildings stepping down the hill, Dr. Siamak Sattar of University of
Colorado developed fragility curves using the FEMA P-695 methodology 2. FEMA P-695
prescribes a type of computational simulation called incremental dynamic analysis in which a
computer model of a building (that is able to represent expected types of earthquake damage) is
shaken by stronger and stronger ground motions until it collapses. Using a large set of ground
motions (for example, this study used 44) generates the data needed to develop the statistical
relationships for a fragility curve. Dr. Sattar analyzed the simplified archetype building in Figure
3, with member sizes and detailing based on structural drawings provided by Aizawl Municipal
Council. He analyzed two cases: (a) the building has ductile reinforcement detailing and will
experience ductile failure due to flexure; and (b) the building does not have ductile detailing and
will experience brittle failure due to shear failure of columns.

Table 2 shows the expected probability of collapse for the scenario peak ground acceleration
(PGA) of 0.35 g, which we obtained from the collapse fragility curves we developed. In simple
terms, if a building type has a 25% probability of collapse at 0.35g, then we expect 25 out of 100
buildings of that type to collapse during ground shaking of 0.35g. These values represent the
median probability of collapse for the expected level of shaking; as with any probabilistic
assessment of this type, significant uncertainties exist and the actual number of collapses
Data obtained from draft versions of Existing Empirical Fragility and Vulnerability Relationships:
Compendium and Guide for Selection and Existing Analytical Fragility and Vulnerability Relationships:
Compendium and Guide for Selection, provided by the Global Earthquake Model Foundation.
2 US Federal Emergency Management Agency (2009). Quantification of building seismic performance
factors, FEMA P-695, available online at www.fema.gov.
1
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during a real earthquake producing the same level of shaking could be substantially higher or
lower.
Table 2. Percentage of buildings of each type expected to collapse under 0.35 g shaking

Building Type
Older Assam type
Newer Assam type
Non-ductile semi-pucca
Ductile semi-pucca
Flat non-ductile reinforced concrete
Flat ductile reinforced concrete
Stepped non-ductile reinforced concrete
Stepped ductile reinforced concrete

Probability of collapse at
0.35g
25%
19%
25%
5%
12%
1%
25%
5%

We expect approximately 19-25% of Assam-type buildings to collapse during the scenario
event. For semi-pucca and reinforced concrete buildings, the collapse rate depends on the
foundation type and presence of ductile detailing. Approximately 25% of the most vulnerable
sub-type would collapse, compared to only 1% of buildings constructed to code on flat bases.

In especially dense neighborhoods with steep slopes, it is possible that collapsing buildings at
the top of the slope could slide down into the buildings down slope, creating multi-building
cascading collapses. Fragility relations do not exist for these types of multi-building collapses,
but a very rough estimate can be made using engineering judgment. We can assume that on
average, one third of concrete or semi-pucca building collapses result in collapse of a building
down the slope, so we have increased the total number of reinforced concrete and semi-pucca
building collapses caused by shaking by one-third to account for these multi-building collapses.
Assam-type buildings are very light and are unlikely to cause other buildings below to collapse,
so we have not increased the number of Assam-type collapses. Applying this one-third increase
to the percentages in Table 2 provides adjusted percentages we then apply to the total numbers
of units of each type from Table 1, after removing collapses due to landslides, to obtain the total
number of collapsed units due to shaking. Finally, we converted the number of collapsed units
to collapsed buildings using the ratio of buildings to units (0.65) from the 2009 AMC houselist
survey.

A detailed building inventory, which is not available for Aizawl, would be required to provide a
detailed distribution of collapsed buildings throughout the city. Rather, we used the case study
neighborhoods to examine what may happen in the city. The number of collapses in a particular
neighborhood naturally depends on the type and age of buildings, as well as the steepness of the
slope. Neighborhoods with steeper slopes tend to have a greater number of vulnerable buildings
that step down the hill.

Estimating Building Collapses Caused by Landslides

We assumed that all buildings within the area of landsliding estimated in Appendix B:
Landslides will collapse. The area of landsliding includes only the source zones of the landslides,
rather than the runout zones. To account for the landslide debris traveling further down slope
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and collapsing buildings (as happened in the May 2013 Laipuitlang landslide and in many
others around the world), we have increased the estimated area of landsliding in the high
hazard zone by 50%. No multipliers are used for the other landslide hazard zones because
development can be sparse there. We assumed that estimated areas of landsliding affected all
building types equally. Applying these estimated areas of landsliding to the building stock
produces 2.5% collapses due to landslides during the dry season and 13.2% collapses during
the monsoon.

Buildings in areas that do not slide are exposed to the collapse fragilities for shaking only.
Because the area of landsliding is larger during the monsoon season, more buildings collapse
due to landslides, leaving fewer buildings exposed to the collapse fragilities for shaking. This
means fewer buildings will collapse due to shaking only during the monsoon season, though the
total number of collapses increases.

Exposure

The number of people present in buildings at the time of the earthquake determines how many
people are exposed to the risk of collapse. For example, nearly the entire population in a city like
Aizawl will be indoors at home late at night or very early in the morning. During the day, people
will be outdoors and in shops, offices and schools, in addition to homes. The 2011 Census of
India provides population data for Aizawl. Taking the urban portion of Tlangnuam sub-district
of Aizawl district as equivalent to Aizawl Urban Area, the total 2011 population is 299,366.

For a daytime event, we assume that 20% of the population is outside buildings, 20% is inside
residential buildings, and the remaining 60% is inside non-residential buildings. We assumed
that in a daytime event a larger proportion of the population would be inside concrete buildings,
due to the number of people working in offices or visiting shops. Of those in non-residential
buildings during the daytime scenario event, we assumed 84% would be in reinforced concrete
buildings, 8% in semi-pucca buildings and 8% in Assam-type buildings. For a night-time event,
the entire population would be proportionally distributed to the different types of residential
units (i.e., if 47% of residential units are Assam-type, 47% of the population would be in Assamtype buildings). Combining these assumptions with population data gives the assumed location
of Aizawl’s population at the time of the scenario earthquake, shown in Figure 4. For the
scenario, slightly more than half of Aizawl’s people are assumed to be in the most prevalent and
most lethal building type, older reinforced concrete buildings with stepped bases.
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Assumed Location of Population
Assam-type older natural timber 7%

7%
20%

Assam-type newer sawn lumber 7%

7%

Semi-pucca pre-2008 5%

5%

1%

2%
6%
0%

Semi-pucca 2008 onward 2%
Reinforced Concrete Pre-2008 Flat
base 6%
Reinforced Concrete 2008 onward
Flat base <1%
Reinforced Concrete Pre-2008
Stepped base 52%

52%

Reinforced Concrete 2008 onward
Stepped base 1%
Outdoors 20%

Figure 4. Assumed location of population for the scenario event, assuming a daytime earthquake

Population data are not available at the locality level, so the population in the case study locality
was estimated by assuming a median household size of five persons (based on AMC guidance
and Census of India data). The AMC household 2009 survey data provided the number of
households per locality.

Estimating Casualties

Lethality rates estimate the percentage of occupants in buildings of a particular type who are
likely to be killed if the building collapses while they are inside. Data on deaths from past
earthquakes, along with professional judgment, are used to create lethality rates. We used
published lethality rates, with judgment-based modifications for Aizawl’s hillside conditions, to
determine the likely number of deaths caused by building collapses due to the scenario event.

For Assam-type buildings, we increased the lethality rate of 5% for wood buildings in HAZUS
(loss estimation software for the United States, which also has a large population living in wood
buildings) to 10% to account for hillside conditions. Aizawl’s steep terrain means both that the
building will fall farther initially and that that the debris from a building collapse is more likely
to slide downslope, increasing the chances that people inside will be killed. We estimate that a
lack of medical care for major injuries due to hospital damage and blocked roads will cause an
additional 4% of the occupants of collapsed Assam-type buildings to die.
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For reinforced concrete buildings, published fatality rates 3 range between 10% and 20% of
occupants killed directly by a collapse, though researchers note 4 that recent earthquake data
indicate that fatality rates can be significantly higher for particularly lethal types of collapse. We
assumed a higher reinforced concrete building lethality rate of 25% in Aizawl, due to hillside
conditions. An additional 10% of the occupants in collapsed reinforced concrete buildings
would die due to lack of medical care or because they were not rescued due to a lack of heavy
search and rescue equipment needed to free trapped survivors in heavy concrete buildings.

We assumed semi-pucca buildings have a lower lethality rate of 17% because they do not have
concrete floor slabs. We assumed that an additional 5% of the occupants of collapsed semipucca buildings would die of their injuries. Building subtypes are assumed to have the same
fatality rate as the main building type. We assumed the same lethality rate for collapses caused
by earthquake shaking and for collapses caused by landslides, because lethality rates for
landslide-induced building collapse were not available.

Table 3 shows estimated fatalities for the scenario earthquake under dry and monsoon
conditions.
Table 3. Estimated fatalities caused by the scenario event

Cause of Death

Lethality Rate

Building collapse due to shaking, immediate
Assam-type
10%
Semi-pucca
17%
Reinforced Concrete
25%
Building collapse due to shaking, lack of medical care
Assam-type
4%
Semi-pucca
5%
Reinforced Concrete
10%
Building collapse due to
Same as for
landslide, immediate
shaking collapse
Building collapse due to
Same as for
landslide, lack of medical care
shaking collapse
Falling brick from infill walls
5%
Buried by landslide
50% in areas
that slide only
Total

Total Fatalities,
Dry Conditions

Total Fatalities,
Monsoon Conditions

900
900
13,200

800
800
11,800

500

2700

400
200
5300
1300
3000
100

25,800

300
200
4700
6800
2800
400

31,300

This number of collapses results in an 8.6% overall lethality rate for the population for dry
conditions, and a 10.5% lethality rate for monsoon conditions.

Spence, R. and So, E. (2009). Estimating shaking-induced casualties and building damage for global
earthquake events, Final Technical Report, NEHRP Grant number 08HQGR0102, Cambridge Architectural
Research Ltd.
4 Liel, A.B. and Deierlein, G.G. (2012). Using collapse risk assessments to inform seismic safety policy for
older concrete buildings, Earthquake Spectra, Volume 28, No. 4, p. 1495–1521.
3
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Appendix D

Infrastructure

Infrastructure provides Aizawl with life-sustaining services. The purpose of this appendix is to
provide interested readers with descriptions of the major infrastructure systems and with
information on how we obtained estimates of damage to the water supply and electrical power
systems.

Water System

System Description
Aizawl’s potable water comes from diverse sources. About 15 percent of the water, serving
about 15 to 20 percent of residents, comes from springs, wells and harvested rainwater. The
municipal water system supplies the remaining 85 percent. The municipal system consists of
two raw water intakes and treatment plants at Reiek Kai on the Tlawng River, where the raw
water is aerated, clarified, filtered and disinfected. Treated water is pumped 8 kilometers to the
main reservoir at Tuikhuahtlang, about 1,116 meters above the treatment plant. Water is then
distributed to 29 zonal tanks at 22 locations within the community. Booster pumps feed another
large reservoir at Laipuitlang. Due to a supply shortage, municipal water is typically distributed
on a rotating basis once a week to neighborhood distribution points and to homes and
businesses. In addition, private lorry tankers sell water purchased from private suppliers to the
community. Homes and businesses maintain on-site storage tanks. These tanks are supplied by
periodic municipal deliveries, collected rainwater and private lorry tanker deliveries. Typically,
a home has one or more tanks with a total storage capacity ranging from 1,000 to 3,000 liters.

There are two municipal water supply systems, Greater Aizawl Water Supply Scheme (GAWSS)
Phase I and Phase II, which transport water through separate pipelines. Phase I was completed
in 1988 and has capacity of 10.8 million liters per day (MLD). Phase II was added in 2007 and
provides 24 MLD in additional capacity. Concrete weirs at Reiek Kai raise the river level to feed
jackwells, from which electric intake pumps draw raw water to the treatment facilities. The raw
water pumping system does not have backup power. Phase I has one set of four pumps at the
treatment plant (two electric pumps and two diesel backup pumps), and an identical set of four
pumps at the second stage pumping station along the pipeline, to move treated water to the
reservoir at Tuikhuahtlang. Only the second set of Phase I pumps has emergency backup, using
pumps with diesel motors. Phase II has four primary pumps (two electric and two diesel) but no
booster pumps. The Phase II diesel pumps can supply only 5 MLD, a little more than one quarter
of the total Phase II pumping capacity.

Water Supply and Distribution Damage Repair Estimates
Earthquake shaking can sever water lines because it causes the ground surface to move as
seismic waves pass through, or it causes failure due to landslides and other processes.
Movement of the ground due to shaking is called ground deformation, which can be either
transient or permanent. Transient deformations occur when soil compresses and expands as
waves transmit shaking energy. Permanent deformation is what remains after soil recovers
from wave-associated movements. Pipeline vulnerability depends primarily on the strength of
shaking, pipeline material, length of pipeline exposed to various shaking intensities, and the
frequency of ground failures including the number of landslides. The repair rate, the number of
repairs required per kilometer, is most closely correlated with the peak ground velocity (PGV)
and pipeline material, rather than with the peak ground acceleration (PGA). For this scenario,
ground shaking intensity is described by a peak ground velocity (PGV) of 40 cm/sec for all of
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Aizawl, estimated by the US Geological Survey using its ShakeMap software in a similar manner
to the peak ground acceleration discussed in the main scenario document.

Pipeline materials comprising main elements of the Aizawl water treatment and distribution
system are spiral welded steel, ductile iron and galvanized steel. For this scenario the repair
rate relationship from Jeon and O’Rourke 1 for welded steel joint pipelines is used. Repair rates
for welded steel joint pipelines following the Northridge Earthquake were higher than other
material, probably because this material is used in steep areas with a high potential for
landslides.

Figure 9 of Jeon and O’Rourke gives the best-fit equation for welded steel joint distribution
pipelines as log(Y) = 0.75 *log(X) – 4.80 where Y is Repair Rate (RR) or the Number of
Repairs/km, and X is the Peak Ground Velocity (PGV). Repair rate is used to estimate the
number of line breaks in the following table.
Table 1. Estimated number of line breaks in water system

Pipeline
GAWSS Phase I

GAWSS Phase II stage
I raw water
GAWSS Phase II,
Stage II treated water
GAWSS Phase II,
Stage II treated water
Feeding Mains
Distribution Lines
Total

Diameter
(mm)
350
711
457
711

65 to 150
40 to 150

Length (meters)
7,200

unknown

8,000
(two parallel,
4,000m pipelines)
3,000
64,000
95,000
182,000

Material
Spiral welded
steel
Spiral welded
steel
Spiral welded
steel

Spiral welded
steel
Ductile Iron
Galvanized Iron
Galvanized Iron

Repair
Rate (RR)
0 .13

Estimated
Number of
Breaks
.94
1

0.13

1.04

1

0.13

.39

0

0.13
0.13
0.13

8.32
12.35
23.66

8
12
24
46

An estimate of the number of pipeline breaks due to landslides and permanent land movements
can be made by projecting the landslide density obtained for the landslide study area described
in Appendix B: Landslides. The number of slides in Aizawl triggered by the scenario shaking
was estimated using empirical relationships for the density of earthquake triggered landslides
per kilometer in each hazard zone. Using this estimation method, there will be approximately
1,100 slides throughout Aizawl for the scenario shaking. Only a portion of these slides will affect
water mains and distribution lines. We assume about 10 percent will affect streets, and only half
of those slides would sever pipelines. By this reasoning, waterlines would be severed by
landslides at 50 locations.
Estimates of needed repairs due to transient and permanent movements have a great degree of
uncertainty, but indicate that there will be multiple breaks requiring access for repairs. Making
these repairs requires access over congested roads to leak locations, delivery of excavation
equipment, replacement pipeline materials, and welding supplies. Water pipeline repairs will

1 Jeon, S.-S., O’Rourke, T.D. (2005). Northridge Earthquake Effects on Pipelines and Residential Buildings,
Bulletin of the Seismological Society of America, Vol. 95, No. 1, pp. 1-25.
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compete for access and resources with repair activities for other infrastructure and emergency
response activities. For this scenario we assume repairs will be needed at 50 locations due to
transient movements, plus 50 locations due to landslides. The majority of repairs will be on the
feeding mains and distribution lines. However, repairs could also be required in the pipelines
that link the treatment plants to the reservoirs at Tuikhuahtlang. We assume a landslide will
sever one of these pipelines.

Wastewater Systems

Most homes rely on toilet soak pits or septic systems for disposing human waste. Sullage (grey
water) from washing collects in drains and pipelines and flows by gravity downhill into the
rivers. Human waste and sullage mix in some locations. Street drains, swales, and channels
collect runoff from rain and direct the flow to the natural drainage system. The Master Plan for
Aizawl: Vision 2030 2 states that 80 percent of the 160 liters per day per capita―about 128 liters
per person per day―becomes wastewater. Because much of this water flows over open slopes
or is disposed through pits and septic tanks, it seeps into underlying soils and rocks,
contributing to the landslide hazard by increasing the weight of the mass, building pore
pressure, and facilitating the chemical process that weakens rocks.

Electrical System

System Description
The electrical system is operated by the Mizoram State Power and Electricity Department. The
headquarters office is in Electric Veng. Most of the power for Aizawl comes from the North East
Grid by way of three 132 kV transmission lines operated by Power Grid Corporation India, Ltd.
(PGCIL). One line comes from Jiribam, Manipur, one from Badarpur, Assam and the third from
Kumarghat, Tripura. One line delivers power to the PGCIL 132 kV substation at Luangmual;
another line delivers power to Zuangtui. About 30.5 MW is generated in Mizoram state from
mini and small power plants, including a 1 MW hydroelectric plant at Serlui, 10 km from Aizawl,
and a 22.9 MW standby heavy fuel oil generator at Bairabi.

The PGCIL Luangmual substation is where operators switch power to a substation at Zuangtui
and to the nearby Department of Power and Electricity substation also at Luangmual.
Transformers at Luangmual and Zuangtui reduce the voltage from 132 kV (high voltage) to 33
kV (lower voltage) for distribution to seven 33 kV substations, where the power is transformed
to 11 kV distribution line voltage. Substation equipment consists of transformers, circuit
breakers, and switches that allow the use of a variety of lines and control incoming and outgoing
sources. Low tension, 440 V distribution lines are generally carried on poles throughout the
community. Smaller transformers reduce voltage for homes and most businesses.
The electrical system in Aizawl consists of the following components:
•
•
•
•
•

2

755 km of 132 kV lines
7 132/33 stepdown substations with a transformation capacity of 128.1 kVA
828 km of 33 kV line with 39 substations
4,292 km of 11 kV line
2,252 km of low tension 440 V line

Aizawl Development Authority (2013). Master Plan for Aizawl: Vision 2030.
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•
•
•
•

70 power transformers
1,245 distribution transformers
Headquarters located in Electric Veng
The staff consists of
o Superintending Engineer, Aizawl Power Circle
o 3 Executive Field Engineers
o 14 Sub Divisional Officers (located in various offices)
o 300 technical workers of various categories

Loss Estimates
The methodology used to estimate damage to the electrical system in substations uses fragility
curves published in the technical manual for loss estimation software HAZUS 3.

Substations
Substations are classified as high voltage (350 kV and above), medium voltage (150 kV to 350
kV) and low voltage (34.5 kV to 150 kV). All are considered to be typical (unanchored) with
standard components. The 132 kV Grid switching station, the two step-down stations, and the
seven 33 kV substations are considered “low voltage.” The Table 2 indicates that for 0.35g Peak
Ground Acceleration, damage would be “extensive.”
Table 2. Estimated Damage States for Substations with Unanchored / Standard Components, Table D-1 from
HAZUS MH MR5 Technical Manual (FEMA).

Classification
Low voltage (ESS2)

Damage State
Slight/minor
Moderate
Extensive
Complete

Peak Ground Acceleration
Median (g)
Std. Deviation
0.13
0.65
0.26
0.50
0.34
0.40
0.74
0.40

Extensive damage in substations is defined as the failure of 70 percent of disconnect switches
(e.g., misalignment), 70 percent of circuit breakers, 70 percent of current transformers (e.g., oil
leaking from transformers, porcelain cracked), or by failure of 70 percent of transformers (e.g.,
leakage of transformer radiators), or the building being in extensive damage state.
Distribution Circuits
The distribution system is divided into a number of circuits. A distribution circuit includes
poles, wires, in-line equipment and utility-owned equipment at customer sites. A distribution
circuit also includes above ground and underground conductors. Distribution circuits either
consist of anchored or unanchored components. Circuits in Aizawl are considered standard or
unanchored components (p. 8-66 of HAZUS MH MR5 Technical Manual).

FEMA. HAZUS MH MR5 Technical Manual, Department of Homeland Security, Federal Emergency
Management Agency, Washington, D.C. p.8-64 to 8-75. Available at www.fema.gov/plan/prevent/hazus.

3

104

Effects of a Magnitude 7 Earthquake and Recommendations to Reduce Losses

Table 3. Estimated Damage States for Distribution Circuits Table D-2 from HAZUS MH MR5 Technical Manual
(FEMA).

Classification
Standard Components

Damage State
Slight/minor
Moderate
Extensive
Complete

Peak Ground Acceleration
Median (g)
Std. Deviation
0.24
0.25
0.33
0.20
0.58
0.15
0.89
0.15

This table indicates that the damage to distribution circuits would be “moderate” to “extensive”
and that as a result 12 to 50 percent of the circuits would fail. Because distribution circuits in
Aizawl would be damaged extensively by building damage and landslides, we assume that 50
percent of the circuits would be damaged.

Communications Systems

This section provides more detailed descriptions of Aizawl’s major communications systems.

Landline Telephone Systems
Bharat Sanchar Nigam Limited (BSNL) operates the landline telephone system in Aizawl. The
system consists of feeder lines and wires strung between buildings and poles, and switching
equipment and electricity that are provided in a mid-1990s reinforced concrete four-story
control building at the foot of Tuikhuahtlang. Two transformers receive electrical power to
operate the telephone system. Backup batteries and two diesel generators are located on the
bottom floor of the control building. The batteries could provide up to two hours of service and
the generators have about five hours of fuel. The system is equipped with switches that can give
priority to emergency lines.

Cellular Telephone Systems
Airtel, Vodafone, Aircel, Reliance, Idea and BSNL operate cellular telephone systems in Aizawl.
Cellular systems rely on transmitters and receivers to communicate signals between phones.
Only BSNL and Airtel have a main switching center in Aizawl. Airtel’s switching center is in a
seven-story reinforced concrete building. Airtel has a dedicated transformer and backup
uninterruptable power supply (UPS) batteries that provide six hours of power. There is a
backup generator, but reserve fuel is not stored on site. All battery racks are anchored to the
floor, and the switches are all anchored. A cooling system cools switches in an air-conditioned
room. Transmitters generally are located on towers and tall buildings, and they require
electricity to function. Backup batteries at these sites have limited life, so mobile emergency
generators are used when the length of power loss exceeds battery life. Because cellular systems
are built to handle only a small fraction of their customers concurrently, they quickly become
overloaded following earthquakes, when many customers try to contact friends and family
simultaneously. Individual phones depend on batteries that are charged from the electrical
system, or in some instances from solar chargers.
Police and Military Satellite Communications Systems
The Directorate of Coordination Police Wireless (DCPW) in the Ministry of Home Affairs (MHA)
operates a satellite-based national police telecommunication system called POLNET. In Aizawl,
the Assam Rifles are connected to POLNET. The Mizoram Police Department has access to the
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system but typically do not have the budget to maintain connectivity. POLNET depends on
computers and electricity, and has an uninterruptible power supply (UPS) for backup. UPS
systems have limited backup capabilities. The Assam Rifles have a separate military
communications system, both in Aizawl and at their several other outposts in other locations in
Mizoram. In Aizawl, the Assam Rifles’ system has several layers of backup, including generators
and enough stored fuel to last several weeks. Outposts also have stored fuel and generators.
Broadcast Radio and Television
Aizawl has one radio station, All India Radio Aizawl, and one television station that broadcast
signals to the community from antennas placed on towers. Aizawl has two cable television
stations, ZONET and Laldailova Pachuau & Sons (LPS). A small number of people have TATA
Sky, a satellite television service. About 90 percent of families have television sets, and almost
all have radios. Backup batteries and emergency generators are available at broadcast facilities
when power is lost. A number of residents rely on satellite dishes to receive television signals.
Most residents have backup power inverters for televisions, but these provide limited power
and for a limited time.
The radio station, All India Radio Aizawl, broadcasts an FM signal from a free standing steel
tower and has backup generators. Residents’ radios may have batteries with relatively long life
and operate for days. Some mobile phones can receive broadcast radio signals.

Newspapers
Aizawl has eight daily newspapers, two published in English and six in Mizo. The local
government printing office has presses as well. Printed materials such as newspaper are
excellent tools for providing detailed information and instructions, if presses remain functional.
Print media consists of a system of writing, layout and printing. The system relies on computers
for many of these functions. Electricity powers these systems, and local area networks provide
connections within buildings. Some newspapers have emergency generators.

Internet
Aizawl has internet connections that allow users to seek and transmit information and data.
Connectivity depends on the continued functioning of the internet service providers’ servers
and equipment, as well as the connection links to India’s internet infrastructure. BSNL provides
internet by fiber optic cable. Airtel, Reliance, Vodafone and Aircel also provide internet by using
BSNL's lease line and through wireless service from towers. Local connections rely on telephone
lines or cables to connect internet service providers with users. Electricity is needed.

The state government uses the Statewide Area Network (SWAN), which provides an internet
connection using BSNL's lease line and fiber optic cables linking district headquarters. The
internet connection is provided by National Informatics Centre (NIC) from Delhi, then Delhi to
Noida to West Bengal via satellite, West Bengal to Guwahati via fiber optic cable, and Guwahati
to Silchar to Aizawl via BSNL's lease line. In Aizawl, the connection to the internet is set up in
the District Commissioner's office, which is connected to the other district headquarters. The
main center for SWAN operations in Aizawl is in the Secretariat Building Annex 2.
Transportation Systems
Aizawl city is directly served only by road and by helicopter. The airport serving Aizawl is
located at Lengpui, 32 km from Aizawl. The nearest railhead is at Bairabi, 120 km north.
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Road Systems
All food, fuel and supplies arrive on lorries navigating roads that link Aizawl with the other main
cities in the northeast. The most important roads are national highways NH44A from Agartala,
State of Tripura and the airport at Lengpui to the west; NH154 from Shillong, State of Meghalaya
from the north; NH54 from Silchar, State of Assam on the north; and NH150 from Imphal, State
of Manipur on the northeast. The national highways linking Aizawl to other cities traverse steep
slopes. Landslides frequently occur, blocking the way. These roads have several major bridges.

The system of urban streets within the built up areas of Aizawl are critical to circulation and
delivery of needed supplies and for pedestrian movement. The main spine road follows the
ridge from Bawngkawn to Kulikawn. There are few east-west arterials and few parallel roads
providing alternatives for north-south travel. The system of urban streets has narrow carriage
ways that accommodate automobiles, motor bikes, pedestrians, surface drainage channels and
parking. The urban streets are congested during weekdays. Connecting streets frequently join
the spine road at an acute angle. Roadways are often steep. Highly congested intersections that
connect roads at steeply sloping acute angles are the choke points in the roadway network.
Pedestrian walkways and stairs connect the roads and lead to homes and businesses between
the roads.

Both the regional roads and city streets are subject to multiple slides and rockfalls that
undermine the road or block passage. There are active slides along the highway to Lengpui
airport and within the urban area. These conditions exist under normal circumstances and are
exacerbated during the monsoon season. Following earthquakes, the number of slides and
rockfalls and the amount of movement would increase in these areas. The number of active
slides already existing in the area indicates the potential for landslides to sever access roads at
multiple locations. Earthquakes reactivate dormant slides and trigger additional sliding in
already-susceptible areas. The damage potential depends on the strength and duration of
ground shaking, and the amount of water in the slide mass, among other factors. More slides
would occur during monsoon season when the ground is saturated. Bridges are vulnerable to
landslides that undermine abutments, and to deck failures when supporting beams slide off of
abutments or piers. Bridge approaches can settle, making it impossible to reach otherwise
functional bridges until ramps are built.

Airports
Aizawl is served by Lengpui Airport. The airport consists of a 2,500-meter runway, terminal
building, fuel supplies and communications equipment. It has an instrument landing system to
aid landing during poor weather conditions. The airport serves as a key transportation link. It is
about 32 km from Aizawl. The reinforced concrete terminal building at Lengpui airport,
constructed during the mid-1990s, has long spans and open areas and may suffer structural
damage during shaking.

Other airports are located at Silchar, 180 km from Aizawl; Imphal, 240 km from Aizawl; and
Agartala, 550 km from Aizawl. The Tuirial Airfield located 22 km east of Aizawl is no longer
used as an airport. However, the runway is still in place. Small planes could land and take off
under emergency conditions. Aizawl also has a helipad at Thuampui, from which helicopters can
take off and land.
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